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Abstract 

Background: The kynurenine pathway constitutes the major route for metabolism of 

the essential amino acid tryptophan (Trp), also a precursor of serotonin. Kynurenine 

pathway metabolites, collectively termed kynurenines, have many biological 

properties, including regulation of glutamatergic signalling and immune activity, 

production of cellular energy, as well as the production and scavenging of reactive 

oxygen species. The pathway activity is upregulated by pro-inflammatory processes, 

which has also been reported in psychiatric disorders. Thus, with its relation to both 

neurotransmitters and inflammation, the kynurenine pathway could potentially be 

involved in the pathophysiology of psychiatric disorders. Meta-analyses have showed 

altered levels of Trp and kynurenines in patients with major depressive disorder, 

bipolar disorder, and schizophrenia compared to controls. However, the nature of the 

relationship between kynurenines and psychiatric disorders is unclear, and there is 

limited knowledge about how inflammation, comorbidity, medication, and lifestyle 

factors affect this association. 

Aims: We aimed to investigate the kynurenine pathway in patients with attention-

deficit hyperactivity disorder (ADHD) and depression, and to explore methodological 

issues in such studies. The specific aims were to 1) examine the status of Trp, 

kynurenines, and B vitamins in adults with ADHD and depression compared to healthy 

controls, to 2) investigate changes in levels of Trp, kynurenines and neopterin in 

patients with depression after electroconvulsive therapy (ECT), and to 3) review factors 

that affect analyses of Trp and kynurenines in clinical studies and propose strategies 

for future studies on Trp metabolism in psychiatric disorders. 

Materials and methods: We investigated levels of Trp and kynurenines, B vitamins, 

and cotinine in 133 adults with ADHD and 131 adult controls from the project “ADHD 

in adults in Norway” in Bergen, Norway. The same markers, and the inflammatory 

marker neopterin, were compared between 27 adults with severe, treatment-resistant 

depression referred to ECT and 14 healthy controls from the project “ECT and 

neuroradiology” in Bergen, Norway. Changes in biomarker levels after ECT were 

analysed using paired Wilcoxon signed-rank tests in all patients and in subgroups based 
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on treatment response and remission. The same method was used to analyse changes 

in these biomarkers after ECT in 48 depressed patients from the “Mood Disorders in 

Elderly treated with Electroconvulsive Therapy” (MODECT) study in Amsterdam, the 

Netherlands. Here potential roles of inflammation and somatic comorbidity were 

explored in two subgroups based on changes in neopterin, and in two other subgroups 

based on the presence of somatic disorders. Lastly, we performed a systematic 

literature search for studies on changes in Trp and/or kynurenines after ECT and used 

vote counting based on the direction of effect to establish if there was any evidence for 

significant changes in single metabolites or ratios after ECT. We also extracted data on 

known determinants of Trp and kynurenines, as well as factors related to patient 

characteristics, intervention, and study design, to shed light on factors that could affect 

analyses of change. 

Results: Adults with ADHD had significantly lower serum concentrations of KA, XA, 

HAA, riboflavin and vitamin B6, and higher cotinine compared to controls. There was 

also a significant inverse correlation between levels of Trp and kynurenine and ADHD 

symptom scores in the whole sample. Compared to healthy controls, depressed patients 

in study II had lower levels KA, XA and Pic, as well as lower KA/Kyn, KA/QA, 

XA/HK and Pic/QA. After ECT, the levels of HAA, Pic, Pic/QA and neopterin 

increased significantly. Depressed patients in study III showed a reduction in KA/HK 

after ECT. However, summarising the results of 19 studies included in the systematic 

review, there was no evidence for change in free Trp, total Trp, Kyn, KA or KTR after 

ECT. There was large variation in study designs and clinical characteristics of 

participants, and no consistent handling of determinants of Trp and kynurenine 

pathway metabolite levels.   

Conclusions: Our results showed altered baseline levels of Trp and kynurenines in 

patients with ADHD and severe depression. Changes after ECT were inconsistent but 

indicated a role for pro inflammatory processes. Future studies on kynurenine 

metabolism in psychiatric disorders should use larger and better-defined patient 

samples. Such studies may also shed light on the role of life-style factors and 

inflammation in these conditions.   
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Abstrakt 

Bakgrunn: Kynureninar er ei gruppe metabolittar av den kosthaldsavhengige 

aminosyra tryptofan (Trp) som er involverte i ei rekkje biologiske mekanismar, mellom 

anna inflammasjon og reguleringa av nevrotransmitteren glutamat. Det er funne 

forandringar i kynureninnivå hjå pasientar med ulike psykiatriske lidingar samanlikna 

med kontrollar, men det er usikkert kva som ligg bakom denne samanhengen.  

Mål: Me ynskte å 1) undersøkja kynureninstoffskiftet hjå vaksne med attention-deficit 

hyperactivity disorder (ADHD) og depresjon, 2) å studera endringar i nivået av 

kynureninar etter elektrokonvulsiv behandling (ECT), 3) samt å kartleggja faktorar som 

kan påverka analysar av Trp og kynureninar i kliniske studiar. 

Materialar og metodar: 1) Me samanlikna serumnivået av Trp, kynureninar og 

relaterte stoff hjå 133 vaksne med ADHD mot 131 vaksne kontrollar, og hjå 27 vaksne 

med alvorleg depresjon mot 14 vaksne kontrollar. 2) Endringar i serumnivået av desse 

biomarkørane vart vurdert i to grupper på 21 og 48 pasientar behandla med ECT. 3) 

Dei samla resultata frå studiar på endring etter ECT og tilhøyrande metodologiske 

utfordringar vart diskuterte i ein systematisk litteraturgjennomgang. 

Resultat: 1) Me fann relativt låge serumnivå av fleire kynureninar både hjå vaksne 

med ADHD og vaksne med depresjon. 2) Etter ECT steig nivået av fleire metabolittar 

i den eine gruppa, men ikkje i den andre. I begge gruppene var det teikn til at endringane 

i kynureninverdiane hang saman med endringar i inflammasjon. 3) I oppsummeringa 

vår av 19 studiar fann me ingen prov for endringar i nivået av Trp eller tre andre 

kynureninmarkørar etter ECT.  Det var stor variasjon i studiedesign, deltakarar og 

handsaminga av faktorar som påverkar serumverdiane av kynureninar. 

Konklusjonar: Me fann forandringar i serumveridar av kynureninar og relaterte stoff 

hjå vaksne med ADHD og depresjon. Endringane etter ECT var inkonsistente, men 

tyda på at inflammasjon kan spela ei rolle. Framtidige studiar på kynureninstoffskiftet 

ved psykiatriske lidingar bør nytta større og betre definerte pasientgrupper. Det trengst 

òg auka kunnskap om kva rolle livsstilsfaktorar og inflammasjon speler for 

samanhengen mellom kynureninstoffskiftet og psykiatriske lidingar.  
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1. Introduction 

The role of the kynurenine pathway in psychiatric disorders has been investigated in a 

wide range of studies since the 1960s. Originally, the interest in this branch of 

tryptophan metabolism was tightly linked to research on serotonin, an important 

neurotransmitter that has long been central to investigations of the pathophysiology of 

depression 1. Different versions of the “tryptophan depletion theory” postulated that the 

human body have mechanisms to consume this essential amino acid in case of 

infection, to aid the immune system by starving pathogens, or to supress T-cells during 

pregnancy to avoid fetal rejection 2. Such activation of the kynurenine pathway seizes 

tryptophan and could impair serotonin production. This could be a possible mechanism 

for low serotonin levels in subjects with depression, while also providing a possible 

explanation for the apparent association between infectious diseases and psychiatric 

disorders 3,4. However, meta-analyses indicate that experimental tryptophan depletion 

does not lower mood in healthy individuals 1.  

Later, the focus has largely been shifted towards the properties of kynurenines 

themselves 5. The kynurenine pathway yields metabolites that play a role in several 

biological systems that may be related to the pathophysiology of psychiatric disorders, 

including serotonin synthesis 1, glutamatergic signalling 6, immune system regulation 7, 

cellular energy production 8, regulation of the hypothalamic-pituitary-adrenal (HPA) 

axis 9, and generation and scavenging of reactive oxygen species (ROS) 10. Specifically, 

many investigations have focused on the balance between neurotoxic and 

neuroprotective kynurenines which seems to be disturbed in a range of psychiatric 

disorders 11,12. The last decade, multiple meta-analyses have concluded that patients 

with major depressive disorder, bipolar disorder and schizophrenia have decreased 

levels of Trp and Kyn, and signs of an altered balance between neuroactive kynurenines 
13-20. This is possibly related to the increasingly well documented role of inflammation 

in psychiatric disorders 7,21,22, that is also connected to the kynurenine metabolism 23. 

Moreover, a key pathway enzyme, kynureninase (KYNU), was found to be 

significantly associated with depression symptoms in a recent genome-wide 

association study (GWAS) 24. In parallel, the kynurenine pathway has been investigated 
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in relation to a wide range of somatic conditions, including neurodegenerative diseases 
25,26, metabolic diseases 27,28, cardiovascular disease 29, kidney disease 30, and cancer 31,32.  

In summary, the kynurenine pathway could be an important link between several 

important biological systems and the brain 6,33-35. Importantly, the pathway also presents 

a range of possible targets for treatment, several of which are already under testing, 

that could be of considerable clinical importance 36-39. While kynurenine levels in 

patients with depression are much studied, there is still limited knowledge about their 

relationship to clinical symptoms and possible changes after depression treatment. 

Moreover, kynurenines in relation to ADHD has also been studied 40, but not to the 

same degree as other psychiatric disorders.  

Research on kynurenines in relation to neuropsychiatric disorders raises several 

fundamental questions about the roles and properties of these metabolites in the human 

body. Some central questions that underly this research include the following:  

1. Are there altered kynurenine levels in psychiatric disorders? 

2. Are the levels of these metabolites changed after treatment?  

3. Is there a causal relationship between changes in kynurenines and symptom 

relief after treatment? 

The various hypotheses regarding tryptophan metabolism in psychiatric disorders have 

already guided years of studies that seek to answer these fundamental questions, how 

to design proper studies, and to interpret the results. Meanwhile, several papers have 

been published discussing various methodological challenges, such as the considerable 

heterogeneity in study design 41, clinical characteristics and psychiatric diagnoses 42, 

and difficulties with establishing causal relationships 4,43.   
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1.1 The kynurenine pathway of tryptophan metabolism 

The following sections will cover some central aspects of the kynurenine pathway of 

tryptophan metabolism (Figure 1), including the major components of the pathway, 

their origins and fate, their relevant biochemical properties, important determinants and 

covariates, as well as some notes on tissue differences and normal variation.  

 

1.1.1 Tryptophan, kynurenine pathway metabolites, and related 
molecules 

Tryptophan (Trp) 
Trp is one of twenty proteinogenic amino acids in humans and one of nine essential 

amino acids, i.e. not synthesised in the body but mainly supplied through the diet. After 

entering the body, Trp is utilised in protein synthesis or as precursor for several 

biologically important molecules. Through the activity of tryptophan hydroxylase 

(TPH) Trp is converted to serotonin, which can be further metabolised to melatonin. 

Trp can also be decarboxylated into tryptamine 44. Trp is additionally an important 

substrate for microbial metabolism in the gut, where it is a precursor for indoles, some 

of which are important signalling molecules 45. The largest portion of Trp is 

metabolised through the kynurenine pathway 46, which yields NAD+/niacin and Acetyl-

CoA, with the two enzymes tryptophan 2,3-dioxyganase (TDO) and indoleamine 2,3-

dioxygenase (IDO) regulating the initial step to N-formylkynurenine. In the blood, 

most of the Trp is bound to albumin, with a free fraction of about ten percent under 

physiological conditions 47. Trp can be displaced from albumin by competition from 

non-esterified fatty acids (NEFA) and various drugs, potentially making more Trp 

available for uptake and metabolism 48. Trp is dependent on active transport through 

the large neutral amino acid transporter (LAT1, SLC7A5) across cell membranes, and 

here it competes with other large neutral amino acids. The ratio of Trp to these 

competing amino acids is thought to affect the availability of Trp in tissues including 

the brain 48.  
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(TPH) Trp is converted to serotonin, which can be further metabolised to melatonin. 

Trp can also be decarboxylated into tryptamine 44. Trp is additionally an important 

substrate for microbial metabolism in the gut, where it is a precursor for indoles, some 

of which are important signalling molecules 45. The largest portion of Trp is 

metabolised through the kynurenine pathway 46, which yields NAD+/niacin and Acetyl-

CoA, with the two enzymes tryptophan 2,3-dioxyganase (TDO) and indoleamine 2,3-

dioxygenase (IDO) regulating the initial step to N-formylkynurenine. In the blood, 

most of the Trp is bound to albumin, with a free fraction of about ten percent under 

physiological conditions 47. Trp can be displaced from albumin by competition from 

non-esterified fatty acids (NEFA) and various drugs, potentially making more Trp 

available for uptake and metabolism 48. Trp is dependent on active transport through 

the large neutral amino acid transporter (LAT1, SLC7A5) across cell membranes, and 

here it competes with other large neutral amino acids. The ratio of Trp to these 

competing amino acids is thought to affect the availability of Trp in tissues including 

the brain 48.  
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Kynurenine (Kyn) 
Derived from N-formylkynurenine by formamidase, Kyn is the first stable and the most 

abundant metabolite of the kynurenine pathway 49. Notably, it is a ligand of the 

transcription factor aryl hydrocarbon receptor (AhR) and can act as an 

immunosuppressor 50. Kyn is further metabolised to kynurenic acid (KA), to anthranilic 

acid (AA), or to 3-hydroxykynurenine (HK) which is the next metabolite in the main 

branch of the pathway towards NAD, through which most Kyn is utilised 46. Excess 

Kyn is effectively handled by the kidneys and excreted in the urine 49.  

Kynurenic acid (KA) 
One of the first kynurenines to be characterised, KA is still one of the most studied 

kynurenine metabolites due to its role as an endogenous antagonist of glutamate 

receptors and its possible neuroprotective properties 51. It is produced from Kyn in a 

step catalysed by a family of transaminases named kynurenine aminotransferase (KAT) 

I-IV 52. KA is documented to bind to three classes of receptors involved in glutamate 

signalling, i.e. NMDA receptors, kainate receptors, and AMPA receptors 53, as well as 

the a7 nicotinic acetylcholine receptor (a7nAChR) 54. Experiments in rats have shown 

that even a small increase in KA is accompanied by reduced extracellular levels of 

glutamate and dopamine in the brain 55,56. Likewise, inhibition of KATII is followed by 

increased levels of glutamate, dopamine, and acetylcholine 6. KA has also been shown 

to bind to G protein-coupled receptor 35 (GPR35) 57,58 involved in cell adhesion and 

mobility 49, and AhR  through which it promotes immunosuppression and immune 

tolerance 51. KA is also an antioxidant and ROS scavenger 59. KA levels have been 

reported to be increased in the central nervous system of patients with bipolar disorder 

and schizophrenia 60-62, but also relatively low in blood from patients with 

schizophrenia, psychotic bipolar disorder and major depressive disorder 35. 

3-Hydroxykynurenine (HK) 
HK is derived from kynurenine by kynurenine monooxygenase (KMO) and is one of 

two main neurotoxic metabolites 36,63. It generates ROS 64-66 and has been reported to 

disrupt TCA cycle metabolism 67, induce mitochondrial dysfunction 66 and cause cell 

death in high concentrations 65. Experimental increase of HK in human neurons has 
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shown considerable increase in oxidative stress 66. HK is metabolised further along 

the main branch to 3-hydroxyanthranilic acid (HAA), to xanthurenic acid (XA), or 

excreted through the kidneys.  

Xanthurenic acid (XA) 
XA is the product of transamination of HK by KATs 63. It can attenuate glutamate 

signalling between neurons by inhibiting vesicular glutamate transporters (VGLUT) 68. 

Like KA, XA is a ligand of AhR and can contribute to immunosuppression 23. XA is 

also thought to be an endogenous agonist of the metabotropic glutamate receptor 2 

(mGluR2) 69, a potential target for pharmacological therapy in both depression and 

schizophrenia. Like several other kynurenines, it is also a ROS scavenger 70. 

Furthermore, it can interact with insulin and has been implicated in the 

pathophysiology of diabetes 71. XA is mainly excreted in the urine. 

Anthranilic acid (AA) 
AA is converted from Kyn by kynureninase (KYNU). It forms complexes with iron 

and functions as an antioxidant 72. A range of gut microbes are able to produce 

anthranilic acid and could be important contributors to serum levels of this metabolite 
45. Increased blood levels of AA have been found in patients with schizophrenia as well 

as in patients with various auto-immune disorders 73.  

3-hydroxyanthranilic acid (HAA) 
HAA is generated from HK in a step catalysed by KYNU, or through spontaneous 

hydroxylation from AA 8. HAA can generate ROS and has been described as a 

neurotoxic metabolite 74, but it has also antioxidant properties 75. Furthermore, it is a 

ligand of the inflammatory transcription factor nuclear factor-kB (NF-kB) 76 and 

supresses T cell activity and expansion 77. It has also been shown to cause apoptosis in 

Th1 cells 78. Relatively low blood levels of HAA have been reported in several 

neurological conditions 79, something that could be related to the high redox reactivity 

of the metabolite 72. HAA is metabolised further to 2-amino-3-carboxymuconate-6-

semialdehyde (ACMS) by 3-hydroxyanthranilic acid-oxygenase (HAAO), but can also 

form cinnabarinic acid through spontaneous condensation 69.  
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Quinolinic acid (QA) 
QA is formed spontaneously from ACMS. It is an agonist of the NMDA receptor and 

can increase the synaptic concentration of glutamate by stimulating glutamate release 

but also by inhibiting its breakdown by astroglial glutamine synthase 80. By forming a 

complex with iron, it can also produce ROS that can cause damage to cell membranes 

by lipid peroxidation 80. QA likely plays a role in inflammatory response and pathogen 

clearance 81, but is also characterised as a neurotoxin on the basis of its biological 

properties 80. It is cytotoxic even at low levels in neurons and astrocytes 82. Experiments 

with neuronal cell cultures from mice, rats and humans have demonstrated rapid toxic 

effects from micromolar concentrations of QA, but also damage to cells that have 

prolonged exposure to sub-micromolar concentrations 76. Increased levels of QA are 

associated with a range of pathological conditions 83. Elevated QA levels have been 

reported in CSF of suicide attempters 84. QA levels also correlate with amyloid and tau 

levels in post-mortem hippocampal tissue from patients with Alzheimer’s disease 26, 

and reduced cognitive function has been associated with high levels of QA in patients 

with dementia 85. QA is converted to nicotinamide-D-ribonucleotide by the enzyme 

quinolinate phosphoribosyltransferase (QPRT). 

Picolinic acid (Pic) 
Pic is formed from aminomuconate semialdehyde which is a metabolite of ACMS, the 

precursor of QA. Unlike QA, its formation is dependent on the enzyme amino-b-

carboxymuconate-semialdehyde-decarboxylase (ACMSD). Pic is an iron and zinc 

chelator and is involved in the intestinal absorption of zinc 47. It acts as a modulator of 

immune activity and has important antiviral and antimicrobial properties 86. Like KA, 

Pic is a potential neuroprotectant that has been shown to block the neurotoxic effects 

of QA, possibly by attenuating calcium dependent glutamate release 87. Reduced blood 

Pic and Pic/QA has been found in suicide attempters 88, and Pic levels have also been 

found to correlate negatively with tau in patients with Alzheimer’s 26.  

Vitamin B3 and nicotinamide adenine dinucleotide (NAD+) 
Nicotinic acid (niacin), nicotinamide and nicotinamide riboside are the three vitamers 

of vitamin B3 and precursors of NAD+. They are supplied through the diet but are also 
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products of biological reactions using NAD+. With its ability to transfer electrons 

between molecules, NAD+ plays an essential role in many processes in human biology. 

It is central to cellular energy production, DNA repair, and the function of a range of 

enzymes 81. Deficiency of niacin leads to pellagra, a disease characterized by dermatitis, 

diarrhoea and delirium 89. Under physiological conditions, NAD+ is mainly formed 

from vitamin B3. However, it is also a product of the main branch of the kynurenine 

pathway, which serves as an important source for NAD+ in cases of niacin deficiency, 

or increased demand in case of immune challenge 81,90. Indeed, genetic inactivation and 

pharmacological inhibition of IDO have been shown to hamper NAD+ production in 

macrophages 90.    

Pyridoxal 5’-phosphate (PLP) 
The B6 vitamer pyridoxal-5’-phosphate (PLP) is an essential coenzyme of hundreds of 

different enzymes, including KYNU and KAT that are catalysing several steps in the 

metabolism of Trp. Plasma measures of PLP are inversely correlated with a range of 

inflammatory markers, and have been observed to be low in several somatic conditions 

including diabetes, cardiovascular disease and cancer 91. 

Flavin adenine dinucleotide (FAD) 
FAD is one of three interconvertible circulating forms of vitamin B2, the others being 

riboflavin and flavin mononucleotide (FMN). FAD is the coenzyme of many enzymes, 

including the kynurenine pathway enzyme KMO.  

Neopterin 
Neopterin is a pteridine that is produced by macrophages and dendritic cells upon 

stimulation by interferon gamma (IFN-g), a Th1-type cytokine involved in cellular 

immune activation 92. It is relatively stable in plasma and a useful marker of IFN-g 

production 92. IFN-g is also the principal inducer of IDO, and blood levels of neopterin 

often correlate well with the kynurenine-tryptophan ratio (KTR) 93-97. Neopterin is 

therefore often included in studies of kynurenines to shed light on the contribution of 

inflammation on the pathway’s activity.  
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1.1.2 Enzymes 
The metabolism through the kynurenine pathway is dependent on a series of enzymes. 

Genetic variants affecting these enzymes have been associated with various diseases 98, 

although the strength of associations and causal effects still remain to be validated for 

some of these reports. Furthermore, several of these enzymes have been investigated 

as potential pharmacological targets. Examples include inhibitors of IDO, KMO, 

KYNU and HAAO, all intended to reduce the level of the potentially neurotoxic 

metabolites HK, HAA and QA 33.  

Tryptophan 2,3-dioxygenase (TDO) 
TDO is the main enzyme responsible for metabolising Trp to N-formylkynurenine and 

is mainly expressed in the liver. It is activated by Trp itself and by heme. It is induced 

by glucocorticoids such as cortisol, and is inhibited by nicotinamide adenine 

dinucleotide phosphate (NADP+) and its reduced form NADPH in a negative feedback 

loop 46.  

Indoleamine 2,3-dioxygenase (IDO) 
IDO is the main enzyme responsible for tryptophan metabolism outside of the liver. 

Like TDO, IDO is dependent on heme as cofactor 46. It is induced mainly by the pro-

inflammatory cytokine interferon gamma IFN-g 99, and this induction is potentiated by 

tumour necrosis factor alpha (TNF-a) 23, another prominent pro-inflammatory 

cytokine. IDO is inhibited by anti-inflammatory cytokines like interleukin-4 (IL-4) and 

transforming growth factor beta (TGF-b), by nitric oxide 76 and Trp itself 23. It can also 

be inhibited pharmacologically by l-methyltryptophan 76. The regulation of IDO is a 

key aspect of the relationship between the kynurenine pathway and the immune system, 

and IDO is abundant in white blood cells, especially macrophages.  

Kynurenine aminotransferase (KAT)  
KA and XA are synthesised with the help of four PLP-dependent kynurenine 

aminotransferases (KATs) 52. A range of transaminase and KAT inhibitors have been 

identified and are studied for potential therapeutic use, especially in relation to 

schizophrenia 6,36. For instance, inhibition of KATII has been shown to have pro-
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cognitive effects in rats and to counter act working memory deficits in monkeys treated 

with ketamine 6, and to alleviate sleep disturbance in rats 100. 

Kynurenine 3-monooxygenase (KMO) 
KMO is dependent on FAD as a coenzyme and catalyses the formation of HK. 

Significant increase in HK has been demonstrated in experimental overexpression of 

KMO in human neurons 66. Being a key enzyme in the synthesis of HK and QA further 

downstream, KMO is a possible therapeutic target in disorders related to these 

neurotoxic metabolites. Inhibition of KMO has been associated with improvement in 

murine models of Alzheimer’s disease and Huntington’s disease 101.  

Kynureninase (KYNU) 
KYNU is involved in two steps of the kynurenine pathway: the conversion of Kyn into 

AA, and HK into HAA. Like KAT, it is dependent on PLP as a coenzyme. Dysfunction 

of KYNU leads to accumulation of XA, exemplified by mutations in the KYNU gene 

accompanied by increased urinary excretion of XA 102. Experimental knockout of 

KYNU has also been used to increase levels of HK in IDO-active cancer cells, in order 

to induce apoptosis 67. KYNU expression in macrophages can be increased by IFN-g 

and TNF-a 103. KYNU was significantly associated with depression symptoms in a 

recent genome-wide association study 24.  

3-hydroxyanthranilic acid 3,4-dioxygenase (3-HAO / HAAO) 
By the action of HAAO, HAA is oxidised into amino-carboxymuconate-semialdehyde. 

The enzyme utilises iron as cofactor.  

Amino-b-carboxymuconate-semialdehyde-decarboxylase (ACMSD) 
From amino-carboxymuconate-semialdehyde, the kynurenine pathway splits into the 

QA branch leading to the synthesis of NAD+, and to Pic or acetyl CoA. The latter is 

dependent on ACMSD. A mutation in the ACMSD gene was found to be associated 

with increased CSF levels of QA and was more prevalent in suicide attempters 

compared to population-based controls 88. 
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Quinolinate phosphoribosyltransferase (QPRT) 
From QA, QPRT catalyses the formation of nicotic acid mononucleotide 81. Like IDO, 

KMO and KYNU, QPRT is upregulated by IFN-g 104.  

 

1.1.3 Ratios 

Kynurenine-tryptophan ratio (KTR) 
KTR is the most widely used ratio and describes the activity of the kynurenine pathway 

by comparing the level of the product Kyn to the precursor Trp. It is particularly useful 

as an indicator of inflammation, as IDO induction by pro-inflammatory cytokines cause 

a substantial reduction in Trp and increase in Kyn in blood 103. Due to this, KTR is often 

considered together with markers of inflammation such as neopterin, C-reactive protein 

(CRP) or cytokines. KTR has been shown to correlated with age, BMI, alcohol 

consumption, and HDL 105,106. Reduced cognitive function has been associated with high 

levels KTR in older community-dwelling adults 107. 

Ratios of KA to main branch metabolites (KA/Kyn, KA/HK, KA/QA) 
The duality in biochemical properties of kynurenines continues to be of central interest 

in the context of neuropsychiatric disorders. The neuroprotective property of KA is 

thought to attenuate the neurotoxic effects of HK and QA, and it is of interest to monitor 

the balance between these two effects. Ratios of KA over the neurotoxic metabolites 

HK and QA, or over the common precursor Kyn, are used for this purpose, as well as 

estimating the activity of KATs. 

Markers for B6 availability (HK/XA, HK-ratio) 
PLP is an important coenzyme for pathway enzymes KAT and KYNU, and several 

ratios have been used to inform about the availability of B6. HK-ratio, which puts HK 

over the sum of the PLP dependent metabolites KA, AA, XA and HAA, has been 

demonstrated as the best marker for PLP status 108.  
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Ratio of HAA to AA (HAA/AA) 
Several neurological conditions and autoimmune disorders have been associated with 

reduced HAA/AA 79.  

Ratio of picolinic acid to quinolinic acid (Pic/QA) 
Pic represents an alternative direction of the kynurenine pathway after HAA, away 

from the neurotoxic QA. Pic/QA is a measure of this, and of the activity of ACMSD, 

the enzyme responsible for producing Pic.    

 

1.1.4 Determinants and covariates 

Diet 
As an essential amino acid, Trp needs to be supplied through the diet. It is the least 

abundant of all amino acids found in proteins 109. Dietary sources rich in Trp include 

turkey, chicken, milk, cheese, bread, oats, banana, and chocolate 110, whereas maize has 

an especially low Trp content 89. Kyn can be found in yogurt, white cheese and kefir, 

while honey, broccoli, potato, cocoa, beer, and wine contain relatively high levels of 

KA 111,112. Vitamin B3 (the precursor of NAD+) and the pathway coenzymes FAD and 

PLP are also supplied through the diet. Blood levels of Trp and kynurenines can be 

directly affected by dietary intake of Trp, but there is limited knowledge about the 

effect of specific diets or standardised meals on levels of kynurenines. Severe Trp and 

B3 deficiency, pellagra, has historically been associated with maize based diet, but is 

also a possible result of alcoholism and long-term diarrhoea 89. Niacin-free diets are 

also shown to decrease blood Trp, and stimulate the NAD+ producing branch of the 

kynurenine pathway in rats 2. Regarding the effect of common diets in humans, an 

intervention study using a two week caloric restriction weight loss diet resulted in a 

significant reduction in both Trp and Kyn 113. A crossover study using ten healthy 

subjects found increased Trp after a four days’ fast-food diet, and a reduction after four 

days with a Mediterranean diet 114. A high fat diet also increased plasma KTR in mice 
115, while a ketogenic diet increased brain KA in rats 116.  
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The availability of blood Trp for metabolism, and the rate of Trp turnover, is influenced 

by the intake of other amino acids. For instance, administration of leucine can be used 

for an experimental increase of Trp metabolism in humans 46, and Trp-free diets and 

amino acid mixtures can cause Trp-depletion 117. Incubation of rat brain slices with a 

mixture of free amino acids reduced KA formation 118. Furthermore, NEFA, which can 

displace Trp from albumin and increase the Trp availability for breakdown, increase in 

concentration during fasting 47. Supplements of NEFA have been found to be associated 

with lower HK and KTR 109, suggesting a slower rate of Trp breakdown. Similarly, 

carbohydrate intake can reduce Trp availability by stimulating the release of insulin 

which causes lipolysis 119. More knowledge is nevertheless needed concerning the 

effects of fasting and standardised meals on circulating levels of Trp and kynurenines 

in humans.  

Age 
Higher age is associated with lower serum concentrations of Trp (reviewed in 48), as 

well as higher levels of Kyn, AA, KA, HK, and KTR 120. This may be related to the 

increased inflammation, reduced kidney function, and somatic comorbidity 

accompanying higher age. 

Kidney function 
The main mechanism for disposal of kynurenines is through renal excretion 121. 

Reduced kidney function is associated with accumulation of most kynurenines 120-123. 

Moreover, kynurenine metabolism is active in renal tissue cells. Prolonged high levels 

of kynurenines, for instance in the context of chronic inflammation, can cause damage 

to these tissues, reduce the kidney function and consequently also the excretion of 

kynurenines 30. Except for IDO which is stimulated, the activity of kynurenine pathway 

enzymes seems to be unaltered in patients with kidney disease 30.   

Inflammation 
In accordance with the tight regulatory connection between kynurenine pathway 

metabolism and the immune system, inflammation is an essential determinant of blood 

levels of kynurenines. Through induction of several pathway enzymes, especially IDO 
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and KMO, pro-inflammatory signals can increase the metabolism of Trp through the 

pathway down to QA and the synthesis of NAD+ 81,124. This is probably an important 

mechanism for the maintenance of cellular metabolism under inflammatory conditions 
81,90,125. QA especially, is substantially increased in various immune cells in response to 

immune stimuli 81,90,125. Inflammation is also related to reduced PLP levels 103,126. Strong 

covariation between immune markers and kynurenines has been found both in CSF and 

plasma in clinical studies 127. Thus, measures of immune markers can yield important 

information when investigating kynurenines in clinical samples.  

B vitamin status 
Plasma levels of PLP were positively correlated with Trp, AA, KA, HAA and XA, and 

negatively correlated with HK and KTR in a large community sample 126. Plasma HK 

has also been shown to be lower in users of B6 supplements compared to non-users 128. 

Correspondingly, plasma XA/HK, HK-ratio, and urinary excretion of XA are 

functional markers of PLP status 91,108. In cases of PLP deficiency, the urinary excretion 

of Kyn, HK and XA increases 103. Similarly, increased urinary excretion of KA and 

Kyn, and decreased excretion of HK, HAA and XA has been reported in relation to 

vitamin B2 deficiency 46. In the population study of Theofylaktopoulou and colleagues, 

riboflavin, a marker of B2 status, was positively associated with HAA and XA, but not 

correlated with HK 126. The level of HK thus seems to be influenced more by the rate 

of PLP-dependent consumption than FAD-dependent formation 126.  

Body mass index 
Blood levels of Trp, Kyn, KA, HK, HAA, XA and KTR have been shown to be 

positively correlated with BMI 120,129,130. The relationship between BMI and kynurenine 

metabolism could be different between children and adults, and abdominal fat content 

has been suggested to be more closely related to KTR in overweight adults 130.  
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Stress 
Acute stress in mice has been associated with increased IDO1 expression in various 

tissues 131, reduced levels of Trp and increased levels of Kyn both in plasma and in the 

brain 131,132. In a study of stress associated with academic examination, there was 

significant increase in cortisol, correlating with increased perceived stress, but there 

was no significant increase in Trp or kynurenines 133.  

Tobacco 
Cotinine is a stable metabolite of nicotine that is commonly used as a marker of 

tobacco use in clinical studies. Cotinine has been found to be inversely correlated 

with the plasma concentrations of Trp, Kyn, KA, AA, XA and HAA 120 and with KTR 
134. It is also associated with lower blood levels of PLP and riboflavin 135. 

Exercise 
A significant reduction in blood levels of Trp and Kyn 127,136 and increase in blood KA 
137,138 has been found in healthy adults after various forms of physical training. 

Activation of skeletal muscle has also been shown to consume peripheral Trp and Kyn 

in a study on mice and could lead to a reduction in the production of neurotoxic 

metabolites in the central nervous system 139. However, there is limited knowledge on 

how different training forms, durations and intensities differ regarding the effect on 

Trp metabolism 136,140. 

Sex hormones 
Several sex hormones have been shown to inhibit the activity of several enzymes in 

the kynurenine pathway 44,141, and levels of KA has been reported to be comparatively 

low in oral contraceptive users 142.  

 

1.1.5 Liver, blood, and the central nervous system 
Most of the Trp metabolism through the kynurenine pathway takes place in the liver. 

Hepatocytes, the main cell type of the liver, contain all the necessary enzymes and 

coenzymes to produce NAD or acetyl CoA 81. Immune cells, muscle cells, glial cells 

and many other cell types in various tissues also metabolise Trp using IDO 46,81. Trp and 
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tobacco use in clinical studies. Cotinine has been found to be inversely correlated 

with the plasma concentrations of Trp, Kyn, KA, AA, XA and HAA 120 and with KTR 
134. It is also associated with lower blood levels of PLP and riboflavin 135. 

Exercise 
A significant reduction in blood levels of Trp and Kyn 127,136 and increase in blood KA 
137,138 has been found in healthy adults after various forms of physical training. 

Activation of skeletal muscle has also been shown to consume peripheral Trp and Kyn 

in a study on mice and could lead to a reduction in the production of neurotoxic 

metabolites in the central nervous system 139. However, there is limited knowledge on 

how different training forms, durations and intensities differ regarding the effect on 

Trp metabolism 136,140. 

Sex hormones 
Several sex hormones have been shown to inhibit the activity of several enzymes in 

the kynurenine pathway 44,141, and levels of KA has been reported to be comparatively 

low in oral contraceptive users 142.  

 

1.1.5 Liver, blood, and the central nervous system 
Most of the Trp metabolism through the kynurenine pathway takes place in the liver. 

Hepatocytes, the main cell type of the liver, contain all the necessary enzymes and 

coenzymes to produce NAD or acetyl CoA 81. Immune cells, muscle cells, glial cells 

and many other cell types in various tissues also metabolise Trp using IDO 46,81. Trp and 
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kynurenines are actively transported across cell membranes and the blood-brain-barrier 

(BBB), mainly by LAT1. However, a recent study also described a role for the organic 

cation transporter 2 in Trp availability in relation to SSRI treatment 143.  

The concentrations of Trp and kynurenines in the blood is affected by intake and rate 

of metabolism. Under physiological conditions, TDO is the main regulator of pathway 

activity, but the effect of IDO increases under pro-inflammatory conditions. In clinical 

studies, KTR is often used as a proxy for IDO activity, though there is still uncertainty 

regarding how IDO activation affects blood levels of kynurenine pathway levels in 

humans 144,145. The levels of single metabolites are determined both by the rate of 

synthesis and rate of consumption, and the relative blood levels of kynurenine pathway 

metabolites depend on the activity of the various pathway enzymes. For instance, 

increased levels of Kyn and KTR that result from IDO induction can be masked by 

simultaneous increase in KMO activity and higher consumption of Kyn. Excess of Trp 

and kynurenines are reflected in their urinary concentrations, for instance as a result of 

accumulation due to enzyme insufficiency, like in B6 deficiency 91 or in xanthurenic 

aciduria which is caused by a mutation in the KYNU gene 102.  

The concentration of TDO and IDO in the brain is lower than in peripheral tissues. The 

main source for kynurenine metabolism in the brain is Kyn, which crosses the BBB by 

the LAT1 35 and is taken up into glial cells 6. Up to 50% of infused Trp can be 

transported across the BBB in a single pass through the brain capillary bed 47, but this 

fraction is affected by the level of albumin binding and the concentration of competing 

amino acids 119. HK and XA also seem to cross the BBB 36,69, while KA and QA are 

thought not to cross in any considerable amount, with their levels in the brain therefore 

mostly being the result of local metabolism in astrocytes and microglia 6. As several 

amino acids compete for LAT1 transport, these amino acids can affect the active 

transport of Trp and Kyn and possibly reduce KA production in the brain 118. The 

production of QA in the brain is usually low, with low nanomolar concentrations 35,81. 

In case of inflammation and IDO-induction, however, they show rapid and massive 

increase in the production of QA that functions both as a tool in pathogen clearance 

and as a precursor of NAD which is in high demand in pro-inflammatory states 81. Brain 
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efflux is the most important mechanism for disposal of KA and QA from the brain 6, 

and under physiological conditions the concentration of QA in the brain is held below 

blood levels by active transport out across the BBB 146. Analyses of cerebrospinal fluid 

(CSF) or brain tissue can yield information of the concentration of Trp and kynurenines 

in the central nervous system. However, plasma levels of Kyn, HK, AA and Pic have 

been shown to correlate well with CSF levels 60,147,148. 

 

1.1.6 Normal ranges, within-person reproducibility, and analytical 
variation 

There are no established physiological ranges or pathological thresholds for Trp or 

kynurenines, and there is a wide normal range in blood concentrations (Table 1). In a 
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Table 1. Plasma levels of Trp, kynurenines, PLP, riboflavin and neopterin from four different studies 120,150-152 

 

 

Theofylaktopoulou et al. (2013) 
Community study (HUSK), non-fasting 

samples from two age groups: 45-46 years (n = 
3723) and 70-72 years (n = 3229)

Midttun et al. 
(2009) 

94 non-fasting, 
presumed healthy 

individuals

Midttun et al. 
(2014) 

40 postmenopausal 
women (NHS)

Ulvik et al. (2013)  
2628 non-fasting adults with 

coronary artery disease 
(WENBIT)

Metabolite 5% - 95%
lowest 5% - highest 5% 
(clinical characteristics)

Median  
(5% - 95%)

Geometric mean  
(5% - 95%)

Median  
(5% - 95%)

Trp  
(µmol/l)

44.4 - 95.5
(heavy smokers)  

41.6 - 98.2  
(men, young)

63.1  
(42.8 - 88.7)

67.1  
(64.6 - 69.7)

68.0  
(47.3–92.5)

Kyn  
(µmol/l)

0.94 - 2.63
(highest eGFR, young)  

0.88 - 2.94  
(lowest eGFR, high age)

1.62  
(0.97 - 2.86)

1.62  
(1.59 - 1.65)

1.7  
(1.1–2.6)

AA  
(nmol/l)

7.7 - 28.8
(heavy smoker, young)  

6.9 - 31.8  
(lowest eGFR, high age)

12.7  
(6.7 - 33.4)

13.8  
(13.4 - 14.2)

13.8  
(7.7–26.8)

KA  
(nmol/l)

24.1 - 92.7
(highest eGFR, young)  

21.6 - 121.2  
(lowest eGFR, high age)

35.4  
(20.4-93.2)

48.1  
(46.7 - 49.6)

48.5  
(26.0–92.6)

HK  
(nmol/l)

17.4 - 65.0
(highest eGFR, young)  

16.7 - 78.1  
(lowest eGFR, high age)

24.8  
(12.5 - 65.8)

29.0  
(28.1 - 29.9)

29.1  
(15.3–58.8)

HAA  
(nmol/l

17.8 - 64.5
(heavy smoker, young)  

15.4 - 70.9 
 (BMI>30, high age)

23.3  
(9.4 - 55.4)

33.9  
(32.8 - 35.0)

34.6  
(16.0–67.1)

XA  
(nmol/l)

6.1 - 33.8
(heavy smoker, high age)  

5.0 - 36.5 
 (BMI>30, high age)

11.4  
(4.1 - 32.8)

13.9  
(13.4 - 14.4)

14.2  
(6.1–30.5)

KTR 13.4 - 43.9
(highest eGFR, young) 

 12.6 - 52.4  
(lowest eGFR, high age)

26.8  
(26.1 - 27.5)

23.8  
(15.8–39.4)

Neopt. 
(nmol/l)

4.7 - 15.6
(highest eGFR, young)  

4.3 - 18.6 
 (lowest eGFR, high age)

8.4  
(5.4 - 25.4)

8.16  
(7.97 - 8.37)

7.8  
(5.2–14.5)

Ribo.  
(nmol/l)

11.7  
(5.2 - 66.8)

12.5  
(11.8 - 13.2)

11.1  
(4.5–44.3)

PLP  
(nmol/l)

37.2  
(14.2 - 181.6)

40.6  
(39.1 - 42.3)

39.9  
(18.6–101)

Abbreviations: AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; HUSK, Hordaland Health Study; KA, kynurenic 

acid; KTR, kynurnine-tryptophan ratio; Kyn, kynurenine; Neopt., neopterin; NHS, Nurses' Health Study; PLP, pyridoxal 5'phosphate; Ribo., 

riboflavin; Trp, tryptophan; WENBIT, Western Norway B-Vitamin Intervention Trial; XA, xanthurenic acid
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1.2 Attention-deficit hyperactivity disorder, depression and 
electroconvulsive therapy 

1.2.1 Attention-deficit hyperactivity disorder (ADHD) 
ADHD is a neuropsychiatric disorder characterised by hyperactivity, impulsivity 

and/or inattention to such a degree that it leads to impairments in daily functioning. 

The prevalence of ADHD is estimated to be around 5.9% in children and 2.8% in adults 
153. ADHD has a childhood-onset, but often persists into adulthood 154 with implications 

for social, academic, and occupational success, and with a significantly increased risk 

of substance abuse, accidents and death compared to the general population 155-157. The 

diagnosis of ADHD is based on symptom assessment and clinical interviews. There are 

various self-report questionnaires that can be of use when diagnosing ADHD in adults, 

including the Adult ADHD Self-Report Scale (ASRS) for assessment of current 

symptoms, and the Wender Utah Rating Scale (WURS) for retrospective assessment 

of symptoms in childhood. 

As determined using twin studies, ADHD has a relatively high heritability, around 74% 
158. It also has a large genetic overlap with other psychiatric disorders, including autism 

spectrum disorders, anxiety, and depression 159, with which it also often co-occurs 160. 

In addition, ADHD has been shown to be associated with a range of somatic disorders, 

including obesity, diabetes, migraine, asthma, epilepsy, cardiovascular disease, and 

psoriasis 161-163. Known environmental risk factors include prematurity, maternal 

smoking, toxins, unhealthy eating, and adverse life experiences, but these factors have 

been difficult to separate from the genetic risk 164. ADHD is generally considered a 

multifactorial disorder, with no single explanatory factor 165. According to a traditional 

hypothesis of ADHD pathophysiology, some ADHD symptoms may be related to a 

dysregulation of monoaminergic neurotransmission (dopamine, norepinephrine, and 

serotonin), the principal target of pharmacological treatment. Stimulants, like 

methylphenidate and amphetamine, are the first line pharmacological option for 

children and adults alike.  

There are no validated biomarkers for ADHD 164,166. Currently, the most promising 

biomarkers for ADHD are derived from psychological tests, neuroimaging, and EEG 
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153,166. However, there are multiple candidate biochemical biomarkers related to 

monoamine synthesis, including homovanillic acid, 3-methoxy-4-

hydroxyphenylglycol, 5-hydroxyindoleacetic acid and Trp metabolites 166. Other 

noteworthy candidates are inflammatory markers 167, markers of glial function (for 

instance S100b 168), markers of neuroplasticity (brain-derived neurotrophic factor 

(BDNF) 169), and micronutrients, like vitamin D, lead, magnesium 164. Importantly a 

range of genetic variants are associated with ADHD and have been central in the search 

for biomarkers. Additionally, the genetic profile itself, in the form of a polygenic risk 

score of ADHD, has some usefulness in predicting ADHD symptoms in the population 

and people with a high score are more likely to be diagnosed with ADHD 153.  

 

1.2.2 Depression 
Depression is a common psychiatric disorder and a major cause of disability and 

reduced life quality world-wide 170. Depression is characterised by depressed mood or 

diminished interest or pleasure in all or most activities most of the day every day, 

together with other symptoms such as problems with concentration, hopelessness, 

feelings of worthlessness or inappropriate guilt 171. To receive a diagnose, symptoms 

must cause significant distress or impairment in important areas of functioning. There 

are several clinician-administered questionnaires for assessing the severity of 

depression symptoms that are often used in clinical studies, including Montgomery-

Åsberg Depression Rating Scale (MADRS) and Hamilton Depression Rating Scale 

(HDRS/HAM-D). Depressive episodes can be isolated or recurrent and can be part of 

a major depression disorder or a bipolar disorder 171. 

Major depressive disorder (MDD) is a diagnosis from the Diagnostic and Statistical 

Manual of Mental Disorders (DSM) 172, that is commonly used in clinical studies world-

wide. MDD has a life-time prevalence of about 16.6% 173. The clinical presentation of 

MDD is very heterogenous, both in severity and symptomatology, and there are 

multiple clinical subgroups 171. There are many risk factors for depression, including 
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153,166. However, there are multiple candidate biochemical biomarkers related to 

monoamine synthesis, including homovanillic acid, 3-methoxy-4-

hydroxyphenylglycol, 5-hydroxyindoleacetic acid and Trp metabolites 166. Other 

noteworthy candidates are inflammatory markers 167, markers of glial function (for 

instance S100b 168), markers of neuroplasticity (brain-derived neurotrophic factor 

(BDNF) 169), and micronutrients, like vitamin D, lead, magnesium 164. Importantly a 

range of genetic variants are associated with ADHD and have been central in the search 

for biomarkers. Additionally, the genetic profile itself, in the form of a polygenic risk 

score of ADHD, has some usefulness in predicting ADHD symptoms in the population 

and people with a high score are more likely to be diagnosed with ADHD 153.  
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genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  

 35 

genetic risk 174, psychological trauma 175, somatic disease 21, immunotherapy 176, and diet 
177. The twin based genetic risk of MDD seems to be lower than for ADHD 174.  

Like ADHD, MDD is a multifactorial disorder, possibly with multiple different 

aetiologies 178. Theories of pathophysiology include monoamine deficiency 1,179, 

dysfunctional glutamate signalling 180, inflammation and immune dysfunction 4,7,181, 

reduced neurogenesis and neuroplasticity 182, HPA-axis dysregulation 183 and metabolic 

dysfunction 184, all of which indicate a role for kynurenine metabolism.  

There are no validated biomarkers of depression, but various promising candidates, 

including TNF-a, IL-6, IL-1 beta and CRP 185, BDNF 185,186, cortisol 187, homovanillic 

acid 188 and n-3 polyunsaturated fatty acids 185. Furthermore, mRNA levels of IL-1 and 

MIF 189 and polymorphisms in various genes like the multidrug-resistance gene 

(MDR1) 185 have been associated with the outcome of pharmacological treatment. 

Comorbid psychiatric and somatic conditions are common, with notable examples 

being obesity, metabolic syndrome, diabetes, hypertension, renal disease, coronary 

disease, Alzheimer’s disease, and cancer 190. 

Bipolar disorder (BD) is characterised by fluctuations in mood between episodes of 

depression and elevated mood in the form of hypomania or mania. It has a life-time 

prevalence of about 2.1% 191 and a high heritability 192. Depression in BD is similar to 

major depression, but is typically associated with an earlier age of onset, episodes are 

often more abrupt and shorter in duration and are more often accompanied by 

psychosis, psychomotor retardation and catatonia 193. 

Antidepressants are the first-line biological treatment of MDD, but the response rates 

in the first round of treatment are modest and many patients need sequential treatment. 

Bipolar depressive episodes are often treated with mood stabilisers such as lithium, 

valproate, and carbamazepine, as well as atypical antipsychotics. Antidepressants may 

also be used, in combination with mood stabilisers, to prevent switch to mania. Lack 

of clinical response after a minimum of two trials with different antidepressants in 

adequate doses is commonly considered as treatment resistance.  



 36 

1.2.3 Electroconvulsive therapy (ECT) 
ECT is a treatment option for severe, treatment-resistant depression, both in MDD and 

BD, with a high response rate and comparatively rapid clinical effect. ECT is 

performed by passing an electric current through the brain and thereby triggering a 

seizure. The treatment is carried out in general anaesthesia. It is typically administered 

two to three times per week until remission or lack of further clinical response. Some 

pre-treatment characteristics are associated with higher response to ECT, including 

higher age, the presence of psychotic symptoms, higher CRP, higher TNF-a, higher 

homovanillic acid, and lower S-100B 194-196.  

The details of the therapeutic effects of ECT are still unknown. Possible mechanisms 

include altered neurotransmission 197, changes in endocrine signalling 198, immune 

modulation 199-201, and neurotrophic effects 202. Several studies have shown increased 

levels of BDNF after ECT 203,204, a protein involved in neuroplasticity 202. ECT also 

seems to cause a broad volumetric expansion in grey matter 205, reportedly as early as 

two hours after the first ECT session 206. Moreover, single ECT sessions have been 

associated with an acute inflammatory response 200,201. Modulation of kynurenine 

pathway metabolism has also been investigated as a possible mechanism in ECT, but 

results have been inconclusive 41,200 
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2. Aims 

The overarching aim of this work was to examine the tryptophan and kynurenine 

pathway in patients with various neuropsychiatric disorders, both compared to controls 

without such disorders and in the context of therapy. Additionally, we sought to 

identify factors that can affect tryptophan and kynurenine pathway metabolite 

concentrations and the analysis of these concentrations in clinical studies.  

2.1 Specific aims 

1. Examine the serum levels of tryptophan, kynurenines, and B vitamins in adults 

with ADHD and depression compared to healthy controls. Paper I, II 

2. Investigate changes in serum concentrations of tryptophan, kynurenines and 

neopterin in patients with depression after ECT. Papers II, III and IV  

3. Review factors that affect analyses of tryptophan and kynurenines in clinical 

studies and propose strategies for future studies on tryptophan metabolism in 

patients with psychiatric disorders. Paper IV 
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3. Material and methods 
Table 2. Material and methods. 

Studies Materials Samples Design 

I ADHD in adults in Norway 133 adults with ADHD and 131 

adults without ADHD 

Case/control  

II ECT and neuroradiology 27 patients with depression and 14 

healthy controls 

Case/control and 

repeated measures  

III MODECT 48 patients with late-life depression Repeated measures 

IV Embase, MEDLINE, 

PsycInfo and PubMed 

17 published studies including 386 

patients and 27 controls 

Systematic review 

3.1 Materials and methods 

Study I: ADHD Norway, case-control 
ADHD in adults in Norway: from clinical characterization to molecular mechanisms 

is an ongoing clinical project initiated at the University of Bergen (UoB) in Bergen, 

Norway, in 2004.  

Study I included data from 133 adults with ADHD and 131 adults without ADHD 

participating in this project. The blood samples were mainly collected at Haukeland 

University Hospital, but some were collected by primary care physicians in Bergen and 

various other locations in Norway and transported to the laboratory by mail. Fasting 

was not required. Two self-report questionnaires, ASRS and WURS, were used to 

collect information on current ADHD symptoms and symptoms in childhood for all 

participants. Student’s t-test was used to compare clinical continuous variables, while 

Chi squared was used to compare sex, alcohol, drug abuse, comorbid disorders. The 

main analysis was performed using logistic regression with ADHD status as outcome 

per tertile of each metabolite in two models, one adjusted for sex, and another adjusted 

for both sex and tryptophan. Additionally, Spearman’s correlation analyses were 
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performed to investigate the association between ADHD symptom severity and levels 

of biochemical variables.  

Study II: ECT Bergen, case-control, repeated measures 
ECT and neuroradiology is a prospective and observational study conducted at 

Haukeland University Hospital in Bergen from 2015 that aims to clarify the 

pathophysiology of MDD and the mechanisms of action for ECT 207. The study includes 

patients with depression referred to ECT, as well as two control groups consisting of 

patients undergoing electrical cardioversion for atrial fibrillation and healthy 

volunteers. The patients receive three ECT sessions per week until remission, or until 

no further improvement, with individual stimulus dose and a maximum of 20 sessions. 

Data from neuropsychological tests, clinical assessments, blood samples and MRI are 

collected for all participants. Blood samples are collected after at least 8 hours fasting. 

The renal function marker creatinine is measured at baseline. 

In study II, we included blood samples and assessed symptom severity from 27 patients 

before and after a full series of ECT, as well as baseline data from 14 age- and sex-

matched healthy volunteers. Response was defined as a reduction of 50% or more in 

MADRS, and remission as a post treatment MADRS lower than 10. Log-transformed 

serum concentrations at baseline were compared between patients and controls using 

linear regression with and without adjustment for smoking. Changes in serum 

concentrations after ECT were analysed using paired Wilcoxon signed-rank tests in 21 

patients and in subgroups based on ECT response and remission.  

Study III: ECT Amsterdam, repeated measures 
Mood Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) is a 

naturalistic, longitudinal study on older patients with depression treated with ECT 208. 

Patients with depression aged 55 years and older that were referred to ECT were 

recruited from GGZ inGeest in Amsterdam, the Netherlands, and University 

Psychiatric Center, KU Leuven, Belgium. The main aims of the project were to 

compare demographics and clinical characteristics between inclusion sites, to explore 

clinical and structural brain characteristics and to identify predictors of ECT response. 
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Each patient was scored with MADRS before and during therapy, and was treated with 

ECT until remission, or until there was no further improvement the last two weeks of 

treatment.  

Study III included 48 patients from the Amsterdam branch of MODECT, with two 

venous samples for each patient, one at baseline and one after the completed ECT 

series. Using paired Wilcoxon signed-rank tests, changes in tryptophan, kynurenines 

and neopterin were analysed in all 48 patients, and in subgroups based on remission, 

neopterin change after ECT, and somatic comorbidity.  

Study IV: Systematic review 
The systematic review was conducted following the PRISMA guideline. Using free 

text and index terms for tryptophan, kynurenine pathway metabolites and ECT, we 

carried out a systematic literature search in the four databases Embase, MEDLINE, 

PsychInfo, and PubMed. The criteria for inclusion were treatment with ECT and pre- 

and post-treatment measures of either Trp, kynurenines or both. The systematic review 

identified seventeen studies eligible for inclusion, with publication year spanning from 

1973 to 2022. From the included studies, data was extracted on biomarker 

concentrations as well as on a wide range of factors known to be associated with 

tryptophan metabolism or depression treatment. Vote counting based on the direction 

of effect was used to establish if there was evidence for significant changes in single 

metabolites or ratios after ECT.   

 

3.2 Biochemical analyses 

Serum samples from study I-III were all analysed in the laboratory of Bevital A.S. in 

Bergen, Norway. Serum levels of Trp, Kyn, KA, HK, XA, AA, HAA, QA and Pic, as 

well as nicotine marker cotinine, inflammatory marker neopterin, vitamin B2 marker 

riboflavin, and B6 vitamers PLP and pyridoxal (PL) were measured using a high 

throughput liquid chromatography/tandem mass spectrometry (LC/MS/MS) 151. 
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3.3 Ethics 

Studies that included human subjects (I, II and III) were all carried out in accordance 

with the Declaration of Helsinki. All participants provided written informed consent to 

participate. Study I was approved by the Regional Committee for Medical Research 

Ethics in West Norway (REK Vest, 2013/543). Study II was approved by REK in South 

East Norway (2013/1032). Study III was approved by REK North (2018/721) and by 

the Medical Ethical Committee of the Amsterdam UMC, location VUmc.  
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4. Main results 

Study I 
We found significantly lower serum concentrations of KA, XA, HAA, riboflavin and 

vitamin B6 (PL + PLP), and higher cotinine in adult patients with ADHD compared to 

healthy controls. In logistic regression with tertiles of biochemical variables, low levels 

of Trp, KA, XA, HAA and riboflavin and high cotinine levels were associated with 

increased risk of ADHD. Differences in HAA, riboflavin and cotinine remained 

significant when adjusting for sex and serum Trp.  

There was a significant inverse correlation between age and Trp in the material, and 

the median age was significantly higher in the ADHD group (28.0 vs 22.5 years). When 

comparing two ADHD age groups, lower levels of Trp and XA, and higher riboflavin 

and KTR were associated with higher age (34-40 years, n = 36). Comparing patients 

and controls with similar age (97 patients aged 19-33 vs 131 controls aged 18-33), 

lower levels of Trp, HAA and riboflavin, and higher cotinine were all associated with 

ADHD.  

We also found a significant inverse correlation between Trp and kynurenine and 

current and past ADHD symptom scores (ASRS and WURS) when including all 

participants and controlling for cotinine and age. Correlation analyses within the 

ADHD group showed that levels of Trp and vitamin B6 were inversely correlated with 

total ASRS and the inattentive subscale. No significant correlations were found in 

controls alone. There were no significant differences in biochemical variables between 

patients with or without self-reported anxiety/depression or bipolar disorder, or 

between medicated and drug-naïve patients. 

Study II  
Three out of 30 patients were excluded, one due to missing baseline blood samples, 

two due to high serum creatinine (>120 µmol/l). There were 36% smokers among 

controls and 52% among patients. The median MADRS score was 1 for controls and 

34 for patients. Compared to healthy controls, patients with depression had lower levels 
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of KA, XA, Pic, KA/Kyn, KA/QA, XA/HK and Pic/QA. When adjusting for cotinine 

levels, KTR was significantly higher in patients. 

After ECT, MADRS was reduced from 34.0 to 15.0. Out of 21 patients with repeated 

measures, twelve patients responded to treatment. There was no significant difference 

in number of treatments between responders and non-responders, but non-remitters had 

significantly more sessions than remitters. There was significant increase in HAA, Pic, 

Pic/QA and neopterin after ECT. Responders had significant increase in HK and Pic, 

and there was significant increase in neopterin in both responders and non-responders 

as well as in non-remitters.  

Study III 
After a full ECT series, MADRS decreased from a median of 32.5 to 6.5, with 30 

remitters and 18 non-remitters. There were no significant changes in single metabolites, 

but a reduction in KA/HK after treatment. In sub-analyses based on remission status, 

remitters had increased post treatment levels of HK, XA and HAA, while non-remitters 

had reduced levels of QA after ECT. In patients that had increased neopterin after ECT 

(n = 25), HK and KTR were also significantly increased, while PLP and KA/HK were 

reduced. In patients with reduced post-treatment neopterin (n = 23), AA, QA and KTR 

were also significantly reduced. Eleven patients with no registered somatic comorbidity 

had significant increased TRP, HK and HAA after ECT, while patients with one or 

more somatic diagnoses (n = 37), had no significant changes in serum biomarkers.  

Study IV  
The systematic review included 19 reports, as well as previously unpublished data 

from the control group of study II, for a total of 386 patients with depression treated 

with ECT and 27 controls. Using vote counting based on the direction of effect, there 

was no overall evidence of an effect of ECT on free Trp, total Trp, Kyn, KA or KTR, 

the five biomarkers that were available in an adequate number of studies to enable 

analysis. The most conspicuous patterns of change were trends of increased levels of 

HK, AA, HAA, XA, and Pic in the three studies investigating a large panel of 

kynurenines. 
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In addition, we reviewed a range of factors related to Trp metabolism, including 

inflammation, age, kidney function, BMI, sex, and B vitamin status, as well as details 

regarding the study populations, study designs, sample handling and treatment 

delivery. Our review showed that there were large variations both in study populations, 

study design and in the declaration and handling of such variables relevant for 

interpretation of changes and study comparison. Furthermore, large differences in 

baseline concentrations and a lack of clear changes after ECT suggested a large 

unexplained variability both between studies, between individuals and within 

individuals.  
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5. Discussion 

5.1 Do patients with depression or ADHD have altered 
kynurenine metabolism?  

Abnormal levels of Trp and kynurenines compared to healthy controls have been 

demonstrated in several meta-analyses of patients with major depression disorder 13,15-

17,19 and bipolar disorder 16-20 as well as schizophrenia 14,17. A recurring finding is that 

patients with psychiatric disorders have lower Trp and Kyn compared to healthy 

controls 17.  

The central hypothesis states that imbalance between neurotoxic (mainly HK and QA) 

and neuroprotective metabolites (mainly KA) disturbs glutamatergic signalling and 

facilitates a neurotoxic environment 11. Meta-analyses indicate that this might be the 

fact, at least for depressed patients who have comparatively low levels of KA and its 

ratios KA/Kyn, KA/HK and KA/QA 17. These differences between patients and controls 

are suggestive of impaired neuroprotection in depressed subjects 17. 

Depression 
Our own results of study II, published in 2019, coincide with these meta-analyses, with 

low serum levels of KA, XA and Pic, and low KA/Kyn, KA/QA, XA/HK and Pic/QA 

in patients with uni- or bipolar depression compared to healthy controls. When 

adjusting for smoking, patients also had relatively high levels of KTR, indicative of an 

inflammation related stimulation of the pathway.  

Results from neuroimaging studies also lend support to the findings of abnormal 

kynurenine metabolism in depression (reviewed in 209), with observed correlations 

between hippocampal volume and plasma KA/QA 210, and between striatal volume and 

plasma KTR 211. KA/HK has also been found to be a moderating factor in the 

relationship between MDD and cortical thinning 212. Furthermore, MR spectroscopy of 

adolescents with MDD has shown associations between plasma Kyn and HAA, and 

striatal levels of choline, a marker of cell membrane metabolism that is often increased 

in depression 213. A higher serum KA/QA ratio has also been found to be associated 
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with increased white matter integrity in several brain areas 214. These reports add to the 

evidence of a role of kynurenines in depression. 

Correlations have also been shown between kynurenines and symptom load in 

depressed patients, including an inverse relationship between KA and MADRS 215, AA 

and HAM-D 216, and KA/QA and anhedonia 217. Depression symptoms have also been 

positively associated with KTR in patients with hepatitis C treated with IFN-a 124. 

Similar results have also been found independent of the depression diagnosis, with a 

significant correlation between KTR and depression symptoms in a population based 

study 105. KA/QA has also been identified as a predictor of ketamine response 218, and 

low KA has been reported as a predictor of response to treatment with escitalopram 219.  
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PTCHD1 knockout mice display ADHD symptoms, and have been shown to have 

increased levels of Kyn, AA, KA, HK, KTR and KA/Kyn compared to wild type 227. 

The level of Kyn significantly decreased after treatment with atomoxetine, together 

with a reduction in symptom levels 227. Plasma KA has also been positively associated 

with ADHD-like symptoms in dogs in a non-targeted study 228.  

Peripheral vs central levels 
The results discussed above are mainly from studies on peripheral levels of 

kynurenines, often regarded as a proxy for levels in the central nervous system.  

Analyses of CSF are likely better suited for evaluating levels of kynurenines in the 

context of psychiatric disorders. But although several studies have done this, there 

seems to be more obstacles when designing and carrying out a study based on CSF 

compared to peripheral measures. In the meantime, methods such as neuroimaging/MR 

spectrometry 210,213 and correlation analyses between central and peripheral measures 
60,147,148,229, contribute to bridge the gap in knowledge between of peripheral and central 

kynurenine metabolism.  

Challenges with the case-control design 
Although meta-analyses show some significant differences between patients and 

controls, many of the studies in this area are small. They are vulnerable to the effect of 

outliers and are susceptible to bias. In study IV, we discussed various challenges with 

outlining the kynurenine metabolism in patients with depression, most of which are 

transferrable to studies of kynurenines in other neuropsychiatric disorders. Establishing 

good references for comparison is one such challenge. One of the main problems of 

single, small scale clinical studies/pilot studies, aiming to shed light on kynurenine 

metabolism in a patient group, is the reliance on small control groups that do not 

provide a reliable baseline for comparison.  

In study IV, we found considerable variations in levels of Trp and kynurenines both 

between studies, and between patients and controls within studies. The between-study 

variation is most likely linked to differences in pre-analytical and analytical factors and 

underline the general difficulty of establishing good references for evaluating patient 
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levels and the need for control groups. However, these control groups need to be 

carefully selected to minimise potential bias arising from sample collection, sample 

handling and clinical characteristics such as life-style factors, somatic or psychiatric 

illness, and medication.  

Poor matching is a well-known and common issue, and differences between controls 

and patients in variables that are not a feature of the disorder could introduce bias to 

the analyses. Two common examples are age and sex, and in many studies, patients 

and controls are age- and sex-matched to minimise this kind of bias. In study I however, 

the ADHD group had a wider age range, and a significantly higher mean age. Age is a 

known determinant of Trp and kynurenines, and sub-analyses based on age groups 

showed that it was indeed an important factor when comparing metabolite levels 

between patients and controls. The handling of other clinical features such as socio-

economic status, education or life-style factors are more complicated, as they are often 

tightly related with the disorders and not suitable for matching. Choosing controls that 

reflect the general population can often intensify the importance of these factors, and 

so a conflict emerges between choosing a control group that reflects the general 

population or a control group that minimises the effect of these factors. The frequency 

of smokers in study I provide a valuable example. Smoking was very common in the 

ADHD group, but quite rare in control group, something that could affect comparison 

of kynurenine levels. If, on the other hand, there had been an equal number of smokers 

among the controls, they would not be representative of the general population and 

there would be a high risk of overcontrolling.   

Similarly, undiagnosed psychiatric disorders in the control group can compromise its 

value as a reference point. In study I, 6.2% of the healthy controls had an ASRS score 

above the standard cut-off for ADHD, and 3.8% reported severe anxiety or depression. 

While these are not evaluated clinically and cannot be considered as diagnoses, this 

may obscure biomarker differences between the groups, as indicated for instance in a 

meta-analysis of inflammatory markers and depression 230. Similarly, the presence of 

somatic disorders in patient or control groups can also affect the differences in levels 

of kynurenines between the groups 230.  
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In conclusion, meta-analyses indicate that patients with neuropsychiatric disorders 

have altered tryptophan-kynurenine metabolism, with low Trp and Kyn being a 

recurrent finding. Furthermore, especially in patients with depression, KA seems to be 

low relative to other kynurenine metabolites. Kynurenine metabolism in ADHD is still 

little explored, but the low levels of Trp and several kynurenines in our study are in 

line with the trend across other psychiatric diagnoses. However, there are several 

challenges when comparing concentrations between groups, like the handling of life-

style factors, and comorbidity. In addition, Trp availability and levels of kynurenines 

in the central nervous system need to be further investigated.  

 

5.2 Do levels of kynureniens change after depression 
treatment? 

Given that patients with depression have abnormal blood levels of Trp and 

kynurenines, and that abnormal kynurenine levels seem to be an aspect of the 

pathophysiology of depression, it can be hypothesised that these metabolites are 

restored to normal concentrations after effective treatment 231.  

In studies II and III, we investigated change in Trp, kynurenines and related markers 

after ECT. In study II, we found increased levels of Pic, HAA and neopterin after a 

series of ECT for 21 patients with uni- or bipolar depression. In study III, there was a 

reduction in KA/HK after a series of ECT for 48 patients with late life depression. 

These results does not seem to be in line with the hypothesis of a normalisation of the 

balance between neuroactive metabolites, which would mean an increase in KA 

relative to toxic metabolites like HK and QA.  

Several similar studies have been carried out, but the results have been inconsistent. 

Blood levels of Trp and Kyn have been reported both to increase 232 and decrease 233 

after ECT, and have remained unchanged in other studies 234,235. Regarding the balance 

between neuroactive kynurenines, some studies have reported improved 

neuroprotection, with increased levels of KA and KA/HK 233, and increased level of 
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KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 

 50 

KA/QA after ECT 235. Other studies have found opposite trends, with significant 

increase in HK 232 and reduction in KA/HK 234, which is more similar to the results of 

study II and III.  

We summarised the results from studies on change in Trp and kynurenines after ECT, 

including studies II and III, in a systematic review presented in study IV (Table 3). 

Using vote counting based on the direction of effect we found no evidence for an effect 

of ECT on the levels of Trp, Kyn, KA or KTR. These analyses did not consider the 

studies’ quality or sample size. Still, the lack of significant changes is consistent with 

a recent meta-analysis that found moderate evidence for no effect of ECT on plasma 

Trp 41.  

Relation to the clinical effect 
It is possible that changes in kynurenines are more prominent in individuals who 

respond to treatment or who reach remission. We therefore performed sub-analyses in 

groups of responders (study II) and remitters (study III). In study II, those who 

responded to ECT had increased levels of HK, Pic and neopterin after treatment. Non-

responders also had an increase in neopterin, but no significant changes in kynurenines. 

In study III, remitters also had increased HK, as well as XA and HAA after treatment, 

while non-remitters had reduced QA. Similar to the results from the main analyses 

discussed above, post-treatment increase in levels of HK is contrary to what is expected 

from the hypothesis that the neuroprotective balance should be normalised after 

treatment. Among the other reports reviewed in study IV, one found increased Trp and 

neopterin in 15 ECT responders that was absent in non-responders (n = 5) 236, while two 

other ECT studies found no significant changes in responders 234 or remitters 237.  

If there are acute effects of ECT on inflammation, stress, or Trp metabolism, it is 

possible that also non-responders and non-remitters could display changes in 

metabolite concentrations due to the exposure to ECT and its effect on the body. In 

study II, non-remitters had significantly more ECT sessions than remitters, and had a 

significant increase in neopterin after ECT. Increase in IL-6 after ECT has also been 

found to correlated positively with the stimulus dose 238. A higher degree of exposure 



 51 

to ECT in non-responders could cause an association between inflammation, non-

response and treatment that could potentially obscure kynurenine changes.  

Table 3. Summary of results from studies on changes in Trp and kynurenines after ECT. 

Adapted from study IV. The table shows percentage change calculated from the included studies (see study IV 

for references). Question marks indicate missing data on concentrations. Comments on participant diagnosis, 

sample type, and sample timing: 1) schizoaffective disorder, 2) depression in bipolar disorder, 3) recurrent 

depressive disorder, 4) CSF samples; samples collected 5) 15 min after ECT, 6) 10 min after first ECT, 7) 1 min 

after ECT, 8) 5 min after ECT, 9) 60 min after ECT, 10) 2 h after ECT, 11) with eight weeks in between, 12) 

after recovery from anaesthesia, and 13) 15 min after start of surgery. Abbreviations: AA, anthranilic acid; ECT, 

electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; KA, kynurenic acid; 
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Kynurenine changes after other depression treatments 
Changes in Trp and kynurenines have also been investigated in the context of other 

depression treatments, including transcranial magnetic stimulation (TMS), ketamine 

and oral antidepressants. Like ECT, TMS is a non-invasive brain stimulation technique 

available for treating patients with treatment-resistant depression. Increased Trp was 

found in plasma of 13 patients after repeated TMS (rTMS) in one study 239, and 

increased Kyn in CSF of 5 patients in another 240, but there were no significant changes 

in kynurenines after TMS in five other studies (reviewed in 41). 

Ketamine is a NMDA-receptor antagonist, like KA, and is a pharmacological treatment 

option for severe depression. The effect of ketamine treatment on kynurenine 

metabolism has also been studied (reviewed in 241). One study reported increased Kyn, 

KA and KA/Kyn, and reduced QA/Kyn after treatment 242, while another found 

increased KA and KA/Kyn in responders 243. A third study found a trend of decrease in 

Kyn after first infusion in responders 234.  

Regarding oral antidepressant treatments, increased plasma Trp has been documented 

after 18 weeks with fluoxetine treatment, but also in a control group receiving 

psychiatric counselling 244. Another study reported reduced serum levels of HK, QA 

and HK/kyn, QA/Trp, KA/QA and QA/HK in 30 patients after 12 weeks of 

escitalopram monotherapy 245. Increased plasma Kyn has also been found after 6 weeks 

treatment with lithium or mirtazapine, but not in patients treated with amitriptyline 246. 

In metabolomics study, Zhu and colleagues found reduced Kyn/melatonin and 

HK/melatonin after treatment compared to baseline in patients that responded to 

sertraline 247. Another metabolomics study, where 290 patients received either 

citalopram or escitalopram, showed no changes in plasma Trp, Kyn or HK after 4 or 8 

weeks of treatment, although 5HIAA/5HT and indole-3-acetic acid were significantly 

increased 248.  

Some of the studies mentioned above report a relative increase in KA, something that 

could be taken as a sign of increased neuroprotection after treatment. However, like for 

the studies of ECT, the results are highly inconsistent. 
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Challenges with repeated measures 
Like with case-control studies, there are multiple challenges when working with 

repeated measures. In study IV, we extracted information about study design and 

sample handling from the reviewed studies, and discussed several factors that makes it 

difficult to make a proper assessment of changes in Trp and kynurenines after 

treatment.  

The time between treatment and blood sampling could be an essential factor when 

assessing biomarker levels. For studies of ECT, it is a challenge to distinguishing the 

acute effect of ECT itself from the potential biochemical changes associated with 

clinical improvement. While acute changes after ECT are best investigated with 

samples collected in the following hours or days, changes that are related to the 

accumulated effect of a treatment series may be better demonstrated in samples drawn 

after the acute phase has passed. In study II and III, we only included samples at 

baseline and after the full treatment series. Ideally, studies should utilise both methods, 

with blood samples both right after ECT and after the whole treatment series.  

In their review and meta-analysis of studies on non-invasive brain stimulation and Trp 

metabolism, Giron and colleagues found strong evidence for heterogeneity, and 

concluded that the absence of effect likely stemmed from the considerable differences 

in ECT protocols and biomarker sampling time points 41. In our studies, we did not find 

significant correlations between number of ECTs and kynurenine levels, but as 

previously discussed, non-remitters had more ECT sessions than remitters as well as 

increased levels of neopterin. Variations in sampling times between patients are 

probably very likely to cause heterogenous results and obscure biomarker changes. In 

study III, 11 patients had their baseline blood sample drawn after the first ECT. 

However, excluding these patients from the main analyses did not affect the results.  

The normal variation of kynurenines constitutes another challenge when trying to 

identify the treatment effect. In the material of study II, we had repeated measures for 

12 healthy controls, that could provide a reference point when analysing change in 

patient samples after treatment. However, analyses revealed that the control group had 
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significant changes in Kyn, KA and AA at eight weeks follow up, even though these 

participants did not receive any treatment or other intervention. Although the within-

person reproducibility of these metabolites is considered good, there seems to be 

enough variation during the span of a clinical study that it is difficult to separate the 

effect of treatment from normal fluctuations. Larger samples are possibly needed to 

provide reference for changes in kynurenine pathway metabolites in clinical studies.  

In studies II and III, there were considerable differences between patients not only in 

baseline levels of blood biomarkers but also in clinical characteristics such as age, 

depression severity, medication, and somatic comorbidity. It is not clear what effect 

this kind of heterogeneity has on the potential for change in kynurenine levels, or to 

what degree it affects the potential of identifying metabolite changes related to 

treatment. One example is kidney function (measured as serum creatinine in studies II 

and III), which varies considerably between individuals and constitutes an important 

determinant for serum levels of kynurenines 120. It is possible that differences in kidney 

function, as well as other somatic comorbidity, could affect the potential for change in 

kynurenines. In study III, there were strong correlations between baseline creatinine 

and levels of kynurenines both before and after treatment. However, we found no 

association between baseline creatinine and change in kynurenines. There were also 

considerable differences in metabolite levels between patients with and without 

somatic comorbidity, and patients without somatic diagnoses had significant increase 

in levels of Trp, HK and HAA that were not seen in patients with somatic disease.    

Lastly, like with the question of abnormal baseline levels of kynurenines, investigations 

of change after treatment are usually based on peripheral measures, which leaves much 

uncertainty about changes in the central nervous system. Even without significant 

changes in blood, there could be relevant changes in kynurenine metabolism in the 

brain. Only a few studies have analysed changes in Trp and kynurenines in CSF after 

ECT, but without consistent results 41.  

In conclusion, there is so far no consistent evidence of changes in kynurenines after 

ECT. This is in line with studies on other antidepressant treatments, which have not yet 
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documented convincing results regarding kynurenine pathway changes. There are 

multiple methodological challenges related to this research, and low samples sizes as 

well as heterogeneity in participants, treatment delivery, and blood sampling are 

possible explanations for the lack of significant results.  

 

5.3 Interpretations and overarching methodological 
considerations 

As discussed in the sections above, patients with depression and ADHD seem to have 

altered kynurenine metabolism, but there are no consistent results from studies on 

changes after treatment. The next questions are what mechanisms might be involved, 

and whether or not Trp metabolism and the kynurenine pathway are causally linked 

with the disorders in question.  

 

5.3.1 Potential mechanisms 
There are multiple possible explanations for the discrepancy in Trp and kynurenine 

levels between patients with psychiatric disorders and healthy controls, but differences 

between participants in factors that have a large impact on kynurenine metabolism stick 

out as a major candidate. In our review in study IV, we discussed several factors that 

can affect levels of Trp and kynurenines, and it was clear that there is no consistent 

consideration of these factors in clinical studies.  

Nutritional status and other life-style factors 
Dietary habits can affect Trp metabolism 109, and the potential usefulness of dietary 

interventions has been studied in relation to both ADHD 249 and depression 109. There is 

a vast literature that indicates a poorer dietary quality in patients with psychiatric 

disorders. In short, intake of fish, fruits and vegetables has been inversely associated 

with risk of both ADHD 249 and depression 250,251. Furthermore, summaries of 

observational studies utilising various dietary indices have shown that healthy eating, 
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or adherence to certain specific diets, is associated with lower risk of depression 252,253. 

Dietary improvement has been shown to reduce symptoms of depression in randomised 

control trials of nonclinical depression 254. Bipolar disorder is also associated with 

higher intake of energy and sodium, proxies for poor diet quality 255. Similarly, 

unhealthy diet has been associated with ADHD traits 256 and diagnosis 257, and high 

consumption of sugar and unhealthy food also seems to interact with genetic risk 

factors for ADHD 258. Youths with ADHD also had relatively low levels of omega-3 

polyunsaturated fatty acids in a meta-analyses 259. 

Regarding Trp specifically, one study reported an inverse association between Trp 

intake and prevalence of depression symptoms in Japanese students and their mothers 
260. A low intake of Trp has also been found in elderly with mild to moderate depression 

compared to healthy young adults and elderly without depression 261. A small cross-

sectional study on diet and ADHD in children, found that higher intake of aspartate and 

glycine, and lower intake of glutamate, was associated with increased risk of ADHD, 

but found no significant effect for Trp intake 262.  

In the studies of this thesis, we had no direct information on dietary habits for patients 

or controls. In study I, adult ADHD patients had comparatively low levels of Trp, KA, 

XA, HAA and riboflavin. In a related study on the same sample, ADHD was also 

associated with relatively low levels of vitamins B6 and B9 263. Low levels of riboflavin 

and PLP could contribute to low serum levels of HAA and XA, two metabolites that 

are dependent on the co-enzymatic activity of these vitamins 126. In their study on 

children with ADHD, Dolina and colleagues also interpreted the altered Trp 

metabolism as a possible deficit in vitamin B6 and postulated that pyridoxine 

supplements could correct the abnormal Trp metabolism 225. Low levels of B2, B3 and 

PLP have also been reported in patients with depression, with 30% of patients having 

low levels of PLP in one study 264. However, we found no significant differences in 

levels of PLP or riboflavin between patients with depression and healthy controls in 

study II.  
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Additional life-style factors could also be of importance. Smoking was significantly 

more common among patients with ADHD than controls in study I. The relatively 

low levels of Trp, KA, XA, HAA, PLP and riboflavin observed in these patients are 

in line with previously reported inverse relationships between smoking and blood 

levels of Trp, kynurenines and B vitamins 120,135. In study II, there was no significant 

difference in the number of smokers, with 36% among controls and 52% among 

patients. However, when adding cotinine as a variable in baseline comparisons, KTR 

and neopterin were significantly higher in patients. KTR has previously been reported 

to be comparatively low in smokers 134, and smoking could potentially mask 

differences in inflammation and kynurenine metabolism between patients and 

controls in study II.  

Physical exercise is associated with lower mental health burden 265, and with lower 

risk of developing depression 266. However, a review of intervention studies on 

exercise, mental health and Trp metabolism, found no consistent changes in Trp or 

kynurenines 140. We did not have information on physical exercise in our materials. 

Similarly, high alcohol consumption, which is associated with malnutrition and 

increased morbidity, was significantly more frequent among patients compared to 

controls in study I and could potentially play a role for Trp and kynurenine levels.  

In sum, poor nutritional status is a possible explanation for low levels of Trp, 

kynurenines and B vitamins in adults with ADHD observed in study I. Similarly, it 

could be part of the explanation for the low levels of Trp and Kyn reported in meta-

analyses of patients with depression. On the other hand, high levels of Kyn, KTR, or 

metabolites on the main branch such as HK and QA, are suggestive of a higher Trp 

availability or increased Trp turnover for instance due to inflammation related 

induction of IDO.  

Inflammation 
Inflammation is a central aspect of both psychiatric disorders and kynurenine 

metabolism (reviewed in 7,23,35,209,267,268). Meta-analyses have found lower levels of TNF-

a and higher levels of IL-6 in subjects with ADHD 269,270 and higher levels of TNF-a, 
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IL-3, IL-6, IL-12, IL-18, soluble IL-2 receptor (sIL-2R) as well as neopterin in patients 

with depression compared to healthy controls 106,230,271-277. Higher levels of inflammatory 

markers at baseline have been associated with poor response to treatment with anti-

depressants 189,278, but also better response to ECT 279,280. Furthermore, cytokine therapy 

has been shown to increase the risk of depression 176, and depression treatment is 

associated with decrease in inflammatory markers in several meta-analyses 278,281-284.  

Reduced levels of Trp and increased Kyn, KTR and QA have been observed in the 

context of cytokine treatments, and correlate with an increase in depression symptoms 
176,285,286. Similarly, administration of endotoxin in healthy subjects has been followed by 

depression symptoms, and an increase in blood levels of IL-6, TNF-a, KTR, Kyn and 

KA, as well as reduced levels of Trp, with a significant positive correlation between 

depressive mood and levels of Kyn and QA 287. Furthermore, blocking of TNF-a has 

been shown to prevent IDO expression and damage to cortical neurons in mice exposed 

to chronic stress 288, and LPS-induced depression-like behaviour in mice has been 

blocked by inhibiting IDO 289. However, despite the well-established relationship, it is 

still unclear if inflammation is a feature of depression in general 275, or if it is linked to 

specific subgroups of patients with depression 290,291.  

In study I, we had no measures of immune markers other than the kynurenine 

metabolites. KTR was not significantly different between patients and controls and was 

not correlated with ADHD symptom scores. Thus, there were no signs of chronic 

inflammation. Comparatively low levels of KA, XA and Pic in the patient group of 

study II could potentially be related to inflammation and an activation of the main 

pathway branch towards QA. The patients also had higher KTR and netopterin than 

healthy controls, but only when adjusting for cotinine.  

The results from meta-analyses suggest that there is an acute inflammatory response 

immediately after an ECT session, but that the levels of inflammatory markers are 

normalised after a full treatment series 200,201. MRI studies have also shown correlations 

between volumetric increase in hippocampus and peripheral reduction in IL-6 and 

TNF-a after ECT 292. In studies II and III, measures of neopterin were used to monitor 
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immune activation or suppression following ECT, and to shed light on the possible role 

for kynurenine pathway changes after treatment. After a full series of ECT, neopterin 

was significantly increased in study II, suggesting an immune response. The observed 

increase in Pic and HAA in these patients after treatment could be related to increased 

immune activity. In study III, we did not find the same significant change in neopterin 

in the whole patient group after ECT. Instead, there was a variety of changes in both 

directions. When dividing the patients into two groups based on direction of neopterin 

change, however, there were significant changes in several kynurenines corresponding 

with the neopterin change. Thus, although the general immune response of study II was 

not replicated, inflammation was nevertheless a central factor for changes in 

kynurenine metabolites. The change in neopterin was closely linked to changes in 

kynurenines, and consistent with the known interaction between tryptophan 

metabolism and inflammation. As such, both studies pointed to inflammation as a 

central component in analyses of kynurenines in the context of ECT and underline the 

need for careful study design and improved methods for analyses.  

Somatic comorbidity 
Inflammation and abnormal kynurenine metabolism are prominent aspects of a wide 

range of somatic diseases including neurodegenerative disorders 10,25,293, cardiovascular 

disease 29, kidney disease 30, endocrine disorders 294,295 and various forms of cancer 32. 

Importantly, obesity has been identified in several studies as a moderating factor in the 

relationship between depression and inflammation 105,106,273,296. Obesity is also an 

important comorbidity of ADHD 297. Moreover, serum levels of neopterin have also 

been shown to be positively correlated to BMI 298.  

Differences in somatic health could be a factor when comparing levels of Trp and 

kynurenine between patients and controls. Study II included baseline measures of 

creatinine, and several patients had levels indicating moderate or severe kidney failure. 

Two patients were excluded from the analyses for this reason, but the role of somatic 

comorbidity was not further examined. Study III also included baseline creatinine 

measures, which correlated significantly with levels of multiple kynurenines both 

before and after treatment. There was, however, no correlation between baseline 
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creatinine and change in kynurenines. In study III, we also had information on a range 

of somatic diagnoses. When we compared patients with and without somatic 

comorbidity separately, there were significantly higher baseline levels of Trp, Kyn, 

KA, HK, HAA, QA and Pic in those with one or more somatic diagnoses, but no 

difference in neopterin. After ECT, there was a significant increase in Trp, HK and 

HAA in patients without somatic diagnoses, but no significant changes in patients 

without these conditions. Study I did not include detailed information on somatic 

comorbidity, and none of the studies I-III included data on BMI. 

Stress 
Stress has been associated with an increased risk for depression, possibly through 

glucocorticoid resistance and increased immune activity 9,187,299. As such, stress could 

be a common factor for anxiety, depression, trauma, suicidal ideation, inflammation, 

and kynurenine alterations. However, a meta-analysis did not find evidence for 

abnormal cortisol levels in ADHD compared to healthy controls 300. None of our three 

clinical studies included measures of cortisol or other markers of stress, and the 

potential role of stress could therefore not be evaluated.  

Enzyme function 
Dysfunctional enzymes could potentially cause abnormal levels of kynurenines in 

psychiatric disorders. Single nucleotide polymorphisms in enzymes including TPH2, 

KMO and KAT have been associated with depression 301. In a study of postpartum 

depressive symptoms, women with a specific KMO polymorphism also had 

comparatively high serum HK and HK/Kyn 302. A genetic variant that decreases KMO 

activity has also been associated with elevated KA levels in CSF of BD patients with 

psychosis 303. Furthermore, a polymorphism in the ACMSD gene has been associated 

with higher levels of QA in CSF of suicide attempters 88. Dysfunction of ACMSD is a 

potential explanation for low Pic and Pic/QA in depressed patients like in study II and 

similar studies 232,304. Similarly, KAT and KYNU deficits have also been suggested as 

potential causes for low levels of KA and AA in ADHD 222.  
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Medication 
Lastly, medication could affect levels of Trp and kynurenines in patients with 

psychiatric disorders. A range of drugs have been shown to affect the levels of Trp in 

blood 119. Amphetamine and salicylate could increase the free fraction of TRP, while 

insulin has been reported to reduce free Trp 119. TDO activity has been shown to be 

inhibited by several antidepressants 305, and reduced Trp breakdown in the liver and 

increased brain synthesis of serotonin has for instance been reported in rats treated with 

the SSRI paroxetine 306. Rats treated with the anticonvulsant drug carbamazepine had 

increased brain synthesis of KA 307. Studies of glial cultures from rats incubated in four 

antidepressants (citalopram, fluoxetine, amitriptyline and imipramine) found increased 

expression of KAT I and II, and reduced production of HK and increased production 

of KA 231. Besides antidepressants, other common drugs have also been suggested to 

affect Trp and kynurenine levels in clinical studies, including anti-inflammatory drugs 
308, oral contraceptives 142 and anti-rheumatics 309.  

The use of medications can thus conceivably influence the baseline levels of Trp and 

kynurenines of both patients and controls. In the ECT studies reviewed in study IV, the 

use of antidepressants, muscle relaxants and anaesthetics were commonly discussed as 

a limitation. The overall role of medication on baseline kynurenines and changes after 

treatment is difficult to assess due to the large variation in drug use between individuals 

and their washout times. Additionally, it can be ethically problematic to discontinue 

therapeutic or useful drugs in biomarker studies.  

 

5.3.2 Sample handling, biochemical analyses, and statistical 
analyses 

Pre-analytical factors 
Various pre-analytical factors can affect the analyses of kynurenines. Firstly, variations 

in time of blood sampling could influence blood concentrations, as repeated sampling 

of CSF from healthy subjects across 24 hours has shown substantial diurnal variation 

in Trp levels 310. In studies II and III, all blood samples were collected in the morning, 
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while there was no specific timing for blood collection in study I. Secondly, fasting 

could have a large impact on metabolite levels. In studies II and III, samples were 

collected after at least 8 hours fasting or fasting overnight. In study I, on the other hand, 

fasting was not required, potentially strengthening the role of variations in diet between 

participants. Thirdly, the concentrations of metabolites are dependent on sampling 

handling. The blood level of AA increases when stored in room temperature, while 

HK, HAA and PLP levels decrease 311. One meta-analysis showed that significant 

differences in kynurenines levels were observed in studies on plasma but not in similar 

studies using serum 17. This is likely related to a lower stability of kynurenines in serum 

compared to plasma when samples are not handled optimally. In study II, all blood 

samples were collected at Haukeland University Hospital, and serum was separated 

and stored at -80°C within a few hours. Most samples of study I were handled in the 

same way, but some were collected in other parts of the country and sent by mail, thus 

being exposed to ambient temperatures.  

Statistical analyses 
In studies I-III, the kynurenine pathway metabolites were mostly considered separately, 

although they are interdependent. The focus on single metabolites is a limitation for 

investigations of both baseline levels and changes over time. We therefore explored the 

relationship between the different kynurenines through extensive use of correlation 

analyses, both of raw metabolite levels and variables of change in levels after ECT in 

studies II and III.  In study I, we also investigated the impact of precursor variations 

between participants, by including Trp as an adjusting variable in logistic regression.  

However, for a better understanding of the status of the pathway and changes after 

treatment, the levels of kynurenines should have been evaluated using methods that 

consider all metabolites together as part of a pathway.  

The handling of factors affecting the concentrations of Trp, kynurenines and B vitamins 

is also a challenge. As discussed above, there are known correlations between 

kynurenines and many clinical and biochemical factors, including inflammation, B-

vitamins, smoking, alcohol, stress, medication, BMI, and various somatic diseases. In 

one study comparing kynurenines between depressed and healthy controls, significant 
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differences disappeared when adjusting for age, sex, education, smoking status, alcohol 

consumption and chronic diseases 291. However, several of these factors, especially diet, 

stress, and inflammation, are possible intermediaries between psychiatric disorders and 

kynurenine pathway metabolism. Adjusting for these factors will likely cause an 

underestimate. Analyses in subgroups based on these factors is an alternative approach, 

but usually means reducing the statistical power.     

 

5.3.3 Challenges in establishing biomarkers for psychiatric 
disorders 

This thesis represents a small contribution to a large, collective process of identifying 

biomarkers for depression and ADHD. The methodological issues discussed above 

constitute a major challenge for understanding the relationship between kynurenines 

and psychiatric conditions. There are also more fundamental challenges to be 

considered when evaluating these studies in the larger context of biomarkers in 

psychiatry. 

Current knowledge indicates a multifactorial pathophysiology in psychiatric disorder, 

with numerous small effects and a high degree of complexity. Simplicity often is an 

important quality of a scientific hypothesis (Occam’s razor). However, a lack of 

correspondence with a complex reality favours simplistic studies, that may be 

inadequate to explain the relationships between biomarkers and complex disorders. 

Interpretation of the results is likely to be guided by the hypothesis and the related 

expectations, with the risk of setting aside alternative models. For kynurenines, their 

neuroactive properties must be considered in the context of their diverse and 

multifaceted biological role as well as the tight regulation of the kynurenine pathway. 

Hypotheses regarding the neuroactive effects in isolation, can lead to exaggerated, 

overly simplistic, or even misplaced conclusions.  

The utility of the hypothesis must also be considered, and the hypothesis of 

kynurenines in depression is difficult to test for several reasons: Firstly, psychiatric 

disorders are dimensional constructs, with unclear boundaries versus normality 312. 
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biological role of kynurenines is similarly multifaceted, and there is limited knowledge 

about the physiological state of the pathway, normal ranges and variation, the 

metabolites’ pathological concentrations, and the role of life-style factors and 

comorbidity on metabolite levels. Thirdly, and tightly related to the above points, there 

is no proper reference point for defining evidence for or against the hypothesis.   

The results of the studies in this thesis must be interpreted in the light of the fact that, 

despite numerous investigations, there are still no established biochemical biomarkers 

for ADHD 164,166, depression 185 or for the effect of ECT 196,313. A possible reason for this 

is that the ontological framework for psychiatric disorders has originated in relation to 

clinical practice rather than being structured to support studies of the underlying 

biological mechanisms. Psychiatric diagnoses are, for instance, based on clinical 

evaluation and are generally disconnected from genetic and biochemical data. Several 

approaches have been suggested to remedy this incongruity. The Research Domain 

Criteria of the National Institute of Mental Health suggest that studies of psychiatric 

disorders should be based on domains of neurobehavioral function rather than 

traditional diagnostic categories 314. Alternative approaches such as nomothetic 

psychiatry 315 and precision psychiatry 316 suggest that psychiatric illnesses should be 

considered as systemic disorders rather than brain disorders. Supporters of such 

approaches advocate for the incorporation of biological variables into the diagnostic 

paradigm, to get more precise definitions and better tools for identifying specific 

endophenotypes. Another view is that we still lack a proper understanding of the 

clinical diagnoses, and that large longitudinal studies with structured data collection is 

needed to identify better defined clinical phenotypes 317. Still others argue that it is 
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unlikely that clinical aspects and biological mechanisms can be reconciled, and that we 

need different ontologies for research and clinical practice318.  

Kynurenine abnormalities are seemingly related to psychiatric disorders in general 35, 

but have also been studied in a wide range of clinical subgroups, including patients 

with suicidal ideation 88,215,319,320 and cognitive dysfunction 321. Childhood trauma 175,290 and 

chronic stress are examples of additional clinical characteristics that could be related 

to inflammation and kynurenine metabolism across diagnoses. These latter examples, 

however, underline the possibility that the relationship between kynurenine 

metabolism and psychiatric disorders is mediated by a third factor, were diet, 

inflammation and stress are major candidates. Moreover, it is also possible that 

kynurenine abnormalities are a consequence of the clinical disorder, rather than the 

opposite. Knowledge of the causal relationship in mental disorders is currently scarce 
43.  

The studies in this thesis focus on subjects with established diagnoses of ADHD, major 

depressive disorder, and bipolar disorder. Studying groups of such clinically diagnosed 

individuals provides a relatively well-defined and specific scope, that is likely to 

contain at least some part of the relationship in question. However, the diagnoses still 

make room for plenty of heterogeneity in symptom presentation, severity, and 

comorbidity. For instance, patients with ADHD in study 1 had considerable self-

reported psychiatric comorbidity, though in this case we found no differences in levels 

of kynurenines between patients with or without depression/anxiety or bipolar disorder, 

or between medicated and medication-naïve patients. There is considerable variation 

in clinical characteristics both between individuals in a single study, and between 

various studies. Consequently, the results from these studies are not readily transferable 

to other samples, to the general population or to the general concept of depression or 

ADHD.   

Alternatively, studying the relation of biomarkers with continuous symptom scores 

either in patient groups or in the general population can provide information 

independent of clinical cut-offs and the patient-control paradigm. We used this 
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however, underline the possibility that the relationship between kynurenine 

metabolism and psychiatric disorders is mediated by a third factor, were diet, 

inflammation and stress are major candidates. Moreover, it is also possible that 

kynurenine abnormalities are a consequence of the clinical disorder, rather than the 

opposite. Knowledge of the causal relationship in mental disorders is currently scarce 
43.  

The studies in this thesis focus on subjects with established diagnoses of ADHD, major 

depressive disorder, and bipolar disorder. Studying groups of such clinically diagnosed 

individuals provides a relatively well-defined and specific scope, that is likely to 

contain at least some part of the relationship in question. However, the diagnoses still 

make room for plenty of heterogeneity in symptom presentation, severity, and 

comorbidity. For instance, patients with ADHD in study 1 had considerable self-

reported psychiatric comorbidity, though in this case we found no differences in levels 

of kynurenines between patients with or without depression/anxiety or bipolar disorder, 

or between medicated and medication-naïve patients. There is considerable variation 

in clinical characteristics both between individuals in a single study, and between 

various studies. Consequently, the results from these studies are not readily transferable 

to other samples, to the general population or to the general concept of depression or 

ADHD.   

Alternatively, studying the relation of biomarkers with continuous symptom scores 

either in patient groups or in the general population can provide information 

independent of clinical cut-offs and the patient-control paradigm. We used this 
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approach in study 1 to compliment the main analyses. However, consistent and 

meaningful correlations between biomarkers and clinical symptoms are difficult to 

identify, even when considering symptom rating scales.  

As explained above, there are good reasons to believe that alterations in kynurenine 

metabolism are related to the pathophysiology of psychiatric disorders, including 

depression and ADHD 35. However, the nature of this relationship is not well 

established, and it is unclear if there is a direct causal relationship in any direction. 

Given the complex nature of depression and the diverse roles of the kynurenine 

pathway in human biology, it seems unlikely that an unbalanced kynurenine pathway 

is a prerequisite for depression, or that remission is dependent on normalisation of 

kynurenines. In any case, the relationship between depression and kynurenine 

metabolism is most likely dependent on other important and systemic variables like 

nutrition, stress, and inflammation.  

 

5.4 Conclusion and future perspectives 

Multiple meta-analyses have shown that patients with unipolar and bipolar depression 

have different levels of Trp and kynurenines than healthy controls. Similar trends have 

been found in ADHD. The two first studies of this thesis also show abnormal 

kynurenine levels in patients with ADHD and depression, possibly connected to 

differences in age, inflammation, smoking, and diet.  

In studies II and III, we found associations between kynurenines and inflammation, but 

no clear relationship between changes in kynurenines and clinical treatment effect. We 

found no convincing changes in kynurenines after ECT that could support the 

hypothesis of reduced neuroprotection in depression. There are several possible reasons 

for this, including low sample size, inappropriate sampling times, and the use of 

peripheral measures. Alternatively, changes in kynurenines may be limited to specific 

clinical subgroups. It may be that altered kynurenines constitute a persisting 

vulnerability to depressive episodes, and that patients continue to have abnormal levels 
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of kynurenines even though they are successfully treated. However, there is also the 

possibility that the changes in the levels of various kynurenines are not essential for or 

related to depression symptom relief.  

Kynurenines have been shown to affect several cellular functions in the CNS. Their 

activity is closely linked to that of the immune system, which has also been shown to 

be altered in psychiatric disorders. Thus, the kynurenine pathway could be an important 

factor in the pathophysiology of psychiatric disorders. Measures of kynurenines could 

aid diagnostics, possibly as part of a wider biomarker profile for psychiatric disorders 

and could potentially be of help in treatment decisions. Furthermore, the pathway 

contains several established protein targets for therapeutic interventions.  

Still, given the complex nature of depression and the multifaceted role of kynurenines, 

it may be overly simplistic to expect a strong correlation between psychiatric symptoms 

and kynurenine levels, for example based on the hypothesis of glutamatergic 

regulation. Moreover, many potential intermediary variables are well known, and some 

well characterised, but often not adequately considered in clinical studies. Future work 

needs to continue developing the hypotheses regarding the role of kynurenines in 

psychiatric disorders, and test these hypotheses in larger samples, with appropriate 

study designs and careful interpretations in the light of known determinants. More 

knowledge is also needed regarding the normal ranges of Trp and kynurenines, their 

relationship with inflammatory processes, the effects of diet, malnutrition and fasting, 

and the role of somatic comorbidity.  
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7. Errata 

Page 38, “including a model adjusted for age, sex and cotinine” corrected to “in two 
models, one adjusted for sex, and another adjusted for both sex and 
tryptophan”. 

Page 39, “paired Wilcoxon signed-rank test in all patients” corrected to “paired 
Wilcoxon signed-rank test in 21 patients”.  
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Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.
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and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article

Aarsland et al. Behav Brain Funct  (2015) 11:36 
DOI 10.1186/s12993-015-0080-x

RESEARCH

Serum concentrations of kynurenines 
in adult patients with attention-de"cit 
hyperactivity disorder (ADHD): a case–control 
study
Tore Ivar Malmei Aarsland1,2*, Elisabeth Toverud Landaas1,2, Tor-Arne Hegvik1,2, Arve Ulvik3, Anne Halmøy1,2,4, 
Per Magne Ueland5 and Jan Haavik1,2,4

Abstract 
Background: The essential amino acid tryptophan is catabolised mainly through the kynurenine pathway. Altered 
circulating levels of kynurenines have been reported in chronic inflammatory conditions and in several neuropsychi-
atric disorders, including depression and schizophrenia. Candidate gene studies suggest that genes related to the 
kynurenine catabolism may be associated with attention-deficit hyperactivity disorder (ADHD). Additionally, ADHD 
patients often report comorbid depression or anxiety. In this study we investigated serum levels of kynurenines in 
Norwegian adult ADHD patients and adult controls.

Methods: We compared serum levels of tryptophan and the seven tryptophan metabolites kynurenine, kynurenic 
acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid in 133 
adult patients with ADHD and 131 adult controls (18–40 years). Riboflavin (vitamin B2), total vitamin B6 and the nico-
tine metabolite cotinine were also measured. Serum samples were analysed using mass spectrometry. Patients and 
controls reported comorbid disorders and past (childhood) and current ADHD symptoms using the Wender Utah Rat-
ing Scale (WURS) and the Adult ADHD Self-report Scale (ASRS). Logistic regression was used to calculate odds ratios 
for having an ADHD diagnosis for different serum levels of each metabolite. In addition, we used Spearman’s correla-
tion analysis to investigate the correlation between serum levels of tryptophan and kynurenines and ADHD symptom 
scores.

Results: Lower serum concentrations of tryptophan [odds ratio 0.61 (95 % confidence interval 0.45–0.83)], kynurenic 
acid [0.73 (0.53–0.99)], xanthurenic acid [0.65 (0.48–0.89)] and 3-hydroxyanthranilic acid [0.63 (0.46–0.85)], and higher 
levels of cotinine [7.17 (4.37–12.58)], were significantly associated with ADHD. After adjusting for tryptophan levels, 
only 3-hydroxyanthranilic acid and cotinine remained significant. Lower levels of tryptophan and kynurenine were 
also found to be correlated with higher total ASRS score and higher total WURS score, when adjusting for smoking 
and age.

Conclusions: Our results suggest that there may be differences in serum levels of tryptophan and kynurenines 
between adult ADHD patients and adult controls. Although our findings do not suggest a chronic immune activation 
in ADHD, the underlying mechanisms and possible clinical implications of the differences should be further explored.

Keywords: Attention-deficit hyperactivity disorder, Kynurenine, Tryptophan, Vitamin B, Cotinine, Inflammation, 
Biomarker

© 2015 Aarsland et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

*Correspondence:  aarsland.toreivar@gmail.com 
1 Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 
5009 Bergen, Norway
Full list of author information is available at the end of the article



Page 2 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLP PLP

PLP PLP

FAD

KATKYNU

KATKYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLPPLP

PLPPLP

FAD

KAT KYNU

KAT KYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLPPLP

PLPPLP

FAD

KAT KYNU

KAT KYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLP PLP

PLP PLP

FAD

KATKYNU

KATKYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLP PLP

PLP PLP

FAD

KATKYNU

KATKYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLPPLP

PLPPLP

FAD

KAT KYNU

KAT KYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLPPLP

PLPPLP

FAD

KAT KYNU

KAT KYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLPPLP

PLPPLP

FAD

KAT KYNU

KAT KYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide

Page 2 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

Background
Attention-deficit hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder characterised by inat-
tention, hyperactivity and impulsivity and has a pooled 
prevalence rate of about 2.5 % in the adult population [1]. 
"e symptoms are often severe and may cause serious 
difficulties in the daily life of affected individuals [2]. "e 
disorder often coexists with other neuropsychiatric dis-
orders like depression and bipolar disorder, with which it 
also shares symptoms [3, 4]. "e aetiology of ADHD is 
complex and is most likely explained by the combined 
impact of many environmental and genetic factors [5, 
6]. In a recent study on ADHD and its relation to low 
birth weight, it was suggested that genetic variants in the 
kynurenine pathway might contribute to ADHD symp-
tom severity [7].

"e kynurenine pathway (Fig. 1) constitutes the major 
route for catabolism of the essential amino acid trypto-
phan [8]. More than 90 % of tryptophan is catabolised to 
kynurenine, mainly in the liver by the tryptophan spe-
cific enzyme tryptophan 2,3-dioxygenase (TDO), but 
also in lungs, kidneys, spleen, placenta and blood by the 
enzyme indole 2,3-dioxygenase (IDO) [9]. In the brain, 
the catabolism of tryptophan to kynurenine is driven by 
TDO and IDO located in astrocytes and microglia [9]. 

"e activity of TDO depends on the concentration of 
tryptophan and is stimulated by high levels of cortisol, 
while IDO activity is enhanced mainly by pro-inflamma-
tory cytokines, such as interferon-γ, and reduced by the 
anti-inflammatory cytokine interleukin 4 [9]. Kynurenine 
is further converted into kynurenic acid (KA), by kynure-
nine aminotransferase (KAT I, II, III), or by kynurenine-
3-monooxygenase (KMO) into 3-hydroxykynurenine 
(HK), which is metabolised to 3-hydroxyantranilic acid 
(HAA) and eventually quinolinic acid (QA) [9]. "ese 
steps through the kynurenine pathway are dependent on 
the coenzymes pyridoxal 5′-phophat (PLP), the active 
form of vitamin B6 [8, 10], and flavin adenine dinucleo-
tide (FAD), the active form of riboflavin (vitamin B2) 
[10]. "us, diet may influence tryptophan metabolism 
either directly or via vitamin levels. Moreover, serum lev-
els of tryptophan and vitamin B2 and B6 may be affected 
by smoking [11, 12].

KA and QA have neuroactive properties and exert 
multiple effects in the central nervous system. KA is an 
antagonist of the glutamatergic NMDA receptor and 
the cholinergic nicotinic α7-receptor and as such an 
endogenous protector against excitotoxicity [9]. High 
cerebrospinal fluid (CSF) levels of KA have been associ-
ated with cognitive dysfunction both in animals [13] and 

Tryptophan

Serotonin

Kynurenine

Kynurenic  
acid

3-hydroxy- 
kynurenine

3-hydroxy- 
anthranilic 

acid

Quinolinic 
acid

Anthranilic 
acid

Xanthurenic 
acid

IDO

TDO

Kyn/trp-ratio

PLPPLP

PLPPLP

FAD

KAT KYNU

KAT KYNU

KMO

Cortisol

INF-
+

+

Enzyme

Coenzyme

Melatonin

NAD

Fig. 1 The kynurenine pathway of tryptophan catabolism. INF-γ interferon gamma, TDO tryptophan 2,3-dioxygenase, IDO indole 2,3-dioxygenase, 
KYNU kynureninase, KAT kynurenine aminotransferase, KMO Kynurenine mono-oxygenase, PLP pyridoxal 5′-phosphate (vitamin B6), FAD flavin 
adenine dinucleotide (vitamin B2), NAD nicotinamide adenine dinucleotide



Page 3 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N  =  133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N = 133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N = 133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N  =  133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N  =  133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N = 133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N = 133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N = 133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.
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the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
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nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
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nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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in humans, including patients with schizophrenia [14, 
15]. Reduced plasma levels of KA have been reported in 
depression [16] and in patients with bipolar disorder [17]. 
QA is an agonist of the NMDA receptor and may cause 
excitotoxicity [18]. High levels of QA have been found in 
several neurodegenerative diseases such as Huntington’s 
disease and Alzheimer’s disease [18].

ADHD often coexists with other neuropsychiatric dis-
orders that have been associated with altered levels of 
metabolites of the kynurenine pathway, such as major 
depression and bipolar disorder [3, 4]. Furthermore, 
known environmental risk factors for ADHD, such as 
preeclampsia, postnatal infection and malnutrition, may 
involve abnormal tryptophan catabolism [19, 20]. Neu-
ropsychological deficits, for example in executive func-
tioning, are often found in ADHD [21], and are thought 
to be related to a hypofunctional dopamine system [22]. 
Tryptophan metabolites can modulate several neuro-
transmitter systems, including dopaminergic transmis-
sion [9]. Moreover, in addition to kynurenine, tryptophan 
is also the precursor of serotonin (5-hydroxy-tryptamine, 
5-HT), a neurotransmitter that has been suggested as an 
important agent in several neuropsychiatric disorders 
including ADHD [23].

In this study we sought to compare serum levels of 
kynurenines between adult ADHD patients (N = 133) 
and adult controls (N = 131) and also across continuous 
scales of self-reported past and present ADHD symptom 
scores (N = 264).

Methods
Participants
ADHD patients and controls were recruited as part of 
the Norwegian study “ADHD in adults in Norway: from 
clinical characterization to molecular mechanisms”, initi-
ated at the University of Bergen in 2004. Most patients 
were recruited by responding to invitation letters sent to 
people listed in a Norwegian national registry of adult 
ADHD patients. Some patients were recruited directly 
from psychiatrists or outpatient clinics, as described 
earlier [24]. All patients had been previously diagnosed 
with ADHD using either DSM-IV [25] or ICD-10 [26]. 
"e ICD-10 criteria were adapted to the DSM-IV crite-
ria by allowing the inattentive subtype as sufficient for 
the ADHD diagnosis, and by accepting the coexistence of 
other neuropsychiatric disorders as long as they appeared 
after the criteria of ADHD were fulfilled. For the present 
study, only participants from whom we had access to 
blood samples, who were between 18 and 40 years, were 
of Norwegian ancestry, and who volunteered to partici-
pate after receiving oral and written information about 
the project were included (N = 264). "e patient group 
consisted of 133 adults (71 females, 62 males) and the 

control group consisted of 131 students (75 females, 56 
males) recruited locally at the University of Bergen.

Measures
"e majority of blood samples were collected locally at 
the Haukeland University Hospital campus in Bergen. 
Some samples were also collected by primary care physi-
cians in Bergen and at other locations in Norway. Fasting 
was not required before blood sampling. Blood samples 
were collected in serum tubes with gel separator. Samples 
collected outside the hospital were transported by mail 
to the laboratory. During transport, samples were kept 
at ambient temperature. Immediately upon arrival at the 
laboratory serum was separated and stored at −80 °C. All 
samples were visually inspected and samples with signs 
of haemolysis or degradation were excluded (N = 2). To 
avoid batch effects, control and patient samples were 
analysed together. Every second sample was from either 
controls or patients. Tryptophan and the seven kynure-
nines, kynurenine, kynurenic acid (KA), anthranilic 
acid (AA), xanthurenic acid (XA), 3-hydroxykynurenine 
(HK), 3-hydroxyanthranilic acid (HAA) and quinolinic 
acid (QA), as well as riboflavin (vitamin B2), B6 vitamers 
pyridoxal (PL) and pyridoxal-5′-phosphate (PLP), and the 
nicotine metabolite cotinine [27], were measured using 
stable isotope dilution liquid chromatography-tandem 
mass spectrometry, as described [28]. All biochemical 
analyses were performed by Bevital AS (http://www.bevi-
tal.no), Bergen.

All participants completed questionnaires with infor-
mation on mental health, education, occupational sta-
tus, and lifetime psychiatric co-morbidity. "e latter was 
assessed by questions like “Have you ever experienced 
significant anxiety and/or depression?” and “Have you 
ever had problems with alcohol?” [3]. For assessment of 
current ADHD symptoms, all participants filled in the 
18-item Adult ADHD Self-report Scale (ASRS) consist-
ing of 9 questions specific to symptoms of inattentive-
ness and 9 questions on symptoms of hyperactivity and 
impulsivity, all with a 0–4 point Likert scale of symptom 
severity (0 = never/seldom, 4 = very often) [29]. In addi-
tion the 25-item version of the Wender Utah Rating Scale 
(WURS) was used for retrospective assessment of ADHD 
symptoms in childhood, each question with a Likert scale 
of 0–4 indicating the severity of the symptom (0 = not at 
all/very slightly, 4 = very much) [30].

Statistical analyses
To explore the material, age and ADHD symptom scores 
in the patient and control group were compared using 
Student’s t test, while χ2 test were used for comparing the 
categorical variables sex, alcohol and drug abuse, comor-
bid disorders and subgroups of ADHD. Total vitamin 
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B6 level was calculated as the sum of PL and PLP [31]. 
Kynurenine/tryptophan ratio (KTR), a marker of immune 
activation, was calculated as the serum concentration of 
kynurenine divided by the concentration of tryptophan, 
multiplied with 1000. About 80  % of the biochemical 
variables were non-normally distributed, and levels in 
patients and controls were therefore investigated using 
Mann–Whitney U tests. Spearman’s correlations for 
biochemical variables, age and sex were used to further 
explore the data.

For use in logistic regression all biochemical variables 
were split in tertiles, except for cotinine which was divided 
in three categories corresponding to the serum level of 
cotinine in non-smokers (<80 nmol/l), moderate smokers 
(80–1000 nmol/l) and heavy smokers (>1000 nmol/l) [32]. 
"ese three-way categorisations were chosen to assess 
possible effects of low, medium and high levels of the bio-
chemical variables/smoking. Blood cotinine can also be 
derived from nicotine in smokeless tobacco/snuff tobacco. 
Although we could not discriminate between different 
sources of nicotine, we considered the contribution from 
smokeless tobacco to be small in our study. At the time of 
sample collection, regular smoking was much more com-
mon than smokeless tobacco consumption. Some users 
also combine several sources of tobacco/nicotine (https://
helsedirektoratet.no/english/tobacco-control). Logistic 
regression with patient status (ADHD yes/no) as outcome 
was performed for each biochemical variable in two mod-
els, one with sex as covariate and another adjusting for 
both sex and tryptophan. Odds ratio (OR) with 95 % con-
fidence interval (CI) for ADHD was calculated per tertile 
of each metabolite (per category in the case of cotinine).

"ere was a greater age span in the ADHD group than 
in the control group, and it is known that tryptophan 
levels may decrease with age. Logistic regressions were 
therefore performed with two age subgroups of ADHD 
patients as outcome for each biochemical variable with 
adjustment for sex. "e first age group, 19–33  years 
(N =  97), corresponded to the age span of the control 
group, while the second group contained the patients 
with no age-matched controls (34–40  years, N  =  36). 
Associations between biochemical variables and patients’ 
comorbid disorders, i.e. bipolar disorder and anxiety/
depression, were also investigated using logistic regres-
sions adjusted for sex. A last logistic regression analysis 
was performed to explore the effect of current treatment 
with central stimulants.

Partial correlation analyses (Spearman’s) were used to 
explore associations between ADHD symptom severity 
and levels of biochemical variables, while adjusting for 
smoking (cotinine level) and age. "e analyses were per-
formed in all participants and for patients and controls 
separately.

Student’s t test, χ2 test, Mann–Whitney U test and 
regular Spearman’s correlation analysis were performed 
in Statistical Package for Social Sciences version 22 (IBM 
Corp., Armonk, New York) for Apple OSX. All regression 
models as well as partial Spearman’s correlation were 
performed using R ("e R Project for Statistical Comput-
ing) for Apple OSX. All p values were two-sided, and sta-
tistical significance was defined at the 5 % level.

Ethics
All patients gave written informed consent and the pro-
tocol was approved by the Regional Committee for Medi-
cal Research Ethics, REK Vest (IRB #3 (FWA00009490, 
IRB00001872)).

Results
Clinical data
"ere were 264 participants included in this study, 133 
adult ADHD patients and 131 adult controls. A com-
parison of clinical data is shown in Table  1. Women 
were slightly overrepresented in both groups (53 and 
57 %). "e median age of the patient group was signifi-
cantly higher than that of the control group (28.0 ver-
sus 22.5  years). In the patient group, 65.1  % reported 
a lifetime history of significant anxiety or depression, 
while this was reported by only 3.8  % of the controls. 
Among the ADHD patients, 9.9  % also reported hav-
ing a comorbid bipolar disorder, compared to none in 
the control group. "ere was a significant difference in 
the number of smokers, with 66.2 % of the patients hav-
ing a serum cotinine level of >80 nmol/l, compared to 
only 12.2 % of the controls. As expected, median child-
hood ADHD symptom scores (WURS) and median 
present ADHD symptom scores (ASRS) were much 
higher in the patient group (60 and 47 versus 12 and 
22 in the control group). According to standard cut-offs 
for ASRS, 6.2  % of the controls screened positive for 
ADHD.

Among patients for whom we had information on 
medication status, 113 patients (out of 123, 92 %) had a 
history of central stimulant treatment. When the blood 
samples were collected, 91 patients (out of 114, 80 %) still 
received such treatment. Twenty-five patients were cur-
rently using anti-depressants.

Biochemical data
Correlations
All kynurenine metabolites were positively correlated 
to kynurenine levels [Spearman’s rho (r): 0.24–0.58] 
(Table 2). Tryptophan levels showed a moderate correla-
tion with KA, XA and HAA, (r: 0.34–0.41), and a weak 
correlation with HK and QA (r: 0.14, 0.18). KA, XA, HAA 
and QA showed positive correlation with both vitamin 
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B6 level was calculated as the sum of PL and PLP [31]. 
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activation, was calculated as the serum concentration of 
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multiplied with 1000. About 80 % of the biochemical 
variables were non-normally distributed, and levels in 
patients and controls were therefore investigated using 
Mann–Whitney U tests. Spearman’s correlations for 
biochemical variables, age and sex were used to further 
explore the data.

For use in logistic regression all biochemical variables 
were split in tertiles, except for cotinine which was divided 
in three categories corresponding to the serum level of 
cotinine in non-smokers (<80 nmol/l), moderate smokers 
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chemical variables/smoking. Blood cotinine can also be 
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Although we could not discriminate between different 
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mon than smokeless tobacco consumption. Some users 
also combine several sources of tobacco/nicotine (https://
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regression with patient status (ADHD yes/no) as outcome 
was performed for each biochemical variable in two mod-
els, one with sex as covariate and another adjusting for 
both sex and tryptophan. Odds ratio (OR) with 95 % con-
fidence interval (CI) for ADHD was calculated per tertile 
of each metabolite (per category in the case of cotinine).

"ere was a greater age span in the ADHD group than 
in the control group, and it is known that tryptophan 
levels may decrease with age. Logistic regressions were 
therefore performed with two age subgroups of ADHD 
patients as outcome for each biochemical variable with 
adjustment for sex. "e first age group, 19–33 years 
(N = 97), corresponded to the age span of the control 
group, while the second group contained the patients 
with no age-matched controls (34–40 years, N = 36). 
Associations between biochemical variables and patients’ 
comorbid disorders, i.e. bipolar disorder and anxiety/
depression, were also investigated using logistic regres-
sions adjusted for sex. A last logistic regression analysis 
was performed to explore the effect of current treatment 
with central stimulants.

Partial correlation analyses (Spearman’s) were used to 
explore associations between ADHD symptom severity 
and levels of biochemical variables, while adjusting for 
smoking (cotinine level) and age. "e analyses were per-
formed in all participants and for patients and controls 
separately.

Student’s t test, χ2 test, Mann–Whitney U test and 
regular Spearman’s correlation analysis were performed 
in Statistical Package for Social Sciences version 22 (IBM 
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models as well as partial Spearman’s correlation were 
performed using R ("e R Project for Statistical Comput-
ing) for Apple OSX. All p values were two-sided, and sta-
tistical significance was defined at the 5 % level.
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All patients gave written informed consent and the pro-
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57 %). "e median age of the patient group was signifi-
cantly higher than that of the control group (28.0 ver-
sus 22.5 years). In the patient group, 65.1 % reported 
a lifetime history of significant anxiety or depression, 
while this was reported by only 3.8 % of the controls. 
Among the ADHD patients, 9.9 % also reported hav-
ing a comorbid bipolar disorder, compared to none in 
the control group. "ere was a significant difference in 
the number of smokers, with 66.2 % of the patients hav-
ing a serum cotinine level of >80 nmol/l, compared to 
only 12.2 % of the controls. As expected, median child-
hood ADHD symptom scores (WURS) and median 
present ADHD symptom scores (ASRS) were much 
higher in the patient group (60 and 47 versus 12 and 
22 in the control group). According to standard cut-offs 
for ASRS, 6.2 % of the controls screened positive for 
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Among patients for whom we had information on 
medication status, 113 patients (out of 123, 92 %) had a 
history of central stimulant treatment. When the blood 
samples were collected, 91 patients (out of 114, 80 %) still 
received such treatment. Twenty-five patients were cur-
rently using anti-depressants.

Biochemical data
Correlations
All kynurenine metabolites were positively correlated 
to kynurenine levels [Spearman’s rho (r): 0.24–0.58] 
(Table 2). Tryptophan levels showed a moderate correla-
tion with KA, XA and HAA, (r: 0.34–0.41), and a weak 
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B6 level was calculated as the sum of PL and PLP [31]. 
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activation, was calculated as the serum concentration of 
kynurenine divided by the concentration of tryptophan, 
multiplied with 1000. About 80 % of the biochemical 
variables were non-normally distributed, and levels in 
patients and controls were therefore investigated using 
Mann–Whitney U tests. Spearman’s correlations for 
biochemical variables, age and sex were used to further 
explore the data.

For use in logistic regression all biochemical variables 
were split in tertiles, except for cotinine which was divided 
in three categories corresponding to the serum level of 
cotinine in non-smokers (<80 nmol/l), moderate smokers 
(80–1000 nmol/l) and heavy smokers (>1000 nmol/l) [32]. 
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Although we could not discriminate between different 
sources of nicotine, we considered the contribution from 
smokeless tobacco to be small in our study. At the time of 
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group, while the second group contained the patients 
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depression, were also investigated using logistic regres-
sions adjusted for sex. A last logistic regression analysis 
was performed to explore the effect of current treatment 
with central stimulants.

Partial correlation analyses (Spearman’s) were used to 
explore associations between ADHD symptom severity 
and levels of biochemical variables, while adjusting for 
smoking (cotinine level) and age. "e analyses were per-
formed in all participants and for patients and controls 
separately.
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a lifetime history of significant anxiety or depression, 
while this was reported by only 3.8 % of the controls. 
Among the ADHD patients, 9.9 % also reported hav-
ing a comorbid bipolar disorder, compared to none in 
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the number of smokers, with 66.2 % of the patients hav-
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higher in the patient group (60 and 47 versus 12 and 
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medication status, 113 patients (out of 123, 92 %) had a 
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(Table 2). Tryptophan levels showed a moderate correla-
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B6 level was calculated as the sum of PL and PLP [31]. 
Kynurenine/tryptophan ratio (KTR), a marker of immune 
activation, was calculated as the serum concentration of 
kynurenine divided by the concentration of tryptophan, 
multiplied with 1000. About 80  % of the biochemical 
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levels may decrease with age. Logistic regressions were 
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depression, were also investigated using logistic regres-
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"ere were 264 participants included in this study, 133 
adult ADHD patients and 131 adult controls. A com-
parison of clinical data is shown in Table 1. Women 
were slightly overrepresented in both groups (53 and 
57 %). "e median age of the patient group was signifi-
cantly higher than that of the control group (28.0 ver-
sus 22.5 years). In the patient group, 65.1 % reported 
a lifetime history of significant anxiety or depression, 
while this was reported by only 3.8 % of the controls. 
Among the ADHD patients, 9.9 % also reported hav-
ing a comorbid bipolar disorder, compared to none in 
the control group. "ere was a significant difference in 
the number of smokers, with 66.2 % of the patients hav-
ing a serum cotinine level of >80 nmol/l, compared to 
only 12.2 % of the controls. As expected, median child-
hood ADHD symptom scores (WURS) and median 
present ADHD symptom scores (ASRS) were much 
higher in the patient group (60 and 47 versus 12 and 
22 in the control group). According to standard cut-offs 
for ASRS, 6.2 % of the controls screened positive for 
ADHD.

Among patients for whom we had information on 
medication status, 113 patients (out of 123, 92 %) had a 
history of central stimulant treatment. When the blood 
samples were collected, 91 patients (out of 114, 80 %) still 
received such treatment. Twenty-five patients were cur-
rently using anti-depressants.

Biochemical data
Correlations
All kynurenine metabolites were positively correlated 
to kynurenine levels [Spearman’s rho (r): 0.24–0.58] 
(Table 2). Tryptophan levels showed a moderate correla-
tion with KA, XA and HAA, (r: 0.34–0.41), and a weak 
correlation with HK and QA (r: 0.14, 0.18). KA, XA, HAA 
and QA showed positive correlation with both vitamin 
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig.  2. OR with 95  % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig.  3; Table  3), using two 
models: one adjusted for sex, and one adjusted for sex 

Table 1 Clinical and biochemical data

Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
a χ2 test
b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
f μmol/L
g μmol/μmol
h  nmol/L
i Median (25–75 percentile)

ADHD N Control N p value
133 131

Female, N (%) 71 (53.4) 133 75 (57.3) 131 0.52a

Age (range 18–40), median (SD) 28.0 (6.5) 133 22.5 (2.8) 131 <0.001***b

Alcohol problems, N (%) 24 (19.2) 125 1 (0.8) 131 <0.001***a

Problems with illicit drugs, N (%) 34 (27.0) 126 0 (0.0) 131 <0.001***a

Serious anxiety and/or depression, N (%) 82 (65.1) 126 5 (3.8) 126 <0.001***a

Bipolar disorder, N (%) 12 (9.9) 121 0 (0.0) 131 <0.001***a

Moderate smokersd, N (%) 51 (38.3) 133 12 (9.2) 131 <0.001***a

Heavy smokersd, N (%) 27 (27.8) 133 4 (3.1) 131 <0.001***a

Total WURS (range 0–100), median (SD) 60.0 (16.9) 118 12.0 (10.4) 129 <0.001***b

Total ASRS (range 0–72), median (SD) 47.0 (11.6) 123 22.0 (7.7) 128 <0.001***b

Combined typee, N (%) 65 (52.8) 123 3 (2.3) 128 <0.001***a

Hyperactive typee, N (%) 3 (2.4) 123 1 (0.8) 128 0.32a

Inattentive typee, N (%) 31 (25.2) 123 4 (3.1) 128 <0.001***a

Tryptophanf, i 77.3 (68.1–92.3) 133 83.6 (76.6–94.0) 130 0.004**c

Kynureninef, i 1.51 (1.29–1.78) 133 1.57 (1.40–1.76) 130 0.15c

Kynurenine/tryptophan ratio (KTR)g, i 19.0 (16.5–21.6) 133 18.4 (16.7–20.8) 130 0.46c

3-hydroxykynurenine (HK)h, i 31.8 (22.2–39.4) 131 30.6 (26.1–28.1) 130 0.43c

Kynurenic acid (KA)h, i 38.9 (30.9–52.2) 131 46.7 (34.0–57.5) 130 0.03*c

Xanthurenic acid (XA)h, i 14.2 (11.0–22.4) 131 18.9 (13.7–24.7) 130 0.004**c

Anthranilic acid (AA)h, i 19.4 (13.2–24.3) 131 17.6 (14.9–22.8) 130 0.52c

3-hydroxyanthranilic acid (HAA)h, i 29.8 (20.0–40.1) 131 35.4 (29.2–46.5) 130 <0.001***c

Quinolinic acid (QA)h, i 303 (258–387) 131 306 (274–364) 130 0.76c

Riboflavin (Vit. B2)h, i 18.1 (12.7–25.9) 131 19.9 (16.1–28.3) 130 0.02*c

Total vitamin B6h, i 58.5 (41.8–83.9) 131 67.1 (49.0–88.4) 130 0.05*c

Cotinineh, i 678 (2.48–1088) 131 1.2 (0.55–6.06) 130 <0.001***c
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig. 2. OR with 95 % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig. 3; Table 3), using two 
models: one adjusted for sex, and one adjusted for sex 

Table 1 Clinical and biochemical data

Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
a χ2 test
b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
f μmol/L
g μmol/μmol
h  nmol/L
i Median (25–75 percentile)

ADHDNControlNp value
133131

Female, N (%)71 (53.4)13375 (57.3)1310.52a

Age (range 18–40), median (SD)28.0 (6.5)13322.5 (2.8)131<0.001***b

Alcohol problems, N (%)24 (19.2)1251 (0.8)131<0.001***a

Problems with illicit drugs, N (%)34 (27.0)1260 (0.0)131<0.001***a

Serious anxiety and/or depression, N (%)82 (65.1)1265 (3.8)126<0.001***a

Bipolar disorder, N (%)12 (9.9)1210 (0.0)131<0.001***a

Moderate smokersd, N (%)51 (38.3)13312 (9.2)131<0.001***a

Heavy smokersd, N (%)27 (27.8)1334 (3.1)131<0.001***a

Total WURS (range 0–100), median (SD)60.0 (16.9)11812.0 (10.4)129<0.001***b

Total ASRS (range 0–72), median (SD)47.0 (11.6)12322.0 (7.7)128<0.001***b

Combined typee, N (%)65 (52.8)1233 (2.3)128<0.001***a

Hyperactive typee, N (%)3 (2.4)1231 (0.8)1280.32a

Inattentive typee, N (%)31 (25.2)1234 (3.1)128<0.001***a

Tryptophanf, i77.3 (68.1–92.3)13383.6 (76.6–94.0)1300.004**c

Kynureninef, i1.51 (1.29–1.78)1331.57 (1.40–1.76)1300.15c

Kynurenine/tryptophan ratio (KTR)g, i19.0 (16.5–21.6)13318.4 (16.7–20.8)1300.46c

3-hydroxykynurenine (HK)h, i31.8 (22.2–39.4)13130.6 (26.1–28.1)1300.43c

Kynurenic acid (KA)h, i38.9 (30.9–52.2)13146.7 (34.0–57.5)1300.03*c

Xanthurenic acid (XA)h, i14.2 (11.0–22.4)13118.9 (13.7–24.7)1300.004**c

Anthranilic acid (AA)h, i19.4 (13.2–24.3)13117.6 (14.9–22.8)1300.52c

3-hydroxyanthranilic acid (HAA)h, i29.8 (20.0–40.1)13135.4 (29.2–46.5)130<0.001***c

Quinolinic acid (QA)h, i303 (258–387)131306 (274–364) 1300.76c

Riboflavin (Vit. B2)h, i18.1 (12.7–25.9)13119.9 (16.1–28.3)1300.02*c

Total vitamin B6h, i58.5 (41.8–83.9)13167.1 (49.0–88.4)1300.05*c

Cotinineh, i678 (2.48–1088)1311.2 (0.55–6.06)130<0.001***c
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig. 2. OR with 95 % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig. 3; Table 3), using two 
models: one adjusted for sex, and one adjusted for sex 

Table 1 Clinical and biochemical data

Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
a χ2 test
b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
f μmol/L
g μmol/μmol
h  nmol/L
i Median (25–75 percentile)

ADHDNControlNp value
133131

Female, N (%)71 (53.4)13375 (57.3)1310.52a

Age (range 18–40), median (SD)28.0 (6.5)13322.5 (2.8)131<0.001***b

Alcohol problems, N (%)24 (19.2)1251 (0.8)131<0.001***a

Problems with illicit drugs, N (%)34 (27.0)1260 (0.0)131<0.001***a

Serious anxiety and/or depression, N (%)82 (65.1)1265 (3.8)126<0.001***a

Bipolar disorder, N (%)12 (9.9)1210 (0.0)131<0.001***a

Moderate smokersd, N (%)51 (38.3)13312 (9.2)131<0.001***a

Heavy smokersd, N (%)27 (27.8)1334 (3.1)131<0.001***a

Total WURS (range 0–100), median (SD)60.0 (16.9)11812.0 (10.4)129<0.001***b

Total ASRS (range 0–72), median (SD)47.0 (11.6)12322.0 (7.7)128<0.001***b

Combined typee, N (%)65 (52.8)1233 (2.3)128<0.001***a

Hyperactive typee, N (%)3 (2.4)1231 (0.8)1280.32a

Inattentive typee, N (%)31 (25.2)1234 (3.1)128<0.001***a

Tryptophanf, i77.3 (68.1–92.3)13383.6 (76.6–94.0)1300.004**c

Kynureninef, i1.51 (1.29–1.78)1331.57 (1.40–1.76)1300.15c

Kynurenine/tryptophan ratio (KTR)g, i19.0 (16.5–21.6)13318.4 (16.7–20.8)1300.46c

3-hydroxykynurenine (HK)h, i31.8 (22.2–39.4)13130.6 (26.1–28.1)1300.43c

Kynurenic acid (KA)h, i38.9 (30.9–52.2)13146.7 (34.0–57.5)1300.03*c

Xanthurenic acid (XA)h, i14.2 (11.0–22.4)13118.9 (13.7–24.7)1300.004**c

Anthranilic acid (AA)h, i19.4 (13.2–24.3)13117.6 (14.9–22.8)1300.52c

3-hydroxyanthranilic acid (HAA)h, i29.8 (20.0–40.1)13135.4 (29.2–46.5)130<0.001***c

Quinolinic acid (QA)h, i303 (258–387)131306 (274–364) 1300.76c

Riboflavin (Vit. B2)h, i18.1 (12.7–25.9)13119.9 (16.1–28.3)1300.02*c

Total vitamin B6h, i58.5 (41.8–83.9)13167.1 (49.0–88.4)1300.05*c

Cotinineh, i678 (2.48–1088)1311.2 (0.55–6.06)130<0.001***c
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig.  2. OR with 95  % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig.  3; Table  3), using two 
models: one adjusted for sex, and one adjusted for sex 

Table 1 Clinical and biochemical data

Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
a χ2 test
b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
f μmol/L
g μmol/μmol
h  nmol/L
i Median (25–75 percentile)

ADHD N Control N p value
133 131

Female, N (%) 71 (53.4) 133 75 (57.3) 131 0.52a

Age (range 18–40), median (SD) 28.0 (6.5) 133 22.5 (2.8) 131 <0.001***b

Alcohol problems, N (%) 24 (19.2) 125 1 (0.8) 131 <0.001***a

Problems with illicit drugs, N (%) 34 (27.0) 126 0 (0.0) 131 <0.001***a

Serious anxiety and/or depression, N (%) 82 (65.1) 126 5 (3.8) 126 <0.001***a

Bipolar disorder, N (%) 12 (9.9) 121 0 (0.0) 131 <0.001***a

Moderate smokersd, N (%) 51 (38.3) 133 12 (9.2) 131 <0.001***a

Heavy smokersd, N (%) 27 (27.8) 133 4 (3.1) 131 <0.001***a

Total WURS (range 0–100), median (SD) 60.0 (16.9) 118 12.0 (10.4) 129 <0.001***b

Total ASRS (range 0–72), median (SD) 47.0 (11.6) 123 22.0 (7.7) 128 <0.001***b

Combined typee, N (%) 65 (52.8) 123 3 (2.3) 128 <0.001***a

Hyperactive typee, N (%) 3 (2.4) 123 1 (0.8) 128 0.32a

Inattentive typee, N (%) 31 (25.2) 123 4 (3.1) 128 <0.001***a

Tryptophanf, i 77.3 (68.1–92.3) 133 83.6 (76.6–94.0) 130 0.004**c

Kynureninef, i 1.51 (1.29–1.78) 133 1.57 (1.40–1.76) 130 0.15c

Kynurenine/tryptophan ratio (KTR)g, i 19.0 (16.5–21.6) 133 18.4 (16.7–20.8) 130 0.46c

3-hydroxykynurenine (HK)h, i 31.8 (22.2–39.4) 131 30.6 (26.1–28.1) 130 0.43c

Kynurenic acid (KA)h, i 38.9 (30.9–52.2) 131 46.7 (34.0–57.5) 130 0.03*c

Xanthurenic acid (XA)h, i 14.2 (11.0–22.4) 131 18.9 (13.7–24.7) 130 0.004**c

Anthranilic acid (AA)h, i 19.4 (13.2–24.3) 131 17.6 (14.9–22.8) 130 0.52c

3-hydroxyanthranilic acid (HAA)h, i 29.8 (20.0–40.1) 131 35.4 (29.2–46.5) 130 <0.001***c

Quinolinic acid (QA)h, i 303 (258–387) 131 306 (274–364) 130 0.76c

Riboflavin (Vit. B2)h, i 18.1 (12.7–25.9) 131 19.9 (16.1–28.3) 130 0.02*c

Total vitamin B6h, i 58.5 (41.8–83.9) 131 67.1 (49.0–88.4) 130 0.05*c

Cotinineh, i 678 (2.48–1088) 131 1.2 (0.55–6.06) 130 <0.001***c
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig.  2. OR with 95  % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig.  3; Table  3), using two 
models: one adjusted for sex, and one adjusted for sex 

Table 1 Clinical and biochemical data

Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
a χ2 test
b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
f μmol/L
g μmol/μmol
h  nmol/L
i Median (25–75 percentile)

ADHD N Control N p value
133 131

Female, N (%) 71 (53.4) 133 75 (57.3) 131 0.52a

Age (range 18–40), median (SD) 28.0 (6.5) 133 22.5 (2.8) 131 <0.001***b

Alcohol problems, N (%) 24 (19.2) 125 1 (0.8) 131 <0.001***a

Problems with illicit drugs, N (%) 34 (27.0) 126 0 (0.0) 131 <0.001***a

Serious anxiety and/or depression, N (%) 82 (65.1) 126 5 (3.8) 126 <0.001***a

Bipolar disorder, N (%) 12 (9.9) 121 0 (0.0) 131 <0.001***a
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Heavy smokersd, N (%) 27 (27.8) 133 4 (3.1) 131 <0.001***a

Total WURS (range 0–100), median (SD) 60.0 (16.9) 118 12.0 (10.4) 129 <0.001***b

Total ASRS (range 0–72), median (SD) 47.0 (11.6) 123 22.0 (7.7) 128 <0.001***b

Combined typee, N (%) 65 (52.8) 123 3 (2.3) 128 <0.001***a

Hyperactive typee, N (%) 3 (2.4) 123 1 (0.8) 128 0.32a

Inattentive typee, N (%) 31 (25.2) 123 4 (3.1) 128 <0.001***a
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Kynureninef, i 1.51 (1.29–1.78) 133 1.57 (1.40–1.76) 130 0.15c
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3-hydroxykynurenine (HK)h, i 31.8 (22.2–39.4) 131 30.6 (26.1–28.1) 130 0.43c

Kynurenic acid (KA)h, i 38.9 (30.9–52.2) 131 46.7 (34.0–57.5) 130 0.03*c

Xanthurenic acid (XA)h, i 14.2 (11.0–22.4) 131 18.9 (13.7–24.7) 130 0.004**c

Anthranilic acid (AA)h, i 19.4 (13.2–24.3) 131 17.6 (14.9–22.8) 130 0.52c

3-hydroxyanthranilic acid (HAA)h, i 29.8 (20.0–40.1) 131 35.4 (29.2–46.5) 130 <0.001***c

Quinolinic acid (QA)h, i 303 (258–387) 131 306 (274–364) 130 0.76c

Riboflavin (Vit. B2)h, i 18.1 (12.7–25.9) 131 19.9 (16.1–28.3) 130 0.02*c

Total vitamin B6h, i 58.5 (41.8–83.9) 131 67.1 (49.0–88.4) 130 0.05*c

Cotinineh, i 678 (2.48–1088) 131 1.2 (0.55–6.06) 130 <0.001***c
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig. 2. OR with 95 % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig. 3; Table 3), using two 
models: one adjusted for sex, and one adjusted for sex 

Table 1 Clinical and biochemical data

Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
a χ2 test
b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
f μmol/L
g μmol/μmol
h  nmol/L
i Median (25–75 percentile)

ADHDNControlNp value
133131

Female, N (%)71 (53.4)13375 (57.3)1310.52a

Age (range 18–40), median (SD)28.0 (6.5)13322.5 (2.8)131<0.001***b

Alcohol problems, N (%)24 (19.2)1251 (0.8)131<0.001***a

Problems with illicit drugs, N (%)34 (27.0)1260 (0.0)131<0.001***a

Serious anxiety and/or depression, N (%)82 (65.1)1265 (3.8)126<0.001***a

Bipolar disorder, N (%)12 (9.9)1210 (0.0)131<0.001***a

Moderate smokersd, N (%)51 (38.3)13312 (9.2)131<0.001***a

Heavy smokersd, N (%)27 (27.8)1334 (3.1)131<0.001***a

Total WURS (range 0–100), median (SD)60.0 (16.9)11812.0 (10.4)129<0.001***b

Total ASRS (range 0–72), median (SD)47.0 (11.6)12322.0 (7.7)128<0.001***b

Combined typee, N (%)65 (52.8)1233 (2.3)128<0.001***a

Hyperactive typee, N (%)3 (2.4)1231 (0.8)1280.32a

Inattentive typee, N (%)31 (25.2)1234 (3.1)128<0.001***a

Tryptophanf, i77.3 (68.1–92.3)13383.6 (76.6–94.0)1300.004**c

Kynureninef, i1.51 (1.29–1.78)1331.57 (1.40–1.76)1300.15c

Kynurenine/tryptophan ratio (KTR)g, i19.0 (16.5–21.6)13318.4 (16.7–20.8)1300.46c

3-hydroxykynurenine (HK)h, i31.8 (22.2–39.4)13130.6 (26.1–28.1)1300.43c

Kynurenic acid (KA)h, i38.9 (30.9–52.2)13146.7 (34.0–57.5)1300.03*c

Xanthurenic acid (XA)h, i14.2 (11.0–22.4)13118.9 (13.7–24.7)1300.004**c

Anthranilic acid (AA)h, i19.4 (13.2–24.3)13117.6 (14.9–22.8)1300.52c

3-hydroxyanthranilic acid (HAA)h, i29.8 (20.0–40.1)13135.4 (29.2–46.5)130<0.001***c

Quinolinic acid (QA)h, i303 (258–387)131306 (274–364) 1300.76c

Riboflavin (Vit. B2)h, i18.1 (12.7–25.9)13119.9 (16.1–28.3)1300.02*c

Total vitamin B6h, i58.5 (41.8–83.9)13167.1 (49.0–88.4)1300.05*c

Cotinineh, i678 (2.48–1088)1311.2 (0.55–6.06)130<0.001***c
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HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.
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bution of raw biochemical variables in tertiles for patients 
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age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
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between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig. 2. OR with 95 % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig. 3; Table 3), using two 
models: one adjusted for sex, and one adjusted for sex 
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Signi!cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’
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b Student’s T test
c Mann–Whitney U test
d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
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ADHDNControlNp value
133131

Female, N (%)71 (53.4)13375 (57.3)1310.52a

Age (range 18–40), median (SD)28.0 (6.5)13322.5 (2.8)131<0.001***b

Alcohol problems, N (%)24 (19.2)1251 (0.8)131<0.001***a

Problems with illicit drugs, N (%)34 (27.0)1260 (0.0)131<0.001***a
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Bipolar disorder, N (%)12 (9.9)1210 (0.0)131<0.001***a
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Heavy smokersd, N (%)27 (27.8)1334 (3.1)131<0.001***a

Total WURS (range 0–100), median (SD)60.0 (16.9)11812.0 (10.4)129<0.001***b

Total ASRS (range 0–72), median (SD)47.0 (11.6)12322.0 (7.7)128<0.001***b

Combined typee, N (%)65 (52.8)1233 (2.3)128<0.001***a

Hyperactive typee, N (%)3 (2.4)1231 (0.8)1280.32a

Inattentive typee, N (%)31 (25.2)1234 (3.1)128<0.001***a

Tryptophanf, i77.3 (68.1–92.3)13383.6 (76.6–94.0)1300.004**c

Kynureninef, i1.51 (1.29–1.78)1331.57 (1.40–1.76)1300.15c
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Kynurenic acid (KA)h, i38.9 (30.9–52.2)13146.7 (34.0–57.5)1300.03*c

Xanthurenic acid (XA)h, i14.2 (11.0–22.4)13118.9 (13.7–24.7)1300.004**c

Anthranilic acid (AA)h, i19.4 (13.2–24.3)13117.6 (14.9–22.8)1300.52c
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B2 (r: 0.15–0.27) and total vitamin B6 (r: 0.18–0.24). All 
correlations were statistically significant (p < 0.05).

"ere was a significant inverse correlation between 
age and tryptophan in this material as a whole (r: −0.24) 
and in the patient group (r: −0.30) in particular. A posi-
tive, although non-significant, correlation between age 
and tryptophan was also found in the control group (r: 
0.10). "ere was a significant but weak inverse correlation 
between cotinine and tryptophan (r: −0.13), XA (r: −0.16), 
HAA (r: −0.20), riboflavin (r: −0.13) and total vitamin B6 
levels (r: −0.16) when including all participants.

Metabolite levels according to ADHD status
Mann–Whitney U test showed significantly lower serum 
concentrations in the ADHD group for tryptophan, KA, 
XA, HAA, vitamin B2 (riboflavin) and total vitamin B6 
(PL + PLP), as well as a significantly higher level of coti-
nine, compared with the control group (Table 1). Distri-
bution of raw biochemical variables in tertiles for patients 
and controls are shown in Fig. 2. OR with 95 % confi-
dence interval (CI) for ADHD was calculated per tertile/
category of each metabolite (Fig. 3; Table 3), using two 
models: one adjusted for sex, and one adjusted for sex 
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d Calculated based on serum cotinine levels: 80–1000 nmol/l: moderate smoker, >1000 nmol/l: heavy smoker
e Calculated based on ASRS scores: A score of 21 or higher on the nine questions on inattentiveness is indicative of inattentive type, while a score of 21 or higher on 
the hyperactivity/impulsive questions is indicative for hyperactive/impulsive type. Combined type requires a score of 21 or higher on both subscales
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Cotinineh, i678 (2.48–1088)1311.2 (0.55–6.06)130<0.001***c
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33  years and 34–40  years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N  =  97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N =  264) 
(Table  4). Analyses on symptom scores in the ADHD 
group separately (N =  133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

Trp Kyn KTR HK KA XA AA HAA QA Vit. B2 Vit. B6 Cot ADHD status

All (N = 264)

 Age −0.24* −0.05 0.13* −0.13* −0.13* −0.26* 0.09 −0.27* −0.10 −0.04 −0.23* 0.26* 0.47*

 Sex 0.19* 0.18* 0.01 −0.11 0.21* 0.01 0.08 −0.04 −0.03 −0.14* 0.11 0.15* 0.04

 Trp 0.49* −0.46* 0.14* 0.34* 0.41* 0.10 0.34* 0.18* 0.17* 0.32* −0.13* −0.18*

 Kyn 0.48* 0.39* 0.48* 0.24* 0.36* 0.32* 0.58* 0.16* 0.19* −0.04 −0.09

 Vit. B2 −0.06 0.02 0.15* 0.23* 0.11 0.15* 0.27* 0.32* −0.13* −0.14*

 Vit. B6 −0.12 −0.12 0.22* 0.20* 0.03 0.24* 0.19* −0.16* −0.12*

 Cotinine 0.05 −0.06 −0.08 −0.16* 0.02 −0.20* −0.03 0.52*

ADHD (N = 133)

 Age −0.30* −0.08 0.22* −0.26* −0.11 −0.31* 0.05 −0.27* −0.08 0.22* −0.16 −0.04

 Sex 0.15 0.14 0.03 −0.04 0.08 0.03 −0.02 0.09 −0.00 −0.18* 0.09 0.13

 Trp 0.55* −0.41* 0.21* 0.34* 0.48* 0.01 0.35* 0.32* 0.18* 0.40* −0.07

 Kyn 0.46* 0.45* 0.50* 0.29* 0.32* 0.39* 0.64* 0.17 0.21* 0.07

 Vit. B2 −0.03 −0.01 0.15 0.29* 0.10 0.15 0.30* 0.32* −0.13

 Vit. B6 −0.17 −0.01 0.28* 0.26* −0.03 0.28* 0.24* −0.27*

 Cotinine 0.08 0.03 −0.11 −0.19* −0.03 −0.08 −0.01

Control (N = 131)

 Age 0.10 0.10 −0.01 0.05 0.01 −0.03 0.10 −0.06 −0.10 −0.19* −0.24* 0.14

 Sex 0.28* 0.25* −0.03 −0.19* 0.36* −0.01 0.20* −0.11 −0.08 −0.06 0.16 0.20*

 Trp 0.41* −0.48* 0.04 0.31* 0.27* 0.24* 0.19* −0.02 0.13 0.21* 0.06

 Kyn 0.55* 0.31* 0.46* 0.17 0.42* 0.16 0.50* 0.10 0.13 0.05

 Vit. B2 −0.10 0.03 0.09 0.12 0.13 0.03 0.21* 0.33* 0.06

 Vit. B6 −0.06 −0.26* 0.14 0.11 0.12 0.14 0.11 0.14

 Cotinine −0.02 −0.11 0.17 0.03 0.09 −0.10 −0.03
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33 years and 34–40 years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N = 97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N = 264) 
(Table 4). Analyses on symptom scores in the ADHD 
group separately (N = 133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6CotADHD status

All (N = 264)

 Age−0.24*−0.050.13*−0.13*−0.13*−0.26*0.09−0.27*−0.10−0.04−0.23*0.26*0.47*

 Sex0.19*0.18*0.01−0.110.21*0.010.08−0.04−0.03−0.14*0.110.15*0.04

 Trp0.49*−0.46*0.14*0.34*0.41*0.100.34*0.18*0.17*0.32*−0.13*−0.18*

 Kyn0.48*0.39*0.48*0.24*0.36*0.32*0.58*0.16*0.19*−0.04−0.09

 Vit. B2−0.060.020.15*0.23*0.110.15*0.27*0.32*−0.13*−0.14*

 Vit. B6−0.12−0.120.22*0.20*0.030.24*0.19*−0.16*−0.12*

 Cotinine0.05−0.06−0.08−0.16*0.02−0.20*−0.030.52*

ADHD (N = 133)

 Age−0.30*−0.080.22*−0.26*−0.11−0.31*0.05−0.27*−0.080.22*−0.16−0.04

 Sex0.150.140.03−0.040.080.03−0.020.09−0.00−0.18*0.090.13

 Trp0.55*−0.41*0.21*0.34*0.48*0.010.35*0.32*0.18*0.40*−0.07

 Kyn0.46*0.45*0.50*0.29*0.32*0.39*0.64*0.170.21*0.07

 Vit. B2−0.03−0.010.150.29*0.100.150.30*0.32*−0.13

 Vit. B6−0.17−0.010.28*0.26*−0.030.28*0.24*−0.27*

 Cotinine0.080.03−0.11−0.19*−0.03−0.08−0.01

Control (N = 131)

 Age0.100.10−0.010.050.01−0.030.10−0.06−0.10−0.19*−0.24*0.14

 Sex0.28*0.25*−0.03−0.19*0.36*−0.010.20*−0.11−0.08−0.060.160.20*

 Trp0.41*−0.48*0.040.31*0.27*0.24*0.19*−0.020.130.21*0.06

 Kyn0.55*0.31*0.46*0.170.42*0.160.50*0.100.130.05

 Vit. B2−0.100.030.090.120.130.030.21*0.33*0.06

 Vit. B6−0.06−0.26*0.140.110.120.140.110.14

 Cotinine−0.02−0.110.170.030.09−0.10−0.03
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33 years and 34–40 years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N = 97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N = 264) 
(Table 4). Analyses on symptom scores in the ADHD 
group separately (N = 133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6CotADHD status

All (N = 264)

 Age−0.24*−0.050.13*−0.13*−0.13*−0.26*0.09−0.27*−0.10−0.04−0.23*0.26*0.47*

 Sex0.19*0.18*0.01−0.110.21*0.010.08−0.04−0.03−0.14*0.110.15*0.04

 Trp0.49*−0.46*0.14*0.34*0.41*0.100.34*0.18*0.17*0.32*−0.13*−0.18*

 Kyn0.48*0.39*0.48*0.24*0.36*0.32*0.58*0.16*0.19*−0.04−0.09

 Vit. B2−0.060.020.15*0.23*0.110.15*0.27*0.32*−0.13*−0.14*

 Vit. B6−0.12−0.120.22*0.20*0.030.24*0.19*−0.16*−0.12*

 Cotinine0.05−0.06−0.08−0.16*0.02−0.20*−0.030.52*

ADHD (N = 133)

 Age−0.30*−0.080.22*−0.26*−0.11−0.31*0.05−0.27*−0.080.22*−0.16−0.04

 Sex0.150.140.03−0.040.080.03−0.020.09−0.00−0.18*0.090.13

 Trp0.55*−0.41*0.21*0.34*0.48*0.010.35*0.32*0.18*0.40*−0.07

 Kyn0.46*0.45*0.50*0.29*0.32*0.39*0.64*0.170.21*0.07

 Vit. B2−0.03−0.010.150.29*0.100.150.30*0.32*−0.13

 Vit. B6−0.17−0.010.28*0.26*−0.030.28*0.24*−0.27*

 Cotinine0.080.03−0.11−0.19*−0.03−0.08−0.01

Control (N = 131)

 Age0.100.10−0.010.050.01−0.030.10−0.06−0.10−0.19*−0.24*0.14

 Sex0.28*0.25*−0.03−0.19*0.36*−0.010.20*−0.11−0.08−0.060.160.20*

 Trp0.41*−0.48*0.040.31*0.27*0.24*0.19*−0.020.130.21*0.06

 Kyn0.55*0.31*0.46*0.170.42*0.160.50*0.100.130.05

 Vit. B2−0.100.030.090.120.130.030.21*0.33*0.06

 Vit. B6−0.06−0.26*0.140.110.120.140.110.14

 Cotinine−0.02−0.110.170.030.09−0.10−0.03
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33  years and 34–40  years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N  =  97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N =  264) 
(Table  4). Analyses on symptom scores in the ADHD 
group separately (N =  133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

Trp Kyn KTR HK KA XA AA HAA QA Vit. B2 Vit. B6 Cot ADHD status

All (N = 264)

 Age −0.24* −0.05 0.13* −0.13* −0.13* −0.26* 0.09 −0.27* −0.10 −0.04 −0.23* 0.26* 0.47*

 Sex 0.19* 0.18* 0.01 −0.11 0.21* 0.01 0.08 −0.04 −0.03 −0.14* 0.11 0.15* 0.04

 Trp 0.49* −0.46* 0.14* 0.34* 0.41* 0.10 0.34* 0.18* 0.17* 0.32* −0.13* −0.18*

 Kyn 0.48* 0.39* 0.48* 0.24* 0.36* 0.32* 0.58* 0.16* 0.19* −0.04 −0.09

 Vit. B2 −0.06 0.02 0.15* 0.23* 0.11 0.15* 0.27* 0.32* −0.13* −0.14*

 Vit. B6 −0.12 −0.12 0.22* 0.20* 0.03 0.24* 0.19* −0.16* −0.12*

 Cotinine 0.05 −0.06 −0.08 −0.16* 0.02 −0.20* −0.03 0.52*

ADHD (N = 133)

 Age −0.30* −0.08 0.22* −0.26* −0.11 −0.31* 0.05 −0.27* −0.08 0.22* −0.16 −0.04

 Sex 0.15 0.14 0.03 −0.04 0.08 0.03 −0.02 0.09 −0.00 −0.18* 0.09 0.13

 Trp 0.55* −0.41* 0.21* 0.34* 0.48* 0.01 0.35* 0.32* 0.18* 0.40* −0.07

 Kyn 0.46* 0.45* 0.50* 0.29* 0.32* 0.39* 0.64* 0.17 0.21* 0.07

 Vit. B2 −0.03 −0.01 0.15 0.29* 0.10 0.15 0.30* 0.32* −0.13

 Vit. B6 −0.17 −0.01 0.28* 0.26* −0.03 0.28* 0.24* −0.27*

 Cotinine 0.08 0.03 −0.11 −0.19* −0.03 −0.08 −0.01

Control (N = 131)

 Age 0.10 0.10 −0.01 0.05 0.01 −0.03 0.10 −0.06 −0.10 −0.19* −0.24* 0.14

 Sex 0.28* 0.25* −0.03 −0.19* 0.36* −0.01 0.20* −0.11 −0.08 −0.06 0.16 0.20*

 Trp 0.41* −0.48* 0.04 0.31* 0.27* 0.24* 0.19* −0.02 0.13 0.21* 0.06

 Kyn 0.55* 0.31* 0.46* 0.17 0.42* 0.16 0.50* 0.10 0.13 0.05

 Vit. B2 −0.10 0.03 0.09 0.12 0.13 0.03 0.21* 0.33* 0.06

 Vit. B6 −0.06 −0.26* 0.14 0.11 0.12 0.14 0.11 0.14

 Cotinine −0.02 −0.11 0.17 0.03 0.09 −0.10 −0.03
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33  years and 34–40  years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N  =  97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N =  264) 
(Table  4). Analyses on symptom scores in the ADHD 
group separately (N =  133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

Trp Kyn KTR HK KA XA AA HAA QA Vit. B2 Vit. B6 Cot ADHD status

All (N = 264)

 Age −0.24* −0.05 0.13* −0.13* −0.13* −0.26* 0.09 −0.27* −0.10 −0.04 −0.23* 0.26* 0.47*

 Sex 0.19* 0.18* 0.01 −0.11 0.21* 0.01 0.08 −0.04 −0.03 −0.14* 0.11 0.15* 0.04

 Trp 0.49* −0.46* 0.14* 0.34* 0.41* 0.10 0.34* 0.18* 0.17* 0.32* −0.13* −0.18*

 Kyn 0.48* 0.39* 0.48* 0.24* 0.36* 0.32* 0.58* 0.16* 0.19* −0.04 −0.09

 Vit. B2 −0.06 0.02 0.15* 0.23* 0.11 0.15* 0.27* 0.32* −0.13* −0.14*

 Vit. B6 −0.12 −0.12 0.22* 0.20* 0.03 0.24* 0.19* −0.16* −0.12*

 Cotinine 0.05 −0.06 −0.08 −0.16* 0.02 −0.20* −0.03 0.52*

ADHD (N = 133)

 Age −0.30* −0.08 0.22* −0.26* −0.11 −0.31* 0.05 −0.27* −0.08 0.22* −0.16 −0.04

 Sex 0.15 0.14 0.03 −0.04 0.08 0.03 −0.02 0.09 −0.00 −0.18* 0.09 0.13

 Trp 0.55* −0.41* 0.21* 0.34* 0.48* 0.01 0.35* 0.32* 0.18* 0.40* −0.07

 Kyn 0.46* 0.45* 0.50* 0.29* 0.32* 0.39* 0.64* 0.17 0.21* 0.07

 Vit. B2 −0.03 −0.01 0.15 0.29* 0.10 0.15 0.30* 0.32* −0.13

 Vit. B6 −0.17 −0.01 0.28* 0.26* −0.03 0.28* 0.24* −0.27*

 Cotinine 0.08 0.03 −0.11 −0.19* −0.03 −0.08 −0.01

Control (N = 131)

 Age 0.10 0.10 −0.01 0.05 0.01 −0.03 0.10 −0.06 −0.10 −0.19* −0.24* 0.14

 Sex 0.28* 0.25* −0.03 −0.19* 0.36* −0.01 0.20* −0.11 −0.08 −0.06 0.16 0.20*

 Trp 0.41* −0.48* 0.04 0.31* 0.27* 0.24* 0.19* −0.02 0.13 0.21* 0.06

 Kyn 0.55* 0.31* 0.46* 0.17 0.42* 0.16 0.50* 0.10 0.13 0.05

 Vit. B2 −0.10 0.03 0.09 0.12 0.13 0.03 0.21* 0.33* 0.06

 Vit. B6 −0.06 −0.26* 0.14 0.11 0.12 0.14 0.11 0.14

 Cotinine −0.02 −0.11 0.17 0.03 0.09 −0.10 −0.03
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33 years and 34–40 years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N = 97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N = 264) 
(Table 4). Analyses on symptom scores in the ADHD 
group separately (N = 133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6CotADHD status

All (N = 264)

 Age−0.24*−0.050.13*−0.13*−0.13*−0.26*0.09−0.27*−0.10−0.04−0.23*0.26*0.47*

 Sex0.19*0.18*0.01−0.110.21*0.010.08−0.04−0.03−0.14*0.110.15*0.04

 Trp0.49*−0.46*0.14*0.34*0.41*0.100.34*0.18*0.17*0.32*−0.13*−0.18*

 Kyn0.48*0.39*0.48*0.24*0.36*0.32*0.58*0.16*0.19*−0.04−0.09

 Vit. B2−0.060.020.15*0.23*0.110.15*0.27*0.32*−0.13*−0.14*

 Vit. B6−0.12−0.120.22*0.20*0.030.24*0.19*−0.16*−0.12*

 Cotinine0.05−0.06−0.08−0.16*0.02−0.20*−0.030.52*

ADHD (N = 133)

 Age−0.30*−0.080.22*−0.26*−0.11−0.31*0.05−0.27*−0.080.22*−0.16−0.04

 Sex0.150.140.03−0.040.080.03−0.020.09−0.00−0.18*0.090.13

 Trp0.55*−0.41*0.21*0.34*0.48*0.010.35*0.32*0.18*0.40*−0.07
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 Kyn0.55*0.31*0.46*0.170.42*0.160.50*0.100.130.05

 Vit. B2−0.100.030.090.120.130.030.21*0.33*0.06

 Vit. B6−0.06−0.26*0.140.110.120.140.110.14

 Cotinine−0.02−0.110.170.030.09−0.10−0.03
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33 years and 34–40 years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N = 97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N = 264) 
(Table 4). Analyses on symptom scores in the ADHD 
group separately (N = 133) confirmed that lower levels 
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33 years and 34–40 years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N = 97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N = 264) 
(Table 4). Analyses on symptom scores in the ADHD 
group separately (N = 133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6CotADHD status

All (N = 264)

 Age−0.24*−0.050.13*−0.13*−0.13*−0.26*0.09−0.27*−0.10−0.04−0.23*0.26*0.47*
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 Vit. B2−0.060.020.15*0.23*0.110.15*0.27*0.32*−0.13*−0.14*
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ADHD (N = 133)

 Age−0.30*−0.080.22*−0.26*−0.11−0.31*0.05−0.27*−0.080.22*−0.16−0.04

 Sex0.150.140.03−0.040.080.03−0.020.09−0.00−0.18*0.090.13
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and tryptophan. Adjusting for sex, lower levels of tryp-
tophan, KA, XA, HAA and vitamin B2 were associated 
with increased risk of having ADHD. In addition, higher 
levels of cotinine were strongly associated with ADHD. 
In the second model, adjusting for sex and tryptophan, 
only HAA, riboflavin and cotinine remained significant 
predictors of ADHD/control status, while KA and XA 
were no longer significant.

Metabolite levels in relation to age, comorbidity 
and medication
Logistic regression using two age groups of ADHD 
patients, i.e. 19–33 years and 34–40 years, as outcome 
were performed to investigate the effect of age. Lower lev-
els of tryptophan [OR: 0.58 (95 % CI 0.35–0.93, p value: 
0.03)] and XA [0.56 (0.22–0.91, 0.02)] as well as higher 
levels of riboflavin [2.13 (1.32–3.54, 0.003)] and higher 
KTR [1.65 (1.02–2.71, 0.04)] were significantly associated 
with the age 34–40 group (N = 36). When the age 19–33 
ADHD subgroup (N = 97) was compared to the con-
trol group (18–33, N = 131), lower levels of tryptophan 
[0.71 (0.51–0.99, 0.05)], HAA [0.66 (0.47–0.91, 0.01)] and 

riboflavin [0.53 (0.37–0.75, <0.001)], and higher levels 
of cotinine [7.84 (4.63–14.22, <0.001)] were significantly 
associated with increased risk of having ADHD. No sig-
nificant differences in serum concentrations were found 
between ADHD patients with or without self-reported 
anxiety/depression (all p values >0.13) or bipolar disorder 
(all p values >0.09). Comparisons of levels of tryptophan 
metabolites between medicated and drug-naïve patients 
showed a trend towards lower levels of KA and HAA in 
non-medicated patients in preliminary analyses. How-
ever, logistic regression analyses did not yield any signifi-
cant differences. #e number of patients currently using 
antidepressants was too small to allow for comparisons.

Metabolite levels according to symptom scores
Correlation analyses adjusted for cotinine and age 
showed significant inverse correlations between the 
serum concentration of tryptophan and kynurenine 
and the current and past ADHD symptom scores ASRS 
and WURS, when including all participants (N = 264) 
(Table 4). Analyses on symptom scores in the ADHD 
group separately (N = 133) confirmed that lower levels 

Table 2 Unadjusted Spearman’s correlations

Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6CotADHD status

All (N = 264)

 Age−0.24*−0.050.13*−0.13*−0.13*−0.26*0.09−0.27*−0.10−0.04−0.23*0.26*0.47*

 Sex0.19*0.18*0.01−0.110.21*0.010.08−0.04−0.03−0.14*0.110.15*0.04

 Trp0.49*−0.46*0.14*0.34*0.41*0.100.34*0.18*0.17*0.32*−0.13*−0.18*
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 Vit. B6−0.12−0.120.22*0.20*0.030.24*0.19*−0.16*−0.12*

 Cotinine0.05−0.06−0.08−0.16*0.02−0.20*−0.030.52*

ADHD (N = 133)

 Age−0.30*−0.080.22*−0.26*−0.11−0.31*0.05−0.27*−0.080.22*−0.16−0.04

 Sex0.150.140.03−0.040.080.03−0.020.09−0.00−0.18*0.090.13

 Trp0.55*−0.41*0.21*0.34*0.48*0.010.35*0.32*0.18*0.40*−0.07
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 Trp0.41*−0.48*0.040.31*0.27*0.24*0.19*−0.020.130.21*0.06

 Kyn0.55*0.31*0.46*0.170.42*0.160.50*0.100.130.05
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of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table  3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table  3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table  4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 
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Controls are in majority in the middle concentrations of all metabolites except for KA
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of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table 3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table 3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table 4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 
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were also correlated with higher WURS score. In the 
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Discussion
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group (Table 3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table 3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table 4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
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ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um
be
r 
of
 p
ar
tic
ip
an
ts

0.711.42
1.421.68

1.682.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA

Page 7 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table  3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table  3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table  4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um
ber of participants

0.71 1.42
1.42 1.68

1.68 2.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3 hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3 hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA

Page 7 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table  3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table  3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table  4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um
ber of participants

0.71 1.42
1.42 1.68

1.68 2.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3 hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3 hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA

Page 7 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table 3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table 3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table 4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um

ber of participants

0.711.42
1.421.68

1.682.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA

Page 7 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table 3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table 3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table 4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um

ber of participants

0.711.42
1.421.68

1.682.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA

Page 7 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table 3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table 3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table 4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um

ber of participants

0.711.42
1.421.68

1.682.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA

Page 7 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

of tryptophan and total vitamin B6 were correlated with 
higher total ASRS score and higher score on the ASRS 
inattentive subscale (Table 4). Lower levels of tryptophan 
were also correlated with higher WURS score. In the 
control group (N = 131), there were no significant corre-
lations between tryptophan and ADHD symptom scores 
(Table 4).

Discussion
In this study of 133 adult patients with ADHD and 131 
adult controls, we found significantly lower concentra-
tions of tryptophan, KA, XA and HAA in the patient 
group (Table 3). "ese results are strengthened by the 
observed inverse correlations between levels of trypto-
phan and kynurenine and total scores on both ASRS and 
WURS adjusted for smoking and age (Table 4). Together, 
our findings suggest a connection between severity of 
ADHD symptoms and serum levels of tryptophan and 
tryptophan metabolites. Furthermore, significantly lower 

levels of riboflavin and higher levels of cotinine were 
found among the ADHD patients compared to the con-
trols (Table 3). "e kynurenine/tryptophan ratio (KTR) 
was not significantly different between the two groups 
in any of the analyses, and did not show any correlation 
to ADHD symptom scores (Table 4). "us, there is no 
strong indication of chronic immune activation in the 
ADHD patients.

Our results are different from an earlier, exploratory 
study on kynurenines in children with ADHD which 
reported higher serum levels of tryptophan and lower 
levels of HK in children with ADHD (N = 35) compared 
to controls (N = 28) [33–35]. We do not have any clear 
explanation for these different findings for tryptophan 
levels. If the inverse relation between age and trypto-
phan levels in the patient versus control groups in our 
sample is a true finding, we would expect to find differ-
ent results in tryptophan metabolite studies of children 
versus adults with ADHD. However, published studies 

0

20

40

60

35.5  74.3
74.6  89.3

89.4  142

Tryptophan

N
um

ber of participants

0.711.42
1.421.68

1.682.99

Kynurenine

11.4  17.3
17.4  20.1

20.1  57.6

Kynurenine/tryptophan ratio

3.24  24.9
27.1  36.1

36.3  122

3hydroxykynurenine

0.89  35.3
35.6  51.4

51.6  109

Kynurenic acid

2.57  13.2
13.3  21.3

21.5  67.5

Xanthurenic acid

8.35  15.5
15.5  21.3

21.4  78.2

Anthranilic acid

0.76  28.3
28.5  38.9

39.0  108

3hydroxyanthranilic acid

128  281
283  347

348  1542

Quinolinic acid

6.04  16.2
16.2  24.0

24.1  344

Riboflavin (Vit. B2)

15.5  51.6
51.6  75.0

75.7  1308

PL + PLP (Vit. B6)

ADHD
Control

Fig. 2 Distribution in tertiles of biochemical variables. Each pair of columns contains a third of the participants. All participants are included 
(N = 264). ADHD patients are strongly represented in the lower concentrations of several metabolites, including tryptophan, XA, HAA and riboflavin. 
Controls are in majority in the middle concentrations of all metabolites except for KA



Page 8 of 12Aarsland et al. Behav Brain Funct  (2015) 11:36 

0.002 **

0.14

0.45

0.70

0.04 *

0.006 **

0.97

0.003 **

0.90

0.01 *

0.26

<0.001 ***Cotinine

Pyridoxal +
pyridoxal 5' phosphate

(total vitamin B6)

Riboflavin
(vitamin B2)

Quinolinic acid (QA)

3 hydroxyanthranilic
acid (HAA)

Anthranilic acid (AA)

Xanthurenic acid (XA)

Kynurenic acid (KA)

3 hydroxy
kynurenine (HK)

Kynurenine/tryptophan
ratio (KTR)

Kynurenine

Tryptophan

0.4 0.6 0.8 1.0 1.5 2.0 3.0 5.0 10.0

Fig. 3 Odds ratio for ADHD with 95 % confidence intervals. Cotinine is divided in three categories corresponding to the serum level in non-smok-
ers, smokers and heavy smokers. High levels of tryptophan, KA, XA, HAA and riboflavin were associated with lower odds ratio for ADHD. High levels 
of cotinine were associated with higher odds ratio for ADHD. Significance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’

Table 3 Logistic regression

Odds ratio of ADHD per tertile of variable. Cotinine is divided into three categories corresponding to the serum level in non-smokers, smokers and heavy smokers. All 
participants included: N = 264. Signi"cance <0.001: ‘***’, <0.01: ‘**’, <0.05: ‘*’

Adjusted for sex Adjusted for sex and tryptophan

B p value Odds ratio (95 %  
con"dence interval)

B p value Odds ratio (95 % 
con"dence interval)

Tryptophan −0.50 0.002** 0.61 (0.45–0.83)

Kynurenine −0.23 0.14 0.80 (0.59–1.08) −0.04 0.80 0.96 (0.69–1.34)

Kyn/Trp-ratio (KTR) 0.12 0.45 1.12 (0.83–1.51) −0.11 0.53 0.90 (0.64–1.25)

3-hydroxykynurenine (HK) −0.01 0.70 0.94 (0.70–1.27) 0.01 0.94 1.01 (0.74–1.38)

Kynurenic acid (KA) −0.32 0.04* 0.73 (0.53–0.99) −0.21 0.21 0.81 (0.59–1.12) 

Xanthurenic acid (XA) −0.43 0.006** 0.65 (0.48–0.89) −0.30 0.07 0.74 (0.54–1.03)

Anthranilic acid (AA) −0.01 0.97 0.99 (0.74–1.34) 0.04 0.79 1.04 (0.77–1.42)

3-hydroxyanthranilic acid (HAA) −0.47 0.003** 0.63 (0.46–0.85) −0.38 0.02* 0.69 (0.50–0.94)

Quinolinic acid (QA) −0.02 0.90 0.98 (0.73–1.32) 0.04 0.82 1.04 (0.76–1.41)

Riboflavin (vitamin B2) −0.39 0.01* 0.68 (0.50–0.92) −0.34 0.03* 0.71 (0.52–0.97)

Total vitamin B6 −0.17 0.26 0.84 (0.62–1.14) −0.09 0.55 0.91 (0.67–1.24)
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3-hydroxyanthranilic acid (HAA)−0.470.003**0.63 (0.46–0.85)−0.380.02*0.69 (0.50–0.94)

Quinolinic acid (QA)−0.020.900.98 (0.73–1.32)0.040.821.04 (0.76–1.41)

Riboflavin (vitamin B2)−0.390.01*0.68 (0.50–0.92)−0.340.03*0.71 (0.52–0.97)

Total vitamin B6−0.170.260.84 (0.62–1.14)−0.090.550.91 (0.67–1.24)

Cotinine1.97<0.001***7.17 (4.37–12.58)1.94<0.001***6.96 (4.22–12.25)
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are still too small and few in number to allow for definite 
conclusions.

High levels of tryptophan have also been shown in 
urine from ADHD children along with low HAA/HK 
ratios which made the authors suggest that this was 
due to a low activity of B6-dependent enzymes [36]. We 
observed low levels of B6 in our patient group, though 
not significantly different from controls. Like the low lev-
els of tryptophan observed in our patients, low B6 con-
centrations could be a sign of poor nutritional status.

Levels of tryptophan and kynurenines
Tryptophan levels, age and IDO/TDO activity
Differences in tryptophan concentrations between 
ADHD patients and controls could be a result of an 
abnormal IDO/TDO activity with increased catabolism 
through the kynurenine pathway. Increased catabolism 
of tryptophan to kynurenine has been found in patients 
with depression [16, 37], schizophrenia [38, 39], women 
with postpartum depression [40] and women with 
preeclampsia [19]. Tryptophan has also been shown to 
decrease with age in response to increased immune activ-
ity [12]. Increased IDO and TDO activity may increase 
KTR and the level of kynurenines. However, we found no 
significant difference in KTR between patients and con-
trols (Table 3). Instead we observed positive correlations 
between concentration of tryptophan and kynurenine in 
both the patient and control groups, indicating a nor-
mal conversion of tryptophan to kynurenine (Table  2). 

Furthermore, the levels of kynurenines in the ADHD 
group were not elevated, but were either similar to those 
of the control group (Kyn, HK, AA and QA) or lower 
than in controls (KA, XA and HAA) (Tables 1, 3).

Age and tryptophan were inversely associated in the 
patient group, but not in the control group, which had 
a smaller age span (18–33  years). Because of the strong 
association between age and patient/control-status, 
we chose to compare two age subgroups of patients, 
19–33 years and 34–40 years, in order to control for the 
effect of age. Analyses showed that lower levels of trypto-
phan [OR: 0.58 (95 % CI 0.35–0.93, p value 0.03)] and XA 
[0.56 (0.22–0.91, 0.02)], and higher KTR [1.65 (1.02–2.71, 
0.04)], were associated with the age 34–40 subgroup. 
However, using ADHD-status as outcome when includ-
ing only controls and patients in the age 19–33 subgroup, 
there were still significantly lower levels of tryptophan 
[OR: 0.71 (95  % CI 0.51–0.99, p: 0.05)] and HAA [0.66 
(0.47–0.91, 0.01)] in patients. Furthermore, in the par-
tial correlation analysis, tryptophan and kynurenine were 
both inversely correlated to ADHD symptom scores, 
even when adjusting for the effect of smoking and age 
(Table  4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
KTR, low level of tryptophan in the ADHD group can-
not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
be partially due to a relative tryptophan deficiency in the 
ADHD group compared to the control group.

Table 4 Spearman’s correlations for ADHD symptom scores and serum variables, adjusted for cotinine and age

The 18-item ASRS (Adult ADHD Self-report Scale) is used to assess current ADHD symptom burden, with nine questions speci!c to hyperactivity/impulsivity and 
nine questions speci!c to inattentiveness. WURS (Wender Utah Rating Scale) consists of 25 items for retrospective assessment of childhood ADHD symptom burden. 
Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

Trp Kyn KTR HK KA XA AA HAA QA Vit. B2 Vit. B6

All

 N = 248 ASRS total score −0.15* −0.14* 0.04 0.04 −0.08 0.01 0.04 −0.05 −0.04 −0.13* −0.06

 N = 250 ASRS inattentive −0.15* −0.13* 0.06 0.02 −0.08 −0.01 0.06 −0.03 −0.01 −0.06 −0.03

 N = 251 ASRS hyperactive/impulsive −0.14* −0.16* 0.02 0.03 −0.09 0.01 0.02 −0.07 −0.07 −0.17* −0.05

 N = 243 WURS total score −0.18* −0.15* 0.03 −0.01 −0.14* −0.08 0.05 −0.08 −0.05 −0.09 −0.01

ADHD

 N = 121 ASRS total score −0.20* −0.16 0.07 0.11 −0.05 0.01 0.05 −0.01 −0.14 −0.17 −0.22*

 N = 122 ASRS inattentive −0.20* −0.16 0.08 0.11 −0.03 0.06 0.02 0.07 −0.08 −0.09 −0.19*

 N = 123 ASRS hyperactive/impulsive −0.17 −0.14 0.03 0.09 −0.03 −0.02 0.06 −0.05 −0.12 −0.17 −0.14

 N = 115 WURS total score −0.27* −0.13 0.13 −0.08 −0.18 −0.16 0.15 −0.09 −0.16 0.05 −0.04

Control

 N = 127 ASRS total score −0.05 −0.11 0.03 −0.11 −0.12 0.01 −0.05 −0.07 −0.10 −0.14 −0.04

 N = 128 ASRS inattentive 0.01 −0.02 0.03 −0.13 −0.10 −0.04 0.02 −0.01 −0.01 −0.07 0.03

 N = 128 ASRS hyperactive/impulsive −0.10 −0.19* −0.01 −0.09 −0.13 0.05 −0.12 −0.10 −0.17 −0.19* −0.08

 N = 128 WURS total score −0.14 −0.14 0.03 −0.07 −0.11 −0.07 −0.07 −0.06 −0.08 −0.11 −0.01
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are still too small and few in number to allow for definite 
conclusions.

High levels of tryptophan have also been shown in 
urine from ADHD children along with low HAA/HK 
ratios which made the authors suggest that this was 
due to a low activity of B6-dependent enzymes [36]. We 
observed low levels of B6 in our patient group, though 
not significantly different from controls. Like the low lev-
els of tryptophan observed in our patients, low B6 con-
centrations could be a sign of poor nutritional status.

Levels of tryptophan and kynurenines
Tryptophan levels, age and IDO/TDO activity
Differences in tryptophan concentrations between 
ADHD patients and controls could be a result of an 
abnormal IDO/TDO activity with increased catabolism 
through the kynurenine pathway. Increased catabolism 
of tryptophan to kynurenine has been found in patients 
with depression [16, 37], schizophrenia [38, 39], women 
with postpartum depression [40] and women with 
preeclampsia [19]. Tryptophan has also been shown to 
decrease with age in response to increased immune activ-
ity [12]. Increased IDO and TDO activity may increase 
KTR and the level of kynurenines. However, we found no 
significant difference in KTR between patients and con-
trols (Table 3). Instead we observed positive correlations 
between concentration of tryptophan and kynurenine in 
both the patient and control groups, indicating a nor-
mal conversion of tryptophan to kynurenine (Table 2). 

Furthermore, the levels of kynurenines in the ADHD 
group were not elevated, but were either similar to those 
of the control group (Kyn, HK, AA and QA) or lower 
than in controls (KA, XA and HAA) (Tables 1, 3).

Age and tryptophan were inversely associated in the 
patient group, but not in the control group, which had 
a smaller age span (18–33 years). Because of the strong 
association between age and patient/control-status, 
we chose to compare two age subgroups of patients, 
19–33 years and 34–40 years, in order to control for the 
effect of age. Analyses showed that lower levels of trypto-
phan [OR: 0.58 (95 % CI 0.35–0.93, p value 0.03)] and XA 
[0.56 (0.22–0.91, 0.02)], and higher KTR [1.65 (1.02–2.71, 
0.04)], were associated with the age 34–40 subgroup. 
However, using ADHD-status as outcome when includ-
ing only controls and patients in the age 19–33 subgroup, 
there were still significantly lower levels of tryptophan 
[OR: 0.71 (95 % CI 0.51–0.99, p: 0.05)] and HAA [0.66 
(0.47–0.91, 0.01)] in patients. Furthermore, in the par-
tial correlation analysis, tryptophan and kynurenine were 
both inversely correlated to ADHD symptom scores, 
even when adjusting for the effect of smoking and age 
(Table 4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
KTR, low level of tryptophan in the ADHD group can-
not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
be partially due to a relative tryptophan deficiency in the 
ADHD group compared to the control group.

Table 4 Spearman’s correlations for ADHD symptom scores and serum variables, adjusted for cotinine and age

The 18-item ASRS (Adult ADHD Self-report Scale) is used to assess current ADHD symptom burden, with nine questions speci!c to hyperactivity/impulsivity and 
nine questions speci!c to inattentiveness. WURS (Wender Utah Rating Scale) consists of 25 items for retrospective assessment of childhood ADHD symptom burden. 
Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6

All

 N = 248ASRS total score−0.15*−0.14*0.040.04−0.080.010.04−0.05−0.04−0.13*−0.06

 N = 250ASRS inattentive−0.15*−0.13*0.060.02−0.08−0.010.06−0.03−0.01−0.06−0.03

 N = 251ASRS hyperactive/impulsive−0.14*−0.16*0.020.03−0.090.010.02−0.07−0.07−0.17*−0.05

 N = 243WURS total score−0.18*−0.15*0.03−0.01−0.14*−0.080.05−0.08−0.05−0.09−0.01

ADHD

 N = 121ASRS total score−0.20*−0.160.070.11−0.050.010.05−0.01−0.14−0.17−0.22*

 N = 122ASRS inattentive−0.20*−0.160.080.11−0.030.060.020.07−0.08−0.09−0.19*

 N = 123ASRS hyperactive/impulsive−0.17−0.140.030.09−0.03−0.020.06−0.05−0.12−0.17−0.14

 N = 115WURS total score−0.27*−0.130.13−0.08−0.18−0.160.15−0.09−0.160.05−0.04

Control

 N = 127ASRS total score−0.05−0.110.03−0.11−0.120.01−0.05−0.07−0.10−0.14−0.04

 N = 128ASRS inattentive0.01−0.020.03−0.13−0.10−0.040.02−0.01−0.01−0.070.03

 N = 128ASRS hyperactive/impulsive−0.10−0.19*−0.01−0.09−0.130.05−0.12−0.10−0.17−0.19*−0.08

 N = 128WURS total score−0.14−0.140.03−0.07−0.11−0.07−0.07−0.06−0.08−0.11−0.01
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are still too small and few in number to allow for definite 
conclusions.

High levels of tryptophan have also been shown in 
urine from ADHD children along with low HAA/HK 
ratios which made the authors suggest that this was 
due to a low activity of B6-dependent enzymes [36]. We 
observed low levels of B6 in our patient group, though 
not significantly different from controls. Like the low lev-
els of tryptophan observed in our patients, low B6 con-
centrations could be a sign of poor nutritional status.

Levels of tryptophan and kynurenines
Tryptophan levels, age and IDO/TDO activity
Differences in tryptophan concentrations between 
ADHD patients and controls could be a result of an 
abnormal IDO/TDO activity with increased catabolism 
through the kynurenine pathway. Increased catabolism 
of tryptophan to kynurenine has been found in patients 
with depression [16, 37], schizophrenia [38, 39], women 
with postpartum depression [40] and women with 
preeclampsia [19]. Tryptophan has also been shown to 
decrease with age in response to increased immune activ-
ity [12]. Increased IDO and TDO activity may increase 
KTR and the level of kynurenines. However, we found no 
significant difference in KTR between patients and con-
trols (Table 3). Instead we observed positive correlations 
between concentration of tryptophan and kynurenine in 
both the patient and control groups, indicating a nor-
mal conversion of tryptophan to kynurenine (Table 2). 

Furthermore, the levels of kynurenines in the ADHD 
group were not elevated, but were either similar to those 
of the control group (Kyn, HK, AA and QA) or lower 
than in controls (KA, XA and HAA) (Tables 1, 3).

Age and tryptophan were inversely associated in the 
patient group, but not in the control group, which had 
a smaller age span (18–33 years). Because of the strong 
association between age and patient/control-status, 
we chose to compare two age subgroups of patients, 
19–33 years and 34–40 years, in order to control for the 
effect of age. Analyses showed that lower levels of trypto-
phan [OR: 0.58 (95 % CI 0.35–0.93, p value 0.03)] and XA 
[0.56 (0.22–0.91, 0.02)], and higher KTR [1.65 (1.02–2.71, 
0.04)], were associated with the age 34–40 subgroup. 
However, using ADHD-status as outcome when includ-
ing only controls and patients in the age 19–33 subgroup, 
there were still significantly lower levels of tryptophan 
[OR: 0.71 (95 % CI 0.51–0.99, p: 0.05)] and HAA [0.66 
(0.47–0.91, 0.01)] in patients. Furthermore, in the par-
tial correlation analysis, tryptophan and kynurenine were 
both inversely correlated to ADHD symptom scores, 
even when adjusting for the effect of smoking and age 
(Table 4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
KTR, low level of tryptophan in the ADHD group can-
not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
be partially due to a relative tryptophan deficiency in the 
ADHD group compared to the control group.

Table 4 Spearman’s correlations for ADHD symptom scores and serum variables, adjusted for cotinine and age

The 18-item ASRS (Adult ADHD Self-report Scale) is used to assess current ADHD symptom burden, with nine questions speci!c to hyperactivity/impulsivity and 
nine questions speci!c to inattentiveness. WURS (Wender Utah Rating Scale) consists of 25 items for retrospective assessment of childhood ADHD symptom burden. 
Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6

All

 N = 248ASRS total score−0.15*−0.14*0.040.04−0.080.010.04−0.05−0.04−0.13*−0.06

 N = 250ASRS inattentive−0.15*−0.13*0.060.02−0.08−0.010.06−0.03−0.01−0.06−0.03

 N = 251ASRS hyperactive/impulsive−0.14*−0.16*0.020.03−0.090.010.02−0.07−0.07−0.17*−0.05

 N = 243WURS total score−0.18*−0.15*0.03−0.01−0.14*−0.080.05−0.08−0.05−0.09−0.01

ADHD

 N = 121ASRS total score−0.20*−0.160.070.11−0.050.010.05−0.01−0.14−0.17−0.22*

 N = 122ASRS inattentive−0.20*−0.160.080.11−0.030.060.020.07−0.08−0.09−0.19*

 N = 123ASRS hyperactive/impulsive−0.17−0.140.030.09−0.03−0.020.06−0.05−0.12−0.17−0.14

 N = 115WURS total score−0.27*−0.130.13−0.08−0.18−0.160.15−0.09−0.160.05−0.04

Control

 N = 127ASRS total score−0.05−0.110.03−0.11−0.120.01−0.05−0.07−0.10−0.14−0.04

 N = 128ASRS inattentive0.01−0.020.03−0.13−0.10−0.040.02−0.01−0.01−0.070.03

 N = 128ASRS hyperactive/impulsive−0.10−0.19*−0.01−0.09−0.130.05−0.12−0.10−0.17−0.19*−0.08

 N = 128WURS total score−0.14−0.140.03−0.07−0.11−0.07−0.07−0.06−0.08−0.11−0.01
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are still too small and few in number to allow for definite 
conclusions.

High levels of tryptophan have also been shown in 
urine from ADHD children along with low HAA/HK 
ratios which made the authors suggest that this was 
due to a low activity of B6-dependent enzymes [36]. We 
observed low levels of B6 in our patient group, though 
not significantly different from controls. Like the low lev-
els of tryptophan observed in our patients, low B6 con-
centrations could be a sign of poor nutritional status.

Levels of tryptophan and kynurenines
Tryptophan levels, age and IDO/TDO activity
Differences in tryptophan concentrations between 
ADHD patients and controls could be a result of an 
abnormal IDO/TDO activity with increased catabolism 
through the kynurenine pathway. Increased catabolism 
of tryptophan to kynurenine has been found in patients 
with depression [16, 37], schizophrenia [38, 39], women 
with postpartum depression [40] and women with 
preeclampsia [19]. Tryptophan has also been shown to 
decrease with age in response to increased immune activ-
ity [12]. Increased IDO and TDO activity may increase 
KTR and the level of kynurenines. However, we found no 
significant difference in KTR between patients and con-
trols (Table 3). Instead we observed positive correlations 
between concentration of tryptophan and kynurenine in 
both the patient and control groups, indicating a nor-
mal conversion of tryptophan to kynurenine (Table  2). 

Furthermore, the levels of kynurenines in the ADHD 
group were not elevated, but were either similar to those 
of the control group (Kyn, HK, AA and QA) or lower 
than in controls (KA, XA and HAA) (Tables 1, 3).

Age and tryptophan were inversely associated in the 
patient group, but not in the control group, which had 
a smaller age span (18–33  years). Because of the strong 
association between age and patient/control-status, 
we chose to compare two age subgroups of patients, 
19–33 years and 34–40 years, in order to control for the 
effect of age. Analyses showed that lower levels of trypto-
phan [OR: 0.58 (95 % CI 0.35–0.93, p value 0.03)] and XA 
[0.56 (0.22–0.91, 0.02)], and higher KTR [1.65 (1.02–2.71, 
0.04)], were associated with the age 34–40 subgroup. 
However, using ADHD-status as outcome when includ-
ing only controls and patients in the age 19–33 subgroup, 
there were still significantly lower levels of tryptophan 
[OR: 0.71 (95  % CI 0.51–0.99, p: 0.05)] and HAA [0.66 
(0.47–0.91, 0.01)] in patients. Furthermore, in the par-
tial correlation analysis, tryptophan and kynurenine were 
both inversely correlated to ADHD symptom scores, 
even when adjusting for the effect of smoking and age 
(Table  4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
KTR, low level of tryptophan in the ADHD group can-
not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
be partially due to a relative tryptophan deficiency in the 
ADHD group compared to the control group.

Table 4 Spearman’s correlations for ADHD symptom scores and serum variables, adjusted for cotinine and age

The 18-item ASRS (Adult ADHD Self-report Scale) is used to assess current ADHD symptom burden, with nine questions speci!c to hyperactivity/impulsivity and 
nine questions speci!c to inattentiveness. WURS (Wender Utah Rating Scale) consists of 25 items for retrospective assessment of childhood ADHD symptom burden. 
Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

Trp Kyn KTR HK KA XA AA HAA QA Vit. B2 Vit. B6

All

 N = 248 ASRS total score −0.15* −0.14* 0.04 0.04 −0.08 0.01 0.04 −0.05 −0.04 −0.13* −0.06

 N = 250 ASRS inattentive −0.15* −0.13* 0.06 0.02 −0.08 −0.01 0.06 −0.03 −0.01 −0.06 −0.03

 N = 251 ASRS hyperactive/impulsive −0.14* −0.16* 0.02 0.03 −0.09 0.01 0.02 −0.07 −0.07 −0.17* −0.05

 N = 243 WURS total score −0.18* −0.15* 0.03 −0.01 −0.14* −0.08 0.05 −0.08 −0.05 −0.09 −0.01

ADHD

 N = 121 ASRS total score −0.20* −0.16 0.07 0.11 −0.05 0.01 0.05 −0.01 −0.14 −0.17 −0.22*

 N = 122 ASRS inattentive −0.20* −0.16 0.08 0.11 −0.03 0.06 0.02 0.07 −0.08 −0.09 −0.19*

 N = 123 ASRS hyperactive/impulsive −0.17 −0.14 0.03 0.09 −0.03 −0.02 0.06 −0.05 −0.12 −0.17 −0.14

 N = 115 WURS total score −0.27* −0.13 0.13 −0.08 −0.18 −0.16 0.15 −0.09 −0.16 0.05 −0.04

Control

 N = 127 ASRS total score −0.05 −0.11 0.03 −0.11 −0.12 0.01 −0.05 −0.07 −0.10 −0.14 −0.04

 N = 128 ASRS inattentive 0.01 −0.02 0.03 −0.13 −0.10 −0.04 0.02 −0.01 −0.01 −0.07 0.03

 N = 128 ASRS hyperactive/impulsive −0.10 −0.19* −0.01 −0.09 −0.13 0.05 −0.12 −0.10 −0.17 −0.19* −0.08

 N = 128 WURS total score −0.14 −0.14 0.03 −0.07 −0.11 −0.07 −0.07 −0.06 −0.08 −0.11 −0.01
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are still too small and few in number to allow for definite 
conclusions.

High levels of tryptophan have also been shown in 
urine from ADHD children along with low HAA/HK 
ratios which made the authors suggest that this was 
due to a low activity of B6-dependent enzymes [36]. We 
observed low levels of B6 in our patient group, though 
not significantly different from controls. Like the low lev-
els of tryptophan observed in our patients, low B6 con-
centrations could be a sign of poor nutritional status.

Levels of tryptophan and kynurenines
Tryptophan levels, age and IDO/TDO activity
Differences in tryptophan concentrations between 
ADHD patients and controls could be a result of an 
abnormal IDO/TDO activity with increased catabolism 
through the kynurenine pathway. Increased catabolism 
of tryptophan to kynurenine has been found in patients 
with depression [16, 37], schizophrenia [38, 39], women 
with postpartum depression [40] and women with 
preeclampsia [19]. Tryptophan has also been shown to 
decrease with age in response to increased immune activ-
ity [12]. Increased IDO and TDO activity may increase 
KTR and the level of kynurenines. However, we found no 
significant difference in KTR between patients and con-
trols (Table 3). Instead we observed positive correlations 
between concentration of tryptophan and kynurenine in 
both the patient and control groups, indicating a nor-
mal conversion of tryptophan to kynurenine (Table  2). 

Furthermore, the levels of kynurenines in the ADHD 
group were not elevated, but were either similar to those 
of the control group (Kyn, HK, AA and QA) or lower 
than in controls (KA, XA and HAA) (Tables 1, 3).

Age and tryptophan were inversely associated in the 
patient group, but not in the control group, which had 
a smaller age span (18–33  years). Because of the strong 
association between age and patient/control-status, 
we chose to compare two age subgroups of patients, 
19–33 years and 34–40 years, in order to control for the 
effect of age. Analyses showed that lower levels of trypto-
phan [OR: 0.58 (95 % CI 0.35–0.93, p value 0.03)] and XA 
[0.56 (0.22–0.91, 0.02)], and higher KTR [1.65 (1.02–2.71, 
0.04)], were associated with the age 34–40 subgroup. 
However, using ADHD-status as outcome when includ-
ing only controls and patients in the age 19–33 subgroup, 
there were still significantly lower levels of tryptophan 
[OR: 0.71 (95  % CI 0.51–0.99, p: 0.05)] and HAA [0.66 
(0.47–0.91, 0.01)] in patients. Furthermore, in the par-
tial correlation analysis, tryptophan and kynurenine were 
both inversely correlated to ADHD symptom scores, 
even when adjusting for the effect of smoking and age 
(Table  4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
KTR, low level of tryptophan in the ADHD group can-
not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
be partially due to a relative tryptophan deficiency in the 
ADHD group compared to the control group.

Table 4 Spearman’s correlations for ADHD symptom scores and serum variables, adjusted for cotinine and age

The 18-item ASRS (Adult ADHD Self-report Scale) is used to assess current ADHD symptom burden, with nine questions speci!c to hyperactivity/impulsivity and 
nine questions speci!c to inattentiveness. WURS (Wender Utah Rating Scale) consists of 25 items for retrospective assessment of childhood ADHD symptom burden. 
Signi!cance: <0.05 ‘*’
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Page 9 of 12 Aarsland et al. Behav Brain Funct  (2015) 11:36 

are still too small and few in number to allow for definite 
conclusions.

High levels of tryptophan have also been shown in 
urine from ADHD children along with low HAA/HK 
ratios which made the authors suggest that this was 
due to a low activity of B6-dependent enzymes [36]. We 
observed low levels of B6 in our patient group, though 
not significantly different from controls. Like the low lev-
els of tryptophan observed in our patients, low B6 con-
centrations could be a sign of poor nutritional status.

Levels of tryptophan and kynurenines
Tryptophan levels, age and IDO/TDO activity
Differences in tryptophan concentrations between 
ADHD patients and controls could be a result of an 
abnormal IDO/TDO activity with increased catabolism 
through the kynurenine pathway. Increased catabolism 
of tryptophan to kynurenine has been found in patients 
with depression [16, 37], schizophrenia [38, 39], women 
with postpartum depression [40] and women with 
preeclampsia [19]. Tryptophan has also been shown to 
decrease with age in response to increased immune activ-
ity [12]. Increased IDO and TDO activity may increase 
KTR and the level of kynurenines. However, we found no 
significant difference in KTR between patients and con-
trols (Table 3). Instead we observed positive correlations 
between concentration of tryptophan and kynurenine in 
both the patient and control groups, indicating a nor-
mal conversion of tryptophan to kynurenine (Table 2). 

Furthermore, the levels of kynurenines in the ADHD 
group were not elevated, but were either similar to those 
of the control group (Kyn, HK, AA and QA) or lower 
than in controls (KA, XA and HAA) (Tables 1, 3).

Age and tryptophan were inversely associated in the 
patient group, but not in the control group, which had 
a smaller age span (18–33 years). Because of the strong 
association between age and patient/control-status, 
we chose to compare two age subgroups of patients, 
19–33 years and 34–40 years, in order to control for the 
effect of age. Analyses showed that lower levels of trypto-
phan [OR: 0.58 (95 % CI 0.35–0.93, p value 0.03)] and XA 
[0.56 (0.22–0.91, 0.02)], and higher KTR [1.65 (1.02–2.71, 
0.04)], were associated with the age 34–40 subgroup. 
However, using ADHD-status as outcome when includ-
ing only controls and patients in the age 19–33 subgroup, 
there were still significantly lower levels of tryptophan 
[OR: 0.71 (95 % CI 0.51–0.99, p: 0.05)] and HAA [0.66 
(0.47–0.91, 0.01)] in patients. Furthermore, in the par-
tial correlation analysis, tryptophan and kynurenine were 
both inversely correlated to ADHD symptom scores, 
even when adjusting for the effect of smoking and age 
(Table 4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
KTR, low level of tryptophan in the ADHD group can-
not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
be partially due to a relative tryptophan deficiency in the 
ADHD group compared to the control group.

Table 4 Spearman’s correlations for ADHD symptom scores and serum variables, adjusted for cotinine and age

The 18-item ASRS (Adult ADHD Self-report Scale) is used to assess current ADHD symptom burden, with nine questions speci!c to hyperactivity/impulsivity and 
nine questions speci!c to inattentiveness. WURS (Wender Utah Rating Scale) consists of 25 items for retrospective assessment of childhood ADHD symptom burden. 
Signi!cance: <0.05 ‘*’

Trp tryptophan, Kyn kynurenine, KTR kynurenine/tryptophan ratio, HK 3-hydroxykynurenine, KA kynurenic acid, XA xanthurenic acid, AA anthranilic acid, HAA 
3-hydroxyanthranilic acid, QA quinolinic acid, Cot cotinine

TrpKynKTRHKKAXAAAHAAQAVit. B2Vit. B6

All

 N = 248ASRS total score−0.15*−0.14*0.040.04−0.080.010.04−0.05−0.04−0.13*−0.06

 N = 250ASRS inattentive−0.15*−0.13*0.060.02−0.08−0.010.06−0.03−0.01−0.06−0.03

 N = 251ASRS hyperactive/impulsive−0.14*−0.16*0.020.03−0.090.010.02−0.07−0.07−0.17*−0.05

 N = 243WURS total score−0.18*−0.15*0.03−0.01−0.14*−0.080.05−0.08−0.05−0.09−0.01

ADHD

 N = 121ASRS total score−0.20*−0.160.070.11−0.050.010.05−0.01−0.14−0.17−0.22*

 N = 122ASRS inattentive−0.20*−0.160.080.11−0.030.060.020.07−0.08−0.09−0.19*

 N = 123ASRS hyperactive/impulsive−0.17−0.140.030.09−0.03−0.020.06−0.05−0.12−0.17−0.14

 N = 115WURS total score−0.27*−0.130.13−0.08−0.18−0.160.15−0.09−0.160.05−0.04

Control

 N = 127ASRS total score−0.05−0.110.03−0.11−0.120.01−0.05−0.07−0.10−0.14−0.04

 N = 128ASRS inattentive0.01−0.020.03−0.13−0.10−0.040.02−0.01−0.01−0.070.03

 N = 128ASRS hyperactive/impulsive−0.10−0.19*−0.01−0.09−0.130.05−0.12−0.10−0.17−0.19*−0.08

 N = 128WURS total score−0.14−0.140.03−0.07−0.11−0.07−0.07−0.06−0.08−0.11−0.01
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ADHD group compared to the control group.
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there were still significantly lower levels of tryptophan 
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(Table 4). #us, although there seems to be an associa-
tion between higher age, lower tryptophan and increased 
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not be fully explained by higher IDO or TDO activity. It 
seems likely that the difference in tryptophan levels could 
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ADHD group compared to the control group.
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Vitamin B2 and B6 levels
We found significantly lower levels of riboflavin (vita-
min B2) in the ADHD group, in addition to lower HAA 
and XA. Our findings confirm a previous study report-
ing a positive association of HAA and XA levels to con-
centrations of PLP and riboflavin [10]. Similarly, plasma 
levels of HK have been observed to be inversely associ-
ated with plasma PLP [41]. We found an inverse correla-
tion between ASRS score and total vitamin B6 level in the 
ADHD group, adjusted for smoking and age (Table  4). 
It could be that low levels of total vitamin B6 among 
patients cause accumulation of HK and decreased lev-
els of the other kynurenine metabolites [36, 42, 43]. "is 
is supported by the fact that HAA was still significantly 
associated with ADHD status when adjusting for tryp-
tophan levels in logistic regression analyses (Table  3). 
Analyses with KA and XA as predictors also suggest a 
difference, though not significant (Table 3).

Smoking
"e high number of smokers, 38.3  % moderate smok-
ers and 27.8 % heavy smokers, is an important and well-
known characteristic of the ADHD group. Tryptophan 
and kynurenines (except HK) have been found to be 
inversely associated with smoking [12], and associations 
have been observed between blood levels of the nicotine 
metabolite cotinine and KTR [44]. Serum levels of ribo-
flavin and PLP are also known to be decreased in smok-
ers [11]. With 66 % smokers, it is likely that the levels of 
kynurenines in the ADHD group are affected by smoking 
either directly or via decreased levels of B-vitamins. Still, 
we found no strong correlation between cotinine and 
tryptophan, KTR, kynurenines or vitamins in our mate-
rial when using Spearman’s correlation analyses (Table 2). 
Furthermore, there were significant inverse correlations 
between ADHD symptom scores and tryptophan and 
kynurenine even when adjusting for smoking and age 
(Table 4).

Strengths and limitations
Our study included a relatively large number of partici-
pants (N = 264) and many measured metabolites, includ-
ing riboflavin, total vitamin B6 and cotinine, which are 
important as they influence tryptophan catabolism. 
"ere are still no generally accepted objective measures 
or biomarkers available for diagnosing ADHD. ASRS 
and WURS are widely used tools for evaluation of pre-
sent and past ADHD symptoms. "e inclusion of ADHD 
symptom scores, although self-reported, allowed us to 
analyse the relationship between ADHD and biochemical 
markers as continuous variables.

"e limitations of our study include base-line dif-
ferences between the patient and the control groups 

regarding age, comorbid conditions and the proportion 
of smokers, the possible effect of central stimulants and 
uncertainty regarding the quality of some blood samples. 
In our analyses we have explored the possible effect of 
these factors.

We had no information on dietary habits or the rela-
tionship between food intake and time of blood collec-
tion. We are therefore unable to conclude regarding the 
effect of nutrition upon serum levels of vitamin B2, vita-
min B6 and tryptophan.

Comorbid conditions are common in ADHD patients, 
and some of these conditions, notably depression and 
bipolar disorder, have been linked to alterations in tryp-
tophan catabolism. While regression analysis did not 
show any differences between ADHD patients with or 
without anxiety/depression or between patients with or 
without bipolar disorder, we cannot rule out the possibil-
ity that comorbid conditions also could affect tryptophan 
catabolism.

Little is known about the effect of central stimulants on 
tryptophan catabolism. "e small number of drug-naïve 
patients in our study did not allow any real comparison 
between medicated and non-medicated patients. "e 
trend of lower levels of tryptophan metabolites in non-
medicated patients in our study is however in line with 
a previous exploratory study in children with ADHD, 
showing a potential normalising effect of methylpheni-
date on tryptophan levels [36]. If this represents a true 
effect, our results could be an underestimation of the dif-
ferences in tryptophan levels between ADHD patients 
and controls.

Some blood samples were shipped by mail, and we 
do not have access to detailed information about their 
transit time before they were stored at −80  °C. Storing 
serum samples in room temperature may increase the 
levels of AA and reduce HK and HAA within a few days 
[31]. "us, we cannot rule out the possibility that the 
concentrations of these metabolites were also affected 
by pre-analytic effects. In contrast, the concentration of 
tryptophan has been shown to be stable [31].

Lastly, the results of statistical analyses of the differ-
ent compounds were not adjusted for multiple test-
ing. "e main reason for this choice was that since the 
biochemical variables are non-independent (Fig.  1), 
correction for all regression analyses would be too con-
servative. Instead, if calculating Bonferroni correction by 
dividing the critical significance level by the number of 
group comparisons performed by logistic regression, i.e. 
0.05/7, the threshold of significant would be 0.007. In the 
main logistic regression analysis using patient/control-
status as outcome (Table 3) tryptophan (p = 0.002), XA 
(p = 0.006) and HAA (p = 0.003) would remain signifi-
cant when applying this correction. Likewise, controlling 
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transit time before they were stored at −80 °C. Storing 
serum samples in room temperature may increase the 
levels of AA and reduce HK and HAA within a few days 
[31]. "us, we cannot rule out the possibility that the 
concentrations of these metabolites were also affected 
by pre-analytic effects. In contrast, the concentration of 
tryptophan has been shown to be stable [31].

Lastly, the results of statistical analyses of the differ-
ent compounds were not adjusted for multiple test-
ing. "e main reason for this choice was that since the 
biochemical variables are non-independent (Fig. 1), 
correction for all regression analyses would be too con-
servative. Instead, if calculating Bonferroni correction by 
dividing the critical significance level by the number of 
group comparisons performed by logistic regression, i.e. 
0.05/7, the threshold of significant would be 0.007. In the 
main logistic regression analysis using patient/control-
status as outcome (Table 3) tryptophan (p = 0.002), XA 
(p = 0.006) and HAA (p = 0.003) would remain signifi-
cant when applying this correction. Likewise, controlling 
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Vitamin B2 and B6 levels
We found significantly lower levels of riboflavin (vita-
min B2) in the ADHD group, in addition to lower HAA 
and XA. Our findings confirm a previous study report-
ing a positive association of HAA and XA levels to con-
centrations of PLP and riboflavin [10]. Similarly, plasma 
levels of HK have been observed to be inversely associ-
ated with plasma PLP [41]. We found an inverse correla-
tion between ASRS score and total vitamin B6 level in the 
ADHD group, adjusted for smoking and age (Table 4). 
It could be that low levels of total vitamin B6 among 
patients cause accumulation of HK and decreased lev-
els of the other kynurenine metabolites [36, 42, 43]. "is 
is supported by the fact that HAA was still significantly 
associated with ADHD status when adjusting for tryp-
tophan levels in logistic regression analyses (Table 3). 
Analyses with KA and XA as predictors also suggest a 
difference, though not significant (Table 3).

Smoking
"e high number of smokers, 38.3 % moderate smok-
ers and 27.8 % heavy smokers, is an important and well-
known characteristic of the ADHD group. Tryptophan 
and kynurenines (except HK) have been found to be 
inversely associated with smoking [12], and associations 
have been observed between blood levels of the nicotine 
metabolite cotinine and KTR [44]. Serum levels of ribo-
flavin and PLP are also known to be decreased in smok-
ers [11]. With 66 % smokers, it is likely that the levels of 
kynurenines in the ADHD group are affected by smoking 
either directly or via decreased levels of B-vitamins. Still, 
we found no strong correlation between cotinine and 
tryptophan, KTR, kynurenines or vitamins in our mate-
rial when using Spearman’s correlation analyses (Table 2). 
Furthermore, there were significant inverse correlations 
between ADHD symptom scores and tryptophan and 
kynurenine even when adjusting for smoking and age 
(Table 4).

Strengths and limitations
Our study included a relatively large number of partici-
pants (N = 264) and many measured metabolites, includ-
ing riboflavin, total vitamin B6 and cotinine, which are 
important as they influence tryptophan catabolism. 
"ere are still no generally accepted objective measures 
or biomarkers available for diagnosing ADHD. ASRS 
and WURS are widely used tools for evaluation of pre-
sent and past ADHD symptoms. "e inclusion of ADHD 
symptom scores, although self-reported, allowed us to 
analyse the relationship between ADHD and biochemical 
markers as continuous variables.

"e limitations of our study include base-line dif-
ferences between the patient and the control groups 
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for the false-discovery rate (FDR-correction) for the 12 
analyses in the main logistic regression model (Table 3) 
would also yield significant differences for tryptophan 
(p = 0.01), XA (p = 0.02), HAA (p = 0.01) and riboflavin 
(p = 0.03).

Summary and conclusion
We found lower levels of tryptophan, KA, XA and HAA 
in adult patients with ADHD compared to adult controls. 
#e levels of kynurenines are dependent mainly on the 
concentration of tryptophan, the rate of conversion by 
the enzymes TDO and IDO, and the level of circulating 
riboflavin and PLP. High TDO and IDO activity does not 
seem to explain these results, since we observed a normal 
kynurenine/tryptophan ratio (KTR) and generally low 
levels of both tryptophan and kynurenines in the ADHD 
group. #e patient group also had low levels of riboflavin 
(vitamin B2) and total vitamin B6 (PL + PLP), something 
that could affect the balance of kynurenines in favour of 
HK. #e oxidative effect of smoking on circulating B vita-
mins may be the cause of low levels of riboflavin and total 
vitamin B6, and possibly also the low level of tryptophan. 
Still, the level of the nicotine metabolite cotinine was 
only weakly correlated with tryptophan, the kynurenines 
and the vitamins. Also, low levels of tryptophan were 
correlated with high ADHD symptom scores, even when 
adjusting for smoking and age. #is was observed not 
only when all participants were included but also in the 
patient group alone. #us, low levels of tryptophan, KA, 
XA and HAA seem to be best explained by a deficiency in 
tryptophan and in vitamin B2 and B6. We cannot, how-
ever, exclude that differences in age, smoking habits and 
comorbid disorders could contribute to the observed dif-
ferences in levels of tryptophan and kynurenines. Further 
independent and carefully controlled studies are needed 
to clarify the relationship of tryptophan catabolism and 
ADHD.

Difference in nutritional status is a possible explana-
tion of both low levels of tryptophan and B vitamins. 
As has been observed in other studies [2, 45], it may be 
that patients with high symptom scores have a more dis-
ordered lifestyle and possibly also a poorer nutritional 
status. #ere is now increasing interest in nutrition and 
possible effects on ADHD and related symptoms, and 
it has been shown that dietary interventions are able to 
reduce symptom burden in children with ADHD [46, 
47]. Signs of low activity in PLP dependent enzymes 
in ADHD patients suggest that pyridoxine treatment 
may have an effect [36]. It is possible that also trypto-
phan supplements could be beneficial for some patients 
with ADHD, but more studies on larger populations are 
needed to further investigate the relation between ADHD 
and tryptophan catabolism.
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Summary and conclusion
We found lower levels of tryptophan, KA, XA and HAA 
in adult patients with ADHD compared to adult controls. 
#e levels of kynurenines are dependent mainly on the 
concentration of tryptophan, the rate of conversion by 
the enzymes TDO and IDO, and the level of circulating 
riboflavin and PLP. High TDO and IDO activity does not 
seem to explain these results, since we observed a normal 
kynurenine/tryptophan ratio (KTR) and generally low 
levels of both tryptophan and kynurenines in the ADHD 
group. #e patient group also had low levels of riboflavin 
(vitamin B2) and total vitamin B6 (PL + PLP), something 
that could affect the balance of kynurenines in favour of 
HK. #e oxidative effect of smoking on circulating B vita-
mins may be the cause of low levels of riboflavin and total 
vitamin B6, and possibly also the low level of tryptophan. 
Still, the level of the nicotine metabolite cotinine was 
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and the vitamins. Also, low levels of tryptophan were 
correlated with high ADHD symptom scores, even when 
adjusting for smoking and age. #is was observed not 
only when all participants were included but also in the 
patient group alone. #us, low levels of tryptophan, KA, 
XA and HAA seem to be best explained by a deficiency in 
tryptophan and in vitamin B2 and B6. We cannot, how-
ever, exclude that differences in age, smoking habits and 
comorbid disorders could contribute to the observed dif-
ferences in levels of tryptophan and kynurenines. Further 
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to clarify the relationship of tryptophan catabolism and 
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Difference in nutritional status is a possible explana-
tion of both low levels of tryptophan and B vitamins. 
As has been observed in other studies [2, 45], it may be 
that patients with high symptom scores have a more dis-
ordered lifestyle and possibly also a poorer nutritional 
status. #ere is now increasing interest in nutrition and 
possible effects on ADHD and related symptoms, and 
it has been shown that dietary interventions are able to 
reduce symptom burden in children with ADHD [46, 
47]. Signs of low activity in PLP dependent enzymes 
in ADHD patients suggest that pyridoxine treatment 
may have an effect [36]. It is possible that also trypto-
phan supplements could be beneficial for some patients 
with ADHD, but more studies on larger populations are 
needed to further investigate the relation between ADHD 
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#e levels of kynurenines are dependent mainly on the 
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the enzymes TDO and IDO, and the level of circulating 
riboflavin and PLP. High TDO and IDO activity does not 
seem to explain these results, since we observed a normal 
kynurenine/tryptophan ratio (KTR) and generally low 
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group. #e patient group also had low levels of riboflavin 
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that could affect the balance of kynurenines in favour of 
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mins may be the cause of low levels of riboflavin and total 
vitamin B6, and possibly also the low level of tryptophan. 
Still, the level of the nicotine metabolite cotinine was 
only weakly correlated with tryptophan, the kynurenines 
and the vitamins. Also, low levels of tryptophan were 
correlated with high ADHD symptom scores, even when 
adjusting for smoking and age. #is was observed not 
only when all participants were included but also in the 
patient group alone. #us, low levels of tryptophan, KA, 
XA and HAA seem to be best explained by a deficiency in 
tryptophan and in vitamin B2 and B6. We cannot, how-
ever, exclude that differences in age, smoking habits and 
comorbid disorders could contribute to the observed dif-
ferences in levels of tryptophan and kynurenines. Further 
independent and carefully controlled studies are needed 
to clarify the relationship of tryptophan catabolism and 
ADHD.

Difference in nutritional status is a possible explana-
tion of both low levels of tryptophan and B vitamins. 
As has been observed in other studies [2, 45], it may be 
that patients with high symptom scores have a more dis-
ordered lifestyle and possibly also a poorer nutritional 
status. #ere is now increasing interest in nutrition and 
possible effects on ADHD and related symptoms, and 
it has been shown that dietary interventions are able to 
reduce symptom burden in children with ADHD [46, 
47]. Signs of low activity in PLP dependent enzymes 
in ADHD patients suggest that pyridoxine treatment 
may have an effect [36]. It is possible that also trypto-
phan supplements could be beneficial for some patients 
with ADHD, but more studies on larger populations are 
needed to further investigate the relation between ADHD 
and tryptophan catabolism.
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a b s t r a c t

Background: Prior studies suggest that activation of the tryptophan catabolism via the kynurenine
pathway by proinflammatory cytokines may be involved in the pathophysiology of depression. Elec-
troconvulsive therapy (ECT) is an effective treatment for major depression (MD) with immunomodula-
tion as one of the proposed modes of action.
Objective: The aim of this study was to investigate serum concentrations of tryptophan and kynurenine
pathway metabolites in MD patients and healthy controls, and to explore the effect of ECT on compo-
nents of the kynurenine pathway.
Methods: The study included 27 moderately to severely depressed patients referred to ECT. Blood
samples were collected prior to treatment and after the completed ECT-series. Baseline samples were
also collected from 14 healthy, age- and sex-matched controls. Serum concentrations of tryptophan,
kynurenine, 3-hydroxykynurenine (HK), kynurenic acid (KA), xanthurenic acid (XA), anthranilic acid
(AA), 3-hydroxyanthranilic acid (HAA), quinolinic acid (QA), picolinic acid (Pic), pyridoxal 50-phosphat
(PLP), riboflavin, neopterin and cotinine were measured.
Results: Patients with MD had lower levels of neuroprotective kynurenine-pathway metabolites (KA, XA
and Pic) and lower metabolite ratios (KA/Kyn and KA/QA) reflecting reduced neuroprotection compared
to controls. The concentration of the inflammatory marker neopterin was increased after ECT, along with
Pic and the redox active and immunosuppressive metabolite HAA.
Conclusion: In this pilot study, we found increased concentrations of inflammatory marker neopterin and
putative neuroprotective kynurenine metabolites HAA and Pic in MD patients after ECT. Further research
in larger cohorts is required to conclude whether ECT exerts its therapeutic effects via changes in the
kynurenine pathway.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Major depression (MD) is a severe and potentially life-
threatening psychiatric illness that accounts for a large part of the

overall global burden of disease [1]. The neurobiology of depression
is complex and not fully understood [2]. However, it has been
shown that MD often is associated with increased levels of pro-
inflammatory cytokines, suggestive of a mild to moderate im-
mune and inflammation activation [3,4].

The kynurenine pathway of tryptophan metabolism [5] (Fig. 1)
has been proposed as a link between inflammatory processes and
depressive symptoms [6,7]. The essential amino acid tryptophan
is mainly (90%) metabolised to kynurenine (Kyn) and a small
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pathwaybyproinflammatorycytokinesmaybeinvolvedinthepathophysiologyofdepression.Elec-
troconvulsivetherapy(ECT)isaneffectivetreatmentformajordepression(MD)withimmunomodula-
tionasoneoftheproposedmodesofaction.
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Methods:Thestudyincluded27moderatelytoseverelydepressedpatientsreferredtoECT.Blood
sampleswerecollectedpriortotreatmentandafterthecompletedECT-series.Baselinesampleswere
alsocollectedfrom14healthy,age-andsex-matchedcontrols.Serumconcentrationsoftryptophan,
kynurenine,3-hydroxykynurenine(HK),kynurenicacid(KA),xanthurenicacid(XA),anthranilicacid
(AA),3-hydroxyanthranilicacid(HAA),quinolinicacid(QA),picolinicacid(Pic),pyridoxal50-phosphat
(PLP),riboflavin,neopterinandcotinineweremeasured.
Results:PatientswithMDhadlowerlevelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)andlowermetaboliteratios(KA/KynandKA/QA)reflectingreducedneuroprotectioncompared
tocontrols.TheconcentrationoftheinflammatorymarkerneopterinwasincreasedafterECT,alongwith
PicandtheredoxactiveandimmunosuppressivemetaboliteHAA.
Conclusion:Inthispilotstudy,wefoundincreasedconcentrationsofinflammatorymarkerneopterinand
putativeneuroprotectivekynureninemetabolitesHAAandPicinMDpatientsafterECT.Furtherresearch
inlargercohortsisrequiredtoconcludewhetherECTexertsitstherapeuticeffectsviachangesinthe
kynureninepathway.
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shownthatMDoftenisassociatedwithincreasedlevelsofpro-
inflammatorycytokines,suggestiveofamildtomoderateim-
muneandinflammationactivation[3,4].

Thekynureninepathwayoftryptophanmetabolism[5](Fig.1)
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depressivesymptoms[6,7].Theessentialaminoacidtryptophan
ismainly(90%)metabolisedtokynurenine(Kyn)andasmall

*Correspondingauthor.DivisionofPsychiatry,HaukelandUniversityHospital,
Haukelandsbakken11,Pb1,5021Bergen,Norway.

E-mailaddress:ute.kessler@helse-bergen.no(U.Kessler).

ContentslistsavailableatScienceDirect

BrainStimulation

journalhomepage:http://www.journals.elsevier.com/brain-stimulation

https://doi.org/10.1016/j.brs.2019.05.018
1935-861X/©2019TheAuthors.PublishedbyElsevierInc.ThisisanopenaccessarticleundertheCCBY-NC-NDlicense(http://creativecommons.org/licenses/by-nc-nd/4.0/).

BrainStimulation12(2019)1135e1142

Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophan
metabolites

ToreIvarAarslanda,b,IevaLeskauskaitec,ØivindMidttund,ArveUlvikd,
PerMagneUelandd,e,LeifOltedalf,g,VeraJaneErchingerf,KetilJoachimOedegaardb,c,f,
JanHaavika,b,c,UteKesslerc,f,*

aDepartmentofBiomedicine,UniversityofBergen,Bergen,Norway
bK.G.JebsenCentreforNeuropsychiatricDisorders,UniversityofBergen,Bergen,Norway
cDivisionofPsychiatry,HaukelandUniversityHospital,Bergen,Norway
dBevitalAS,Bergen,Norway
eLaboratoryMedicineandPathology,HaukelandUniversityHospital,Bergen,Norway
fDepartmentofClinicalMedicine,UniversityofBergen,Bergen,Norway
gMohnMedicalImagingandVisualizationCentre,DepartmentofRadiology,HaukelandUniversityHospital,Bergen,Norway

articleinfo

Articlehistory:
Received8January2019
Receivedinrevisedform
9May2019
Accepted28May2019
Availableonline31May2019

Keywords:
ECT
Depression
Tryptophan
Kynurenine
Inflammation

abstract

Background:Priorstudiessuggestthatactivationofthetryptophancatabolismviathekynurenine
pathwaybyproinflammatorycytokinesmaybeinvolvedinthepathophysiologyofdepression.Elec-
troconvulsivetherapy(ECT)isaneffectivetreatmentformajordepression(MD)withimmunomodula-
tionasoneoftheproposedmodesofaction.
Objective:Theaimofthisstudywastoinvestigateserumconcentrationsoftryptophanandkynurenine
pathwaymetabolitesinMDpatientsandhealthycontrols,andtoexploretheeffectofECToncompo-
nentsofthekynureninepathway.
Methods:Thestudyincluded27moderatelytoseverelydepressedpatientsreferredtoECT.Blood
sampleswerecollectedpriortotreatmentandafterthecompletedECT-series.Baselinesampleswere
alsocollectedfrom14healthy,age-andsex-matchedcontrols.Serumconcentrationsoftryptophan,
kynurenine,3-hydroxykynurenine(HK),kynurenicacid(KA),xanthurenicacid(XA),anthranilicacid
(AA),3-hydroxyanthranilicacid(HAA),quinolinicacid(QA),picolinicacid(Pic),pyridoxal50-phosphat
(PLP),riboflavin,neopterinandcotinineweremeasured.
Results:PatientswithMDhadlowerlevelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)andlowermetaboliteratios(KA/KynandKA/QA)reflectingreducedneuroprotectioncompared
tocontrols.TheconcentrationoftheinflammatorymarkerneopterinwasincreasedafterECT,alongwith
PicandtheredoxactiveandimmunosuppressivemetaboliteHAA.
Conclusion:Inthispilotstudy,wefoundincreasedconcentrationsofinflammatorymarkerneopterinand
putativeneuroprotectivekynureninemetabolitesHAAandPicinMDpatientsafterECT.Furtherresearch
inlargercohortsisrequiredtoconcludewhetherECTexertsitstherapeuticeffectsviachangesinthe
kynureninepathway.

©2019TheAuthors.PublishedbyElsevierInc.ThisisanopenaccessarticleundertheCCBY-NC-ND
license(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Majordepression(MD)isasevereandpotentiallylife-
threateningpsychiatricillnessthataccountsforalargepartofthe

overallglobalburdenofdisease[1].Theneurobiologyofdepression
iscomplexandnotfullyunderstood[2].However,ithasbeen
shownthatMDoftenisassociatedwithincreasedlevelsofpro-
inflammatorycytokines,suggestiveofamildtomoderateim-
muneandinflammationactivation[3,4].

Thekynureninepathwayoftryptophanmetabolism[5](Fig.1)
hasbeenproposedasalinkbetweeninflammatoryprocessesand
depressivesymptoms[6,7].Theessentialaminoacidtryptophan
ismainly(90%)metabolisedtokynurenine(Kyn)andasmall

*Correspondingauthor.DivisionofPsychiatry,HaukelandUniversityHospital,
Haukelandsbakken11,Pb1,5021Bergen,Norway.

E-mailaddress:ute.kessler@helse-bergen.no(U.Kessler).

ContentslistsavailableatScienceDirect

BrainStimulation

journalhomepage:http://www.journals.elsevier.com/brain-stimulation

https://doi.org/10.1016/j.brs.2019.05.018
1935-861X/©2019TheAuthors.PublishedbyElsevierInc.ThisisanopenaccessarticleundertheCCBY-NC-NDlicense(http://creativecommons.org/licenses/by-nc-nd/4.0/).

BrainStimulation12(2019)1135e1142

The effect of electroconvulsive therapy (ECT) on serum tryptophan
metabolites

Tore Ivar Aarsland a, b, Ieva Leskauskaite c, Øivind Midttun d, Arve Ulvik d,
Per Magne Ueland d, e, Leif Oltedal f, g, Vera Jane Erchinger f, Ketil Joachim Oedegaard b, c, f,
Jan Haavik a, b, c, Ute Kessler c, f, *

a Department of Biomedicine, University of Bergen, Bergen, Norway
b K.G. Jebsen Centre for Neuropsychiatric Disorders, University of Bergen, Bergen, Norway
c Division of Psychiatry, Haukeland University Hospital, Bergen, Norway
d Bevital AS, Bergen, Norway
e Laboratory Medicine and Pathology, Haukeland University Hospital, Bergen, Norway
f Department of Clinical Medicine, University of Bergen, Bergen, Norway
g Mohn Medical Imaging and Visualization Centre, Department of Radiology, Haukeland University Hospital, Bergen, Norway

a r t i c l e i n f o

Article history:
Received 8 January 2019
Received in revised form
9 May 2019
Accepted 28 May 2019
Available online 31 May 2019

Keywords:
ECT
Depression
Tryptophan
Kynurenine
Inflammation

a b s t r a c t

Background: Prior studies suggest that activation of the tryptophan catabolism via the kynurenine
pathway by proinflammatory cytokines may be involved in the pathophysiology of depression. Elec-
troconvulsive therapy (ECT) is an effective treatment for major depression (MD) with immunomodula-
tion as one of the proposed modes of action.
Objective: The aim of this study was to investigate serum concentrations of tryptophan and kynurenine
pathway metabolites in MD patients and healthy controls, and to explore the effect of ECT on compo-
nents of the kynurenine pathway.
Methods: The study included 27 moderately to severely depressed patients referred to ECT. Blood
samples were collected prior to treatment and after the completed ECT-series. Baseline samples were
also collected from 14 healthy, age- and sex-matched controls. Serum concentrations of tryptophan,
kynurenine, 3-hydroxykynurenine (HK), kynurenic acid (KA), xanthurenic acid (XA), anthranilic acid
(AA), 3-hydroxyanthranilic acid (HAA), quinolinic acid (QA), picolinic acid (Pic), pyridoxal 50-phosphat
(PLP), riboflavin, neopterin and cotinine were measured.
Results: Patients with MD had lower levels of neuroprotective kynurenine-pathway metabolites (KA, XA
and Pic) and lower metabolite ratios (KA/Kyn and KA/QA) reflecting reduced neuroprotection compared
to controls. The concentration of the inflammatory marker neopterin was increased after ECT, along with
Pic and the redox active and immunosuppressive metabolite HAA.
Conclusion: In this pilot study, we found increased concentrations of inflammatory marker neopterin and
putative neuroprotective kynurenine metabolites HAA and Pic in MD patients after ECT. Further research
in larger cohorts is required to conclude whether ECT exerts its therapeutic effects via changes in the
kynurenine pathway.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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is complex and not fully understood [2]. However, it has been
shown that MD often is associated with increased levels of pro-
inflammatory cytokines, suggestive of a mild to moderate im-
mune and inflammation activation [3,4].

The kynurenine pathway of tryptophan metabolism [5] (Fig. 1)
has been proposed as a link between inflammatory processes and
depressive symptoms [6,7]. The essential amino acid tryptophan
is mainly (90%) metabolised to kynurenine (Kyn) and a small
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Background:Priorstudiessuggestthatactivationofthetryptophancatabolismviathekynurenine
pathwaybyproinflammatorycytokinesmaybeinvolvedinthepathophysiologyofdepression.Elec-
troconvulsivetherapy(ECT)isaneffectivetreatmentformajordepression(MD)withimmunomodula-
tionasoneoftheproposedmodesofaction.
Objective:Theaimofthisstudywastoinvestigateserumconcentrationsoftryptophanandkynurenine
pathwaymetabolitesinMDpatientsandhealthycontrols,andtoexploretheeffectofECToncompo-
nentsofthekynureninepathway.
Methods:Thestudyincluded27moderatelytoseverelydepressedpatientsreferredtoECT.Blood
sampleswerecollectedpriortotreatmentandafterthecompletedECT-series.Baselinesampleswere
alsocollectedfrom14healthy,age-andsex-matchedcontrols.Serumconcentrationsoftryptophan,
kynurenine,3-hydroxykynurenine(HK),kynurenicacid(KA),xanthurenicacid(XA),anthranilicacid
(AA),3-hydroxyanthranilicacid(HAA),quinolinicacid(QA),picolinicacid(Pic),pyridoxal50-phosphat
(PLP),riboflavin,neopterinandcotinineweremeasured.
Results:PatientswithMDhadlowerlevelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)andlowermetaboliteratios(KA/KynandKA/QA)reflectingreducedneuroprotectioncompared
tocontrols.TheconcentrationoftheinflammatorymarkerneopterinwasincreasedafterECT,alongwith
PicandtheredoxactiveandimmunosuppressivemetaboliteHAA.
Conclusion:Inthispilotstudy,wefoundincreasedconcentrationsofinflammatorymarkerneopterinand
putativeneuroprotectivekynureninemetabolitesHAAandPicinMDpatientsafterECT.Furtherresearch
inlargercohortsisrequiredtoconcludewhetherECTexertsitstherapeuticeffectsviachangesinthe
kynureninepathway.
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portion serves as precursor of serotonin. Conversion of trypto-
phan to kynurenine is regulated by tryptophan 2,3-dioxygenase
(TDO) and indole 2,3-dioxygenase (IDO). The activity of IDO is
stimulated by proinflammatory cytokines, especially interferon
gamma (INF-g), but also tumor necrosis factor alpha (TNF-a) and
interleukin-6, whereas TDO is activated mainly by cortisol [8].
Through activation of IDO, inflammation leads to enhanced
catabolism of tryptophan via the kynurenine pathway. The
kynurenine to tryptophan ratio (KTR) functions as a proxy mea-
sure of INF-g mediated activation of cellular immunity and this
ratio has been shown to correlate positively with the concentra-
tion of other immune markers, like neopterin an established
marker of cellular immune activation [9]. However, while con-
version of tryptophan towards kynurenine is induced by both IFN-
g, through up-regulation of IDO, and by TDO, formation of neo-
pterin is induced by IFN-g only. Thus, circulating concentrations
of neopterin are considered more specific to immune
activation than is KTR. Kyn is metabolised further by the enzyme
kynurenine aminotransferase (KAT) to kynurenic acid (KA), an N-
methyl-D-aspartate receptor (NMDAr) antagonist and neuro-
protective agent [8], or by kynurenine 3-monooxygenase (KMO)
to 3-hydroxykynurenine (HK). HK is then metabolised through 3-
hydroxyanthranilic acid (HAA) to either picolinic acid (Pic) or
quinolinic acid (QA). Both HK and the NMDAr agonist QA are
thought to exert neurotoxic effects [8]. Like IDO, KMO is activated
by proinflammatory cytokines, directing metabolism through the
neurotoxic branch of the kynurenine pathway and thus disrupting
the balance between neuroprotective KA and the neurotoxic
metabolites HK and QA [8,10]. Several steps in the kynurenine
pathway are dependent on the coenzymes pyridoxal 50-phosphate
(PLP), the active form of vitamin B6, and flavine adenine dinu-
cleotide (FAD), the active form of riboflavin (vitamin B2) [11]
(Fig. 1). The serum level of these vitamins is affected by smoking
[12]. Cotinine, a metabolite of nicotine, is a commonly used serum
marker of recent nicotine exposure [13].

The status of the kynurenine pathway can be described by a set
of ratios starting with KTR as a marker of the first and rate-limiting
step catalysed by INF-g-responsive enzyme, IDO. The direction of
the Kyn breakdown and the flux through the downstream enzymes,
KAT and KMO, are reflected by KA/Kyn and HK/Kyn, while KA/HK
and KA/QA reflect the balance between the two main branches of
the pathway [14]. Several studies have shown that MD patients
have significantly lower plasma concentration of KA and lower KA/
KYN and KA/QA than healthy controls, indicating altered balance in
favour of neurotoxic metabolites [6,14e17]. The ratio XA/HK is a
useful marker for vitamin B6 [18], an important coenzyme in
several steps in the kynurenine pathway. Finally, the enzyme
aminocarboxymuconate semialdehyde decarboxylase (ACMSD)
limits QA formation by competitive production of the putative
neuroprotective metabolite Pic. It has been suggested that QA
might induce suicidal symptoms by affecting glutamate neuro-
transmission [19]. Furthermore, a study assessing the CFS and
plasma Pic to QA ratio in suicide attempters supported the hy-
pothesis that a reduced ACMSD activity underlies excess of
neurotoxic QA production observed in patients exhibiting suicidal
behavior [20]. The ratio of Pic and QA (Pic/QA) can be used as an
estimate of ACMSD activity.

Electroconvulsive therapy (ECT) is considered the most effective
treatment option for severe or treatment resistant MD [21]. It has
been suggested that ECT may act by modulating immunological
mechanisms [22e24]. Studies on how ECT impacts the immune
system have indicated that a single session of ECT might induce an
acute activation of immune response [25e27], while repetitive ECT
treatment can down-regulate proinflammatory markers [27e29].
Through this immunomodulating effect, ECT might also affect the
tryptophan metabolism [24]. Studies suggest that ECT in MD pa-
tients might shift the tryptophan metabolism towards metabolites
with neuroprotective properties, with increase in KA and KA/HK
[22] and decrease in QA after treatment with ECT [16]. However,
other studies found no significant changes in KA [30] or in KYN, KA
and KA/KYN [17].

Fig. 1. The kynurenine pathway of tryptophan metabolism.
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portionservesasprecursorofserotonin.Conversionoftrypto-
phantokynurenineisregulatedbytryptophan2,3-dioxygenase
(TDO)andindole2,3-dioxygenase(IDO).TheactivityofIDOis
stimulatedbyproinflammatorycytokines,especiallyinterferon
gamma(INF-g),butalsotumornecrosisfactoralpha(TNF-a)and
interleukin-6,whereasTDOisactivatedmainlybycortisol[8].
ThroughactivationofIDO,inflammationleadstoenhanced
catabolismoftryptophanviathekynureninepathway.The
kynureninetotryptophanratio(KTR)functionsasaproxymea-
sureofINF-gmediatedactivationofcellularimmunityandthis
ratiohasbeenshowntocorrelatepositivelywiththeconcentra-
tionofotherimmunemarkers,likeneopterinanestablished
markerofcellularimmuneactivation[9].However,whilecon-
versionoftryptophantowardskynurenineisinducedbybothIFN-
g,throughup-regulationofIDO,andbyTDO,formationofneo-
pterinisinducedbyIFN-gonly.Thus,circulatingconcentrations
ofneopterinareconsideredmorespecifictoimmune
activationthanisKTR.Kynismetabolisedfurtherbytheenzyme
kynurenineaminotransferase(KAT)tokynurenicacid(KA),anN-
methyl-D-aspartatereceptor(NMDAr)antagonistandneuro-
protectiveagent[8],orbykynurenine3-monooxygenase(KMO)
to3-hydroxykynurenine(HK).HKisthenmetabolisedthrough3-
hydroxyanthranilicacid(HAA)toeitherpicolinicacid(Pic)or
quinolinicacid(QA).BothHKandtheNMDAragonistQAare
thoughttoexertneurotoxiceffects[8].LikeIDO,KMOisactivated
byproinflammatorycytokines,directingmetabolismthroughthe
neurotoxicbranchofthekynureninepathwayandthusdisrupting
thebalancebetweenneuroprotectiveKAandtheneurotoxic
metabolitesHKandQA[8,10].Severalstepsinthekynurenine
pathwayaredependentonthecoenzymespyridoxal50-phosphate
(PLP),theactiveformofvitaminB6,andflavineadeninedinu-
cleotide(FAD),theactiveformofriboflavin(vitaminB2)[11]
(Fig.1).Theserumlevelofthesevitaminsisaffectedbysmoking
[12].Cotinine,ametaboliteofnicotine,isacommonlyusedserum
markerofrecentnicotineexposure[13].

Thestatusofthekynureninepathwaycanbedescribedbyaset
ofratiosstartingwithKTRasamarkerofthefirstandrate-limiting
stepcatalysedbyINF-g-responsiveenzyme,IDO.Thedirectionof
theKynbreakdownandthefluxthroughthedownstreamenzymes,
KATandKMO,arereflectedbyKA/KynandHK/Kyn,whileKA/HK
andKA/QAreflectthebalancebetweenthetwomainbranchesof
thepathway[14].SeveralstudieshaveshownthatMDpatients
havesignificantlylowerplasmaconcentrationofKAandlowerKA/
KYNandKA/QAthanhealthycontrols,indicatingalteredbalancein
favourofneurotoxicmetabolites[6,14e17].TheratioXA/HKisa
usefulmarkerforvitaminB6[18],animportantcoenzymein
severalstepsinthekynureninepathway.Finally,theenzyme
aminocarboxymuconatesemialdehydedecarboxylase(ACMSD)
limitsQAformationbycompetitiveproductionoftheputative
neuroprotectivemetabolitePic.IthasbeensuggestedthatQA
mightinducesuicidalsymptomsbyaffectingglutamateneuro-
transmission[19].Furthermore,astudyassessingtheCFSand
plasmaPictoQAratioinsuicideattempterssupportedthehy-
pothesisthatareducedACMSDactivityunderliesexcessof
neurotoxicQAproductionobservedinpatientsexhibitingsuicidal
behavior[20].TheratioofPicandQA(Pic/QA)canbeusedasan
estimateofACMSDactivity.

Electroconvulsivetherapy(ECT)isconsideredthemosteffective
treatmentoptionforsevereortreatmentresistantMD[21].Ithas
beensuggestedthatECTmayactbymodulatingimmunological
mechanisms[22e24].StudiesonhowECTimpactstheimmune
systemhaveindicatedthatasinglesessionofECTmightinducean
acuteactivationofimmuneresponse[25e27],whilerepetitiveECT
treatmentcandown-regulateproinflammatorymarkers[27e29].
Throughthisimmunomodulatingeffect,ECTmightalsoaffectthe
tryptophanmetabolism[24].StudiessuggestthatECTinMDpa-
tientsmightshiftthetryptophanmetabolismtowardsmetabolites
withneuroprotectiveproperties,withincreaseinKAandKA/HK
[22]anddecreaseinQAaftertreatmentwithECT[16].However,
otherstudiesfoundnosignificantchangesinKA[30]orinKYN,KA
andKA/KYN[17].
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(Fig. 1). The serum level of these vitamins is affected by smoking
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marker of recent nicotine exposure [13].
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thebalancebetweenneuroprotectiveKAandtheneurotoxic
metabolitesHKandQA[8,10].Severalstepsinthekynurenine
pathwayaredependentonthecoenzymespyridoxal50-phosphate
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The aim of this study was to investigate serum concentrations of
tryptophan and a large panel of kynurenine pathwaymetabolites in
MD patients referred to ECT in comparison with healthy controls
and to explore the effect of ECT on the kynurenine pathway over a
whole course of ECT.

Material and methods

Study design

In this prospective, observational study we collected blood
samples and assessed the severity of depressive symptoms inmajor
depression patients before and after a series of ECT. Additionally,
the study included a group of age- and sex-matched healthy con-
trols that contributed with the same baseline data. The study
protocol has previously been reported in detail [31].

Ethical considerations

The study was approved by the Regional Committee for Medical
Research Ethics in South East Norway (2013/1032). All participants
provided informed written consent to participate in the study.

Participants

Between September 2013 and November 2016, 30 patients and
14 age- and sex-matched healthy controls fromHordaland, Norway,
were included into the study. Patients (age> 18) were referred to
and accepted for ECT because of a moderate to severe uni- or bi-
polar depressive episode with or without psychotic symptoms. The
diagnosis was established by the treating clinician based on a
clinical interview and information from medical records on
symptoms, course of illness, family history, and past treatment. The
following criteria were used for exclusion of patients: ECT within
the last 12 months and moderate kidney failure (serum creati-
nine> 120 mmol/L). Data on clinical characteristics were recorded
alongwithmedication use both before and after treatment. Healthy
controls were recruited by advertisement distributed in Bergen, in
Hordaland, Norway. Only those that had no current somatic dis-
ease, no use of medication except hormonal birth control agents,
and no history of psychiatric disorder were included. The healthy
controls underwent the same baseline investigations as the ECT
patient group, but did not receive ECT or anaesthesia.

ECT treatment

All patients received the standard ECT treatment as it is provided
at the ECT-department at the Haukeland University Hospital in
Bergen, Norway, administered with right unilateral electrode
placement and a Thymatron System IV device (Somatics Inc., Venice,
FL, USA), providing brief- or ultra-brief-pulse (0.25e0.5ms), square
wave, constant current (900mA). Anaesthesiawas obtainedwith the
short acting anaesthetic thiopental. Muscle relaxation was obtained
with succinylcholine (1mg/kg). Three sessions per week were given
until remission or until no further improvement of symptoms was
expected, with a maximum of 20 sessions. The initial stimulus dose
was determined based on age, and subsequent adjustments were
made after each treatment based on electroencephalographic pa-
rameters such as seizure duration, d-waves and postictal suppres-
sion, as well as reorientation time and clinical effect.

Assessments

Symptom intensity was measured with Montgomery and
Åsberg Depression Rating Scale (MADRS) [32] by the treating

clinician before and after completed ECT-series. Response was
defined as a reduction of more than 50% in MADRS score over the
treatment series, and remission as a MADRS score lower than 10
after ECT.

Blood samples

Venous blood samples were collected after at least 8 h of
fasting at two time points for each patient: prior to treatment and
one to two weeks after the completed ECT-series (median¼ 10 days,
interquartile range¼ 6 days). For controls, samples were collected at
baseline. The sampleswere centrifuged and the serum separated and
stored at "80 #C until analysis. Serum concentrations of tryptophan
and eight metabolites kynurenine (Kyn), 3-hydroxykynurenine (HK),
kynurenic acid (KA), xanthurenic acid (XA), anthranilic acid (AA), 3-
hydroxyanthranilic acid (HAA), quinolinic acid (QA) and picolinic
acid (Pic), as well as riboflavin (vitamin B2) and pyridoxal 50-phos-
phat (PLP, vitamin B6), inflammatory marker neopterin and the
nicotine metabolite cotinine were measured by Bevital (www.
bevital.no) using liquid chromatography-tandem mass spectrom-
etry [33]. QA and Pic, as well as isotope labelled internal standards
2H3-QA and 2H4-Pic, were added to the published assay [34] by
including the ion pairs 168.0/78.9, 124.2/78.0, 171.0/81.0, and 128.2/
82.0, respectively. Within-day and between-day CVs were 4e7% for
QA and Pic, precision data for the other biomarkers analysed by this
assay can be found in previous publication [34]. The renal function
marker creatinine was also measured at baseline for evaluation of
renal function [34].

Statistical analyses

Statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS) version 23.0 (IBM Corp., Armonk, New
York) and RStudio version 1.1.383 [35] with core package stats and
additional packages Tidyverse and ggsignif. Baseline clinical data for
controls and patients were compared using chi-square test for cat-
egorical variables andMann-WhitneyU test for continuous variables.
Baseline biochemical datawere compared using linear regression for
log-transformed variables both unadjusted and adjusted for smoking
using log-transformed levels of cotinine. Changes in patients' serum
concentrations from before to after treatment were analysed using
Wilcoxon paired test. The same analyses were also performed for
patients divided in subgroups based on ECT response and remission.

Results

Demographics and clinical characteristics

Out of the 30 patients recruited, three were excluded - one due
to missing baseline blood sample and two due to high serum
creatinine values (>120 mmol/L). The 27 remaining patients (15
female and 12 male) had a median age of 46.0 years while the 14
controls (8 female and 6 male (p¼ 1.00)) had a median age of 42.5
(p¼ 0.57). There were 5 (36%) smokers in the control group and 14
(52%) among the patients (p¼ 0.51). There was a significant dif-
ference in depression symptom load as measured with MADRS,
with a median score of 1.0 for the controls and 34.0 for the patients
(p< 0.001). Details on clinical characteristics and medication for
patients are given in Table 1.

ECT treatment variables and symptom severity before and after
treatment

Anaesthesia was given with a median of 3.88 (IQR¼ 1.88) mg
thiopental per kg body weight. ECT was delivered with a median
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storedat"80#Cuntilanalysis.Serumconcentrationsoftryptophan
andeightmetaboliteskynurenine(Kyn),3-hydroxykynurenine(HK),
kynurenicacid(KA),xanthurenicacid(XA),anthranilicacid(AA),3-
hydroxyanthranilicacid(HAA),quinolinicacid(QA)andpicolinic
acid(Pic),aswellasriboflavin(vitaminB2)andpyridoxal50-phos-
phat(PLP,vitaminB6),inflammatorymarkerneopterinandthe
nicotinemetabolitecotinineweremeasuredbyBevital(www.
bevital.no)usingliquidchromatography-tandemmassspectrom-
etry[33].QAandPic,aswellasisotopelabelledinternalstandards
2H3-QAand2H4-Pic,wereaddedtothepublishedassay[34]by
includingtheionpairs168.0/78.9,124.2/78.0,171.0/81.0,and128.2/
82.0,respectively.Within-dayandbetween-dayCVswere4e7%for
QAandPic,precisiondatafortheotherbiomarkersanalysedbythis
assaycanbefoundinpreviouspublication[34].Therenalfunction
markercreatininewasalsomeasuredatbaselineforevaluationof
renalfunction[34].

Statisticalanalyses

StatisticalanalyseswereperformedusingtheStatisticalPackage
fortheSocialSciences(SPSS)version23.0(IBMCorp.,Armonk,New
York)andRStudioversion1.1.383[35]withcorepackagestatsand
additionalpackagesTidyverseandggsignif.Baselineclinicaldatafor
controlsandpatientswerecomparedusingchi-squaretestforcat-
egoricalvariablesandMann-WhitneyUtestforcontinuousvariables.
Baselinebiochemicaldatawerecomparedusinglinearregressionfor
log-transformedvariablesbothunadjustedandadjustedforsmoking
usinglog-transformedlevelsofcotinine.Changesinpatients'serum
concentrationsfrombeforetoaftertreatmentwereanalysedusing
Wilcoxonpairedtest.Thesameanalyseswerealsoperformedfor
patientsdividedinsubgroupsbasedonECTresponseandremission.

Results

Demographicsandclinicalcharacteristics

Outofthe30patientsrecruited,threewereexcluded-onedue
tomissingbaselinebloodsampleandtwoduetohighserum
creatininevalues(>120mmol/L).The27remainingpatients(15
femaleand12male)hadamedianageof46.0yearswhilethe14
controls(8femaleand6male(p¼1.00))hadamedianageof42.5
(p¼0.57).Therewere5(36%)smokersinthecontrolgroupand14
(52%)amongthepatients(p¼0.51).Therewasasignificantdif-
ferenceindepressionsymptomloadasmeasuredwithMADRS,
withamedianscoreof1.0forthecontrolsand34.0forthepatients
(p<0.001).Detailsonclinicalcharacteristicsandmedicationfor
patientsaregiveninTable1.

ECTtreatmentvariablesandsymptomseveritybeforeandafter
treatment

Anaesthesiawasgivenwithamedianof3.88(IQR¼1.88)mg
thiopentalperkgbodyweight.ECTwasdeliveredwithamedian
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The aim of this study was to investigate serum concentrations of
tryptophan and a large panel of kynurenine pathwaymetabolites in
MD patients referred to ECT in comparison with healthy controls
and to explore the effect of ECT on the kynurenine pathway over a
whole course of ECT.

Material and methods

Study design

In this prospective, observational study we collected blood
samples and assessed the severity of depressive symptoms inmajor
depression patients before and after a series of ECT. Additionally,
the study included a group of age- and sex-matched healthy con-
trols that contributed with the same baseline data. The study
protocol has previously been reported in detail [31].

Ethical considerations

The study was approved by the Regional Committee for Medical
Research Ethics in South East Norway (2013/1032). All participants
provided informed written consent to participate in the study.

Participants

Between September 2013 and November 2016, 30 patients and
14 age- and sex-matched healthy controls fromHordaland, Norway,
were included into the study. Patients (age> 18) were referred to
and accepted for ECT because of a moderate to severe uni- or bi-
polar depressive episode with or without psychotic symptoms. The
diagnosis was established by the treating clinician based on a
clinical interview and information from medical records on
symptoms, course of illness, family history, and past treatment. The
following criteria were used for exclusion of patients: ECT within
the last 12 months and moderate kidney failure (serum creati-
nine> 120 mmol/L). Data on clinical characteristics were recorded
alongwithmedication use both before and after treatment. Healthy
controls were recruited by advertisement distributed in Bergen, in
Hordaland, Norway. Only those that had no current somatic dis-
ease, no use of medication except hormonal birth control agents,
and no history of psychiatric disorder were included. The healthy
controls underwent the same baseline investigations as the ECT
patient group, but did not receive ECT or anaesthesia.

ECT treatment

All patients received the standard ECT treatment as it is provided
at the ECT-department at the Haukeland University Hospital in
Bergen, Norway, administered with right unilateral electrode
placement and a Thymatron System IV device (Somatics Inc., Venice,
FL, USA), providing brief- or ultra-brief-pulse (0.25e0.5ms), square
wave, constant current (900mA). Anaesthesiawas obtainedwith the
short acting anaesthetic thiopental. Muscle relaxation was obtained
with succinylcholine (1mg/kg). Three sessions per week were given
until remission or until no further improvement of symptoms was
expected, with a maximum of 20 sessions. The initial stimulus dose
was determined based on age, and subsequent adjustments were
made after each treatment based on electroencephalographic pa-
rameters such as seizure duration, d-waves and postictal suppres-
sion, as well as reorientation time and clinical effect.

Assessments

Symptom intensity was measured with Montgomery and
Åsberg Depression Rating Scale (MADRS) [32] by the treating

clinician before and after completed ECT-series. Response was
defined as a reduction of more than 50% in MADRS score over the
treatment series, and remission as a MADRS score lower than 10
after ECT.

Blood samples

Venous blood samples were collected after at least 8 h of
fasting at two time points for each patient: prior to treatment and
one to two weeks after the completed ECT-series (median¼ 10 days,
interquartile range¼ 6 days). For controls, samples were collected at
baseline. The sampleswere centrifuged and the serum separated and
stored at "80 #C until analysis. Serum concentrations of tryptophan
and eight metabolites kynurenine (Kyn), 3-hydroxykynurenine (HK),
kynurenic acid (KA), xanthurenic acid (XA), anthranilic acid (AA), 3-
hydroxyanthranilic acid (HAA), quinolinic acid (QA) and picolinic
acid (Pic), as well as riboflavin (vitamin B2) and pyridoxal 50-phos-
phat (PLP, vitamin B6), inflammatory marker neopterin and the
nicotine metabolite cotinine were measured by Bevital (www.
bevital.no) using liquid chromatography-tandem mass spectrom-
etry [33]. QA and Pic, as well as isotope labelled internal standards
2H3-QA and 2H4-Pic, were added to the published assay [34] by
including the ion pairs 168.0/78.9, 124.2/78.0, 171.0/81.0, and 128.2/
82.0, respectively. Within-day and between-day CVs were 4e7% for
QA and Pic, precision data for the other biomarkers analysed by this
assay can be found in previous publication [34]. The renal function
marker creatinine was also measured at baseline for evaluation of
renal function [34].

Statistical analyses

Statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS) version 23.0 (IBM Corp., Armonk, New
York) and RStudio version 1.1.383 [35] with core package stats and
additional packages Tidyverse and ggsignif. Baseline clinical data for
controls and patients were compared using chi-square test for cat-
egorical variables andMann-WhitneyU test for continuous variables.
Baseline biochemical datawere compared using linear regression for
log-transformed variables both unadjusted and adjusted for smoking
using log-transformed levels of cotinine. Changes in patients' serum
concentrations from before to after treatment were analysed using
Wilcoxon paired test. The same analyses were also performed for
patients divided in subgroups based on ECT response and remission.

Results

Demographics and clinical characteristics

Out of the 30 patients recruited, three were excluded - one due
to missing baseline blood sample and two due to high serum
creatinine values (>120 mmol/L). The 27 remaining patients (15
female and 12 male) had a median age of 46.0 years while the 14
controls (8 female and 6 male (p¼ 1.00)) had a median age of 42.5
(p¼ 0.57). There were 5 (36%) smokers in the control group and 14
(52%) among the patients (p¼ 0.51). There was a significant dif-
ference in depression symptom load as measured with MADRS,
with a median score of 1.0 for the controls and 34.0 for the patients
(p< 0.001). Details on clinical characteristics and medication for
patients are given in Table 1.

ECT treatment variables and symptom severity before and after
treatment

Anaesthesia was given with a median of 3.88 (IQR¼ 1.88) mg
thiopental per kg body weight. ECT was delivered with a median
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andnohistoryofpsychiatricdisorderwereincluded.Thehealthy
controlsunderwentthesamebaselineinvestigationsastheECT
patientgroup,butdidnotreceiveECToranaesthesia.

ECTtreatment

AllpatientsreceivedthestandardECTtreatmentasitisprovided
attheECT-departmentattheHaukelandUniversityHospitalin
Bergen,Norway,administeredwithrightunilateralelectrode
placementandaThymatronSystemIVdevice(SomaticsInc.,Venice,
FL,USA),providingbrief-orultra-brief-pulse(0.25e0.5ms),square
wave,constantcurrent(900mA).Anaesthesiawasobtainedwiththe
shortactinganaestheticthiopental.Musclerelaxationwasobtained
withsuccinylcholine(1mg/kg).Threesessionsperweekweregiven
untilremissionoruntilnofurtherimprovementofsymptomswas
expected,withamaximumof20sessions.Theinitialstimulusdose
wasdeterminedbasedonage,andsubsequentadjustmentswere
madeaftereachtreatmentbasedonelectroencephalographicpa-
rameterssuchasseizureduration,d-wavesandpostictalsuppres-
sion,aswellasreorientationtimeandclinicaleffect.

Assessments

SymptomintensitywasmeasuredwithMontgomeryand
ÅsbergDepressionRatingScale(MADRS)[32]bythetreating

clinicianbeforeandaftercompletedECT-series.Responsewas
definedasareductionofmorethan50%inMADRSscoreoverthe
treatmentseries,andremissionasaMADRSscorelowerthan10
afterECT.

Bloodsamples

Venousbloodsampleswerecollectedafteratleast8hof
fastingattwotimepointsforeachpatient:priortotreatmentand
onetotwoweeksafterthecompletedECT-series(median¼10days,
interquartilerange¼6days).Forcontrols,sampleswerecollectedat
baseline.Thesampleswerecentrifugedandtheserumseparatedand
storedat"80#Cuntilanalysis.Serumconcentrationsoftryptophan
andeightmetaboliteskynurenine(Kyn),3-hydroxykynurenine(HK),
kynurenicacid(KA),xanthurenicacid(XA),anthranilicacid(AA),3-
hydroxyanthranilicacid(HAA),quinolinicacid(QA)andpicolinic
acid(Pic),aswellasriboflavin(vitaminB2)andpyridoxal50-phos-
phat(PLP,vitaminB6),inflammatorymarkerneopterinandthe
nicotinemetabolitecotinineweremeasuredbyBevital(www.
bevital.no)usingliquidchromatography-tandemmassspectrom-
etry[33].QAandPic,aswellasisotopelabelledinternalstandards
2H3-QAand2H4-Pic,wereaddedtothepublishedassay[34]by
includingtheionpairs168.0/78.9,124.2/78.0,171.0/81.0,and128.2/
82.0,respectively.Within-dayandbetween-dayCVswere4e7%for
QAandPic,precisiondatafortheotherbiomarkersanalysedbythis
assaycanbefoundinpreviouspublication[34].Therenalfunction
markercreatininewasalsomeasuredatbaselineforevaluationof
renalfunction[34].

Statisticalanalyses

StatisticalanalyseswereperformedusingtheStatisticalPackage
fortheSocialSciences(SPSS)version23.0(IBMCorp.,Armonk,New
York)andRStudioversion1.1.383[35]withcorepackagestatsand
additionalpackagesTidyverseandggsignif.Baselineclinicaldatafor
controlsandpatientswerecomparedusingchi-squaretestforcat-
egoricalvariablesandMann-WhitneyUtestforcontinuousvariables.
Baselinebiochemicaldatawerecomparedusinglinearregressionfor
log-transformedvariablesbothunadjustedandadjustedforsmoking
usinglog-transformedlevelsofcotinine.Changesinpatients'serum
concentrationsfrombeforetoaftertreatmentwereanalysedusing
Wilcoxonpairedtest.Thesameanalyseswerealsoperformedfor
patientsdividedinsubgroupsbasedonECTresponseandremission.

Results

Demographicsandclinicalcharacteristics

Outofthe30patientsrecruited,threewereexcluded-onedue
tomissingbaselinebloodsampleandtwoduetohighserum
creatininevalues(>120mmol/L).The27remainingpatients(15
femaleand12male)hadamedianageof46.0yearswhilethe14
controls(8femaleand6male(p¼1.00))hadamedianageof42.5
(p¼0.57).Therewere5(36%)smokersinthecontrolgroupand14
(52%)amongthepatients(p¼0.51).Therewasasignificantdif-
ferenceindepressionsymptomloadasmeasuredwithMADRS,
withamedianscoreof1.0forthecontrolsand34.0forthepatients
(p<0.001).Detailsonclinicalcharacteristicsandmedicationfor
patientsaregiveninTable1.

ECTtreatmentvariablesandsymptomseveritybeforeandafter
treatment

Anaesthesiawasgivenwithamedianof3.88(IQR¼1.88)mg
thiopentalperkgbodyweight.ECTwasdeliveredwithamedian

T.I.Aarslandetal./BrainStimulation12(2019)1135e11421137

Theaimofthisstudywastoinvestigateserumconcentrationsof
tryptophanandalargepanelofkynureninepathwaymetabolitesin
MDpatientsreferredtoECTincomparisonwithhealthycontrols
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charge of 237.8mC (IQR¼ 134) and the median seizure length was
recorded as 50.7 s (IQR¼ 16). The median MADRS score decreased
from 34 pre-treatment to 15 post-treatment. Twelve patients
responded to treatment (57.1%), whereas remission occurred in
eight patients (38.1%). While the number of treatments did not
differ between the 12 responders and 9 non-responders (10.3 and
12.1, respectively), there was a significant difference in the number
of treatments between the 8 remitters and the 13 non-remitters
(8.3 and 12.8, respectively, p¼ 0.008).

Tryptophan metabolites in patients and controls

The comparison of serum concentrations of tryptophan and
metabolites for patients and the age and gender matched healthy
controls are given in Table 2. In the unadjusted analyses, patients

had significantly lower concentrations of KA, XA and Pic, as well as
lower KA/Kyn, KA/QA, XA/HK and Pic/QA, while there were no
statistical differences in measures of Trp, Kyn, HK, AA, HAA and QA
or KTR between the groups. Adjusted for cotinine, KTR was higher
while XA, KA/Kyn, KA/QA, XA/HK and Pic/QA were lower in the
patient group compared to controls.

Changes in tryptophan metabolites in MDD patients after ECT

Post-treatment blood samples were available for 21 patients, of
whom 12 responded to ECT while 9 did not. Wilcoxon analyses
showed significant increase of HAA (p¼ 0.028), Pic (p¼ 0.013), Pic/
QA (p¼ 0,018) and neopterin (p< 0.001) (Fig. 2, Supplementary
Table 1). With patients divided in subgroups based on treatment
response, there was significant increase in HK and Pic among

Table 1
Clinical characteristics and medication.

Total n (%)1/ Min. Max.

Median (IQR)2

Unipolar depression1 24 19 (79.2)
Bipolar depression1 24 5 (20.8)
Age at inclusion2 27 46 (21.0) 22 65
Age at debut of depressive symptoms2 26 20 (11.8) 10 60
Years since debut2 26 19.5 (25.3) 1 42
Number of depressive episodes2 20 3 (3.25) 1 50
Length in weeks of current depressive episode2 24 39 (44.2) 3 156
Psychotic symptoms in current depressive episode1 26 4 (15.4)
Previous ECT treatment1 26 2 (7.69)
No medication1 27 0 (0.00)
Only litium1 27 1 (3.70)
Only quetiapin1 27 2 (7.40)
Two or more medications1 27 24 (88.8)

Only patients were included (n¼ 27). Medication refers to the use of antidepressants, mood stabilisers and/or antipsychotics.Abbreviations: IQR, interquartile range.

Table 2
Baseline concentrations and ratios or tryptophan metabolite and related metabolites in MDD patients compared to healthy controls.

Baseline values Linear regression

Control Patient Unadjusted Adjusted for

(n¼ 14) (n¼ 27) cotinine

Median (IQR) Median (IQR) Estimate p-value Estimate p-value

Trp, mmol/L 77.2 (9.45) 75.2 (10.3) "0.07 0.18 "0.09 0.11
Kyn, mmol/L 1.39 (0.47) 1.53 (0.42) 0.01 0.87 0.04 0.54
KA, nmol/L 45.3 (12.8) 37.4 (18.1) "0.21 0.04 "0.16 0.11
HK, nmol/L 37.8 (7.77) 37.3 (13.3) "0.07 0.46 "0.02 0.79
XA, nmol/L 15.9 (4.83) 10.2 (6.80) "0.47 0.00 "0.44 0.00
AA, nmol/L 19.2 (9.15) 15.6 (6.75) "0.11 0.26 "0.10 0.32
HAA, nmol/L 38.0 (13.6) 29.2 (12.6) "0.20 0.10 "0.17 0.17
QA, nmol/L 318 (114) 329 (155) 0.09 0.38 0.14 0.15
Pic, nmol/L 32.9 (13.7) 25.2 (14.0) "0.29 0.01 "0.28 0.02
KTR, ratioa 18.1 (4.07) 20.1 (5.62) 0.08 0.18 0.13 0.02
KA/Kyn, ratioa 31.9 (2.87) 26.1 (8.01) "0.22 0.00 "0.20 0.00
KA/HK, ratiob 12.6 (1.97) 10.0 (3.20) "0.14 0.16 "0.13 0.20
KA/QA, ratioc 15.2 (4.59) 10.9 (3.62) "0.30 0.00 "0.30 0.00
XA/HK, ratioc 45.6 (10.8) 28.5 (14.4) "0.40 0.01 "0.42 0.00
Pic/QA, ratioa 106 (37.3) 73.5 (31.3) "0.38 0.00 "0.42 0.00
PLP, nmol/L 63.5 (14.4) 49.1 (34.9) "0.19 0.21 "0.17 0.27
Riboflavin, nmol/L 11.9 (4.13) 14.6 (5.80) 0.07 0.54 0.13 0.23
Creatinine, mmol/L 71.8 (10.7) 73.8 (18.7) 0.04 0.42 0.06 0.25
Neopterin, nmol/L 14.3 (7.10) 17.7 (9.30) 0.23 0.07 0.29 0.02
Cotinine, nmol/L 0.49 (250) 298 (1120) 1.51 0.16

Estimates and p-values from linear regression for log-transformed variables with and without adjustment for log-transformed cotinine. p-values below significance threshold
0.05 are marked in bold. Abbreviations: Trp, tryptophan; Kyn, kynurenine; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-
hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; IQR, interquartile range. Ratios are multiplied by.

a 1000.
b 10 or.
c 100.
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chargeof237.8mC(IQR¼134)andthemedianseizurelengthwas
recordedas50.7s(IQR¼16).ThemedianMADRSscoredecreased
from34pre-treatmentto15post-treatment.Twelvepatients
respondedtotreatment(57.1%),whereasremissionoccurredin
eightpatients(38.1%).Whilethenumberoftreatmentsdidnot
differbetweenthe12respondersand9non-responders(10.3and
12.1,respectively),therewasasignificantdifferenceinthenumber
oftreatmentsbetweenthe8remittersandthe13non-remitters
(8.3and12.8,respectively,p¼0.008).

Tryptophanmetabolitesinpatientsandcontrols

Thecomparisonofserumconcentrationsoftryptophanand
metabolitesforpatientsandtheageandgendermatchedhealthy
controlsaregiveninTable2.Intheunadjustedanalyses,patients

hadsignificantlylowerconcentrationsofKA,XAandPic,aswellas
lowerKA/Kyn,KA/QA,XA/HKandPic/QA,whiletherewereno
statisticaldifferencesinmeasuresofTrp,Kyn,HK,AA,HAAandQA
orKTRbetweenthegroups.Adjustedforcotinine,KTRwashigher
whileXA,KA/Kyn,KA/QA,XA/HKandPic/QAwerelowerinthe
patientgroupcomparedtocontrols.

ChangesintryptophanmetabolitesinMDDpatientsafterECT

Post-treatmentbloodsampleswereavailablefor21patients,of
whom12respondedtoECTwhile9didnot.Wilcoxonanalyses
showedsignificantincreaseofHAA(p¼0.028),Pic(p¼0.013),Pic/
QA(p¼0,018)andneopterin(p<0.001)(Fig.2,Supplementary
Table1).Withpatientsdividedinsubgroupsbasedontreatment
response,therewassignificantincreaseinHKandPicamong

Table1
Clinicalcharacteristicsandmedication.

Totaln(%)1/Min.Max.

Median(IQR)2

Unipolardepression12419(79.2)
Bipolardepression1245(20.8)
Ageatinclusion22746(21.0)2265
Ageatdebutofdepressivesymptoms22620(11.8)1060
Yearssincedebut22619.5(25.3)142
Numberofdepressiveepisodes2203(3.25)150
Lengthinweeksofcurrentdepressiveepisode22439(44.2)3156
Psychoticsymptomsincurrentdepressiveepisode1264(15.4)
PreviousECTtreatment1262(7.69)
Nomedication1270(0.00)
Onlylitium1271(3.70)
Onlyquetiapin1272(7.40)
Twoormoremedications12724(88.8)

Onlypatientswereincluded(n¼27).Medicationreferstotheuseofantidepressants,moodstabilisersand/orantipsychotics.Abbreviations:IQR,interquartilerange.

Table2
BaselineconcentrationsandratiosortryptophanmetaboliteandrelatedmetabolitesinMDDpatientscomparedtohealthycontrols.

BaselinevaluesLinearregression

ControlPatientUnadjustedAdjustedfor

(n¼14)(n¼27)cotinine

Median(IQR)Median(IQR)Estimatep-valueEstimatep-value

Trp,mmol/L77.2(9.45)75.2(10.3)"0.070.18"0.090.11
Kyn,mmol/L1.39(0.47)1.53(0.42)0.010.870.040.54
KA,nmol/L45.3(12.8)37.4(18.1)"0.210.04"0.160.11
HK,nmol/L37.8(7.77)37.3(13.3)"0.070.46"0.020.79
XA,nmol/L15.9(4.83)10.2(6.80)"0.470.00"0.440.00
AA,nmol/L19.2(9.15)15.6(6.75)"0.110.26"0.100.32
HAA,nmol/L38.0(13.6)29.2(12.6)"0.200.10"0.170.17
QA,nmol/L318(114)329(155)0.090.380.140.15
Pic,nmol/L32.9(13.7)25.2(14.0)"0.290.01"0.280.02
KTR,ratioa18.1(4.07)20.1(5.62)0.080.180.130.02
KA/Kyn,ratioa31.9(2.87)26.1(8.01)"0.220.00"0.200.00
KA/HK,ratiob12.6(1.97)10.0(3.20)"0.140.16"0.130.20
KA/QA,ratioc15.2(4.59)10.9(3.62)"0.300.00"0.300.00
XA/HK,ratioc45.6(10.8)28.5(14.4)"0.400.01"0.420.00
Pic/QA,ratioa106(37.3)73.5(31.3)"0.380.00"0.420.00
PLP,nmol/L63.5(14.4)49.1(34.9)"0.190.21"0.170.27
Riboflavin,nmol/L11.9(4.13)14.6(5.80)0.070.540.130.23
Creatinine,mmol/L71.8(10.7)73.8(18.7)0.040.420.060.25
Neopterin,nmol/L14.3(7.10)17.7(9.30)0.230.070.290.02
Cotinine,nmol/L0.49(250)298(1120)1.510.16

Estimatesandp-valuesfromlinearregressionforlog-transformedvariableswithandwithoutadjustmentforlog-transformedcotinine.p-valuesbelowsignificancethreshold
0.05aremarkedinbold.Abbreviations:Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilicacid;HAA,3-
hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.

a1000.
b10or.
c100.

T.I.Aarslandetal./BrainStimulation12(2019)1135e1142 1138

chargeof237.8mC(IQR¼134)andthemedianseizurelengthwas
recordedas50.7s(IQR¼16).ThemedianMADRSscoredecreased
from34pre-treatmentto15post-treatment.Twelvepatients
respondedtotreatment(57.1%),whereasremissionoccurredin
eightpatients(38.1%).Whilethenumberoftreatmentsdidnot
differbetweenthe12respondersand9non-responders(10.3and
12.1,respectively),therewasasignificantdifferenceinthenumber
oftreatmentsbetweenthe8remittersandthe13non-remitters
(8.3and12.8,respectively,p¼0.008).

Tryptophanmetabolitesinpatientsandcontrols

Thecomparisonofserumconcentrationsoftryptophanand
metabolitesforpatientsandtheageandgendermatchedhealthy
controlsaregiveninTable2.Intheunadjustedanalyses,patients

hadsignificantlylowerconcentrationsofKA,XAandPic,aswellas
lowerKA/Kyn,KA/QA,XA/HKandPic/QA,whiletherewereno
statisticaldifferencesinmeasuresofTrp,Kyn,HK,AA,HAAandQA
orKTRbetweenthegroups.Adjustedforcotinine,KTRwashigher
whileXA,KA/Kyn,KA/QA,XA/HKandPic/QAwerelowerinthe
patientgroupcomparedtocontrols.

ChangesintryptophanmetabolitesinMDDpatientsafterECT

Post-treatmentbloodsampleswereavailablefor21patients,of
whom12respondedtoECTwhile9didnot.Wilcoxonanalyses
showedsignificantincreaseofHAA(p¼0.028),Pic(p¼0.013),Pic/
QA(p¼0,018)andneopterin(p<0.001)(Fig.2,Supplementary
Table1).Withpatientsdividedinsubgroupsbasedontreatment
response,therewassignificantincreaseinHKandPicamong

Table1
Clinicalcharacteristicsandmedication.

Totaln(%)1/Min.Max.

Median(IQR)2

Unipolardepression12419(79.2)
Bipolardepression1245(20.8)
Ageatinclusion22746(21.0)2265
Ageatdebutofdepressivesymptoms22620(11.8)1060
Yearssincedebut22619.5(25.3)142
Numberofdepressiveepisodes2203(3.25)150
Lengthinweeksofcurrentdepressiveepisode22439(44.2)3156
Psychoticsymptomsincurrentdepressiveepisode1264(15.4)
PreviousECTtreatment1262(7.69)
Nomedication1270(0.00)
Onlylitium1271(3.70)
Onlyquetiapin1272(7.40)
Twoormoremedications12724(88.8)

Onlypatientswereincluded(n¼27).Medicationreferstotheuseofantidepressants,moodstabilisersand/orantipsychotics.Abbreviations:IQR,interquartilerange.

Table2
BaselineconcentrationsandratiosortryptophanmetaboliteandrelatedmetabolitesinMDDpatientscomparedtohealthycontrols.

BaselinevaluesLinearregression

ControlPatientUnadjustedAdjustedfor

(n¼14)(n¼27)cotinine

Median(IQR)Median(IQR)Estimatep-valueEstimatep-value

Trp,mmol/L77.2(9.45)75.2(10.3)"0.070.18"0.090.11
Kyn,mmol/L1.39(0.47)1.53(0.42)0.010.870.040.54
KA,nmol/L45.3(12.8)37.4(18.1)"0.210.04"0.160.11
HK,nmol/L37.8(7.77)37.3(13.3)"0.070.46"0.020.79
XA,nmol/L15.9(4.83)10.2(6.80)"0.470.00"0.440.00
AA,nmol/L19.2(9.15)15.6(6.75)"0.110.26"0.100.32
HAA,nmol/L38.0(13.6)29.2(12.6)"0.200.10"0.170.17
QA,nmol/L318(114)329(155)0.090.380.140.15
Pic,nmol/L32.9(13.7)25.2(14.0)"0.290.01"0.280.02
KTR,ratioa18.1(4.07)20.1(5.62)0.080.180.130.02
KA/Kyn,ratioa31.9(2.87)26.1(8.01)"0.220.00"0.200.00
KA/HK,ratiob12.6(1.97)10.0(3.20)"0.140.16"0.130.20
KA/QA,ratioc15.2(4.59)10.9(3.62)"0.300.00"0.300.00
XA/HK,ratioc45.6(10.8)28.5(14.4)"0.400.01"0.420.00
Pic/QA,ratioa106(37.3)73.5(31.3)"0.380.00"0.420.00
PLP,nmol/L63.5(14.4)49.1(34.9)"0.190.21"0.170.27
Riboflavin,nmol/L11.9(4.13)14.6(5.80)0.070.540.130.23
Creatinine,mmol/L71.8(10.7)73.8(18.7)0.040.420.060.25
Neopterin,nmol/L14.3(7.10)17.7(9.30)0.230.070.290.02
Cotinine,nmol/L0.49(250)298(1120)1.510.16

Estimatesandp-valuesfromlinearregressionforlog-transformedvariableswithandwithoutadjustmentforlog-transformedcotinine.p-valuesbelowsignificancethreshold
0.05aremarkedinbold.Abbreviations:Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilicacid;HAA,3-
hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.

a1000.
b10or.
c100.
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charge of 237.8mC (IQR¼ 134) and the median seizure length was
recorded as 50.7 s (IQR¼ 16). The median MADRS score decreased
from 34 pre-treatment to 15 post-treatment. Twelve patients
responded to treatment (57.1%), whereas remission occurred in
eight patients (38.1%). While the number of treatments did not
differ between the 12 responders and 9 non-responders (10.3 and
12.1, respectively), there was a significant difference in the number
of treatments between the 8 remitters and the 13 non-remitters
(8.3 and 12.8, respectively, p¼ 0.008).

Tryptophan metabolites in patients and controls

The comparison of serum concentrations of tryptophan and
metabolites for patients and the age and gender matched healthy
controls are given in Table 2. In the unadjusted analyses, patients

had significantly lower concentrations of KA, XA and Pic, as well as
lower KA/Kyn, KA/QA, XA/HK and Pic/QA, while there were no
statistical differences in measures of Trp, Kyn, HK, AA, HAA and QA
or KTR between the groups. Adjusted for cotinine, KTR was higher
while XA, KA/Kyn, KA/QA, XA/HK and Pic/QA were lower in the
patient group compared to controls.

Changes in tryptophan metabolites in MDD patients after ECT

Post-treatment blood samples were available for 21 patients, of
whom 12 responded to ECT while 9 did not. Wilcoxon analyses
showed significant increase of HAA (p¼ 0.028), Pic (p¼ 0.013), Pic/
QA (p¼ 0,018) and neopterin (p< 0.001) (Fig. 2, Supplementary
Table 1). With patients divided in subgroups based on treatment
response, there was significant increase in HK and Pic among

Table 1
Clinical characteristics and medication.

Total n (%)1/ Min. Max.

Median (IQR)2

Unipolar depression1 24 19 (79.2)
Bipolar depression1 24 5 (20.8)
Age at inclusion2 27 46 (21.0) 22 65
Age at debut of depressive symptoms2 26 20 (11.8) 10 60
Years since debut2 26 19.5 (25.3) 1 42
Number of depressive episodes2 20 3 (3.25) 1 50
Length in weeks of current depressive episode2 24 39 (44.2) 3 156
Psychotic symptoms in current depressive episode1 26 4 (15.4)
Previous ECT treatment1 26 2 (7.69)
No medication1 27 0 (0.00)
Only litium1 27 1 (3.70)
Only quetiapin1 27 2 (7.40)
Two or more medications1 27 24 (88.8)

Only patients were included (n¼ 27). Medication refers to the use of antidepressants, mood stabilisers and/or antipsychotics.Abbreviations: IQR, interquartile range.

Table 2
Baseline concentrations and ratios or tryptophan metabolite and related metabolites in MDD patients compared to healthy controls.

Baseline values Linear regression

Control Patient Unadjusted Adjusted for

(n¼ 14) (n¼ 27) cotinine

Median (IQR) Median (IQR) Estimate p-value Estimate p-value

Trp, mmol/L 77.2 (9.45) 75.2 (10.3) "0.07 0.18 "0.09 0.11
Kyn, mmol/L 1.39 (0.47) 1.53 (0.42) 0.01 0.87 0.04 0.54
KA, nmol/L 45.3 (12.8) 37.4 (18.1) "0.21 0.04 "0.16 0.11
HK, nmol/L 37.8 (7.77) 37.3 (13.3) "0.07 0.46 "0.02 0.79
XA, nmol/L 15.9 (4.83) 10.2 (6.80) "0.47 0.00 "0.44 0.00
AA, nmol/L 19.2 (9.15) 15.6 (6.75) "0.11 0.26 "0.10 0.32
HAA, nmol/L 38.0 (13.6) 29.2 (12.6) "0.20 0.10 "0.17 0.17
QA, nmol/L 318 (114) 329 (155) 0.09 0.38 0.14 0.15
Pic, nmol/L 32.9 (13.7) 25.2 (14.0) "0.29 0.01 "0.28 0.02
KTR, ratioa 18.1 (4.07) 20.1 (5.62) 0.08 0.18 0.13 0.02
KA/Kyn, ratioa 31.9 (2.87) 26.1 (8.01) "0.22 0.00 "0.20 0.00
KA/HK, ratiob 12.6 (1.97) 10.0 (3.20) "0.14 0.16 "0.13 0.20
KA/QA, ratioc 15.2 (4.59) 10.9 (3.62) "0.30 0.00 "0.30 0.00
XA/HK, ratioc 45.6 (10.8) 28.5 (14.4) "0.40 0.01 "0.42 0.00
Pic/QA, ratioa 106 (37.3) 73.5 (31.3) "0.38 0.00 "0.42 0.00
PLP, nmol/L 63.5 (14.4) 49.1 (34.9) "0.19 0.21 "0.17 0.27
Riboflavin, nmol/L 11.9 (4.13) 14.6 (5.80) 0.07 0.54 0.13 0.23
Creatinine, mmol/L 71.8 (10.7) 73.8 (18.7) 0.04 0.42 0.06 0.25
Neopterin, nmol/L 14.3 (7.10) 17.7 (9.30) 0.23 0.07 0.29 0.02
Cotinine, nmol/L 0.49 (250) 298 (1120) 1.51 0.16

Estimates and p-values from linear regression for log-transformed variables with and without adjustment for log-transformed cotinine. p-values below significance threshold
0.05 are marked in bold. Abbreviations: Trp, tryptophan; Kyn, kynurenine; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-
hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; IQR, interquartile range. Ratios are multiplied by.

a 1000.
b 10 or.
c 100.

T.I. Aarsland et al. / Brain Stimulation 12 (2019) 1135e11421138

charge of 237.8mC (IQR¼ 134) and the median seizure length was
recorded as 50.7 s (IQR¼ 16). The median MADRS score decreased
from 34 pre-treatment to 15 post-treatment. Twelve patients
responded to treatment (57.1%), whereas remission occurred in
eight patients (38.1%). While the number of treatments did not
differ between the 12 responders and 9 non-responders (10.3 and
12.1, respectively), there was a significant difference in the number
of treatments between the 8 remitters and the 13 non-remitters
(8.3 and 12.8, respectively, p¼ 0.008).

Tryptophan metabolites in patients and controls

The comparison of serum concentrations of tryptophan and
metabolites for patients and the age and gender matched healthy
controls are given in Table 2. In the unadjusted analyses, patients

had significantly lower concentrations of KA, XA and Pic, as well as
lower KA/Kyn, KA/QA, XA/HK and Pic/QA, while there were no
statistical differences in measures of Trp, Kyn, HK, AA, HAA and QA
or KTR between the groups. Adjusted for cotinine, KTR was higher
while XA, KA/Kyn, KA/QA, XA/HK and Pic/QA were lower in the
patient group compared to controls.

Changes in tryptophan metabolites in MDD patients after ECT

Post-treatment blood samples were available for 21 patients, of
whom 12 responded to ECT while 9 did not. Wilcoxon analyses
showed significant increase of HAA (p¼ 0.028), Pic (p¼ 0.013), Pic/
QA (p¼ 0,018) and neopterin (p< 0.001) (Fig. 2, Supplementary
Table 1). With patients divided in subgroups based on treatment
response, there was significant increase in HK and Pic among

Table 1
Clinical characteristics and medication.

Total n (%)1/ Min. Max.

Median (IQR)2

Unipolar depression1 24 19 (79.2)
Bipolar depression1 24 5 (20.8)
Age at inclusion2 27 46 (21.0) 22 65
Age at debut of depressive symptoms2 26 20 (11.8) 10 60
Years since debut2 26 19.5 (25.3) 1 42
Number of depressive episodes2 20 3 (3.25) 1 50
Length in weeks of current depressive episode2 24 39 (44.2) 3 156
Psychotic symptoms in current depressive episode1 26 4 (15.4)
Previous ECT treatment1 26 2 (7.69)
No medication1 27 0 (0.00)
Only litium1 27 1 (3.70)
Only quetiapin1 27 2 (7.40)
Two or more medications1 27 24 (88.8)

Only patients were included (n¼ 27). Medication refers to the use of antidepressants, mood stabilisers and/or antipsychotics.Abbreviations: IQR, interquartile range.

Table 2
Baseline concentrations and ratios or tryptophan metabolite and related metabolites in MDD patients compared to healthy controls.

Baseline values Linear regression

Control Patient Unadjusted Adjusted for

(n¼ 14) (n¼ 27) cotinine

Median (IQR) Median (IQR) Estimate p-value Estimate p-value

Trp, mmol/L 77.2 (9.45) 75.2 (10.3) "0.07 0.18 "0.09 0.11
Kyn, mmol/L 1.39 (0.47) 1.53 (0.42) 0.01 0.87 0.04 0.54
KA, nmol/L 45.3 (12.8) 37.4 (18.1) "0.21 0.04 "0.16 0.11
HK, nmol/L 37.8 (7.77) 37.3 (13.3) "0.07 0.46 "0.02 0.79
XA, nmol/L 15.9 (4.83) 10.2 (6.80) "0.47 0.00 "0.44 0.00
AA, nmol/L 19.2 (9.15) 15.6 (6.75) "0.11 0.26 "0.10 0.32
HAA, nmol/L 38.0 (13.6) 29.2 (12.6) "0.20 0.10 "0.17 0.17
QA, nmol/L 318 (114) 329 (155) 0.09 0.38 0.14 0.15
Pic, nmol/L 32.9 (13.7) 25.2 (14.0) "0.29 0.01 "0.28 0.02
KTR, ratioa 18.1 (4.07) 20.1 (5.62) 0.08 0.18 0.13 0.02
KA/Kyn, ratioa 31.9 (2.87) 26.1 (8.01) "0.22 0.00 "0.20 0.00
KA/HK, ratiob 12.6 (1.97) 10.0 (3.20) "0.14 0.16 "0.13 0.20
KA/QA, ratioc 15.2 (4.59) 10.9 (3.62) "0.30 0.00 "0.30 0.00
XA/HK, ratioc 45.6 (10.8) 28.5 (14.4) "0.40 0.01 "0.42 0.00
Pic/QA, ratioa 106 (37.3) 73.5 (31.3) "0.38 0.00 "0.42 0.00
PLP, nmol/L 63.5 (14.4) 49.1 (34.9) "0.19 0.21 "0.17 0.27
Riboflavin, nmol/L 11.9 (4.13) 14.6 (5.80) 0.07 0.54 0.13 0.23
Creatinine, mmol/L 71.8 (10.7) 73.8 (18.7) 0.04 0.42 0.06 0.25
Neopterin, nmol/L 14.3 (7.10) 17.7 (9.30) 0.23 0.07 0.29 0.02
Cotinine, nmol/L 0.49 (250) 298 (1120) 1.51 0.16

Estimates and p-values from linear regression for log-transformed variables with and without adjustment for log-transformed cotinine. p-values below significance threshold
0.05 are marked in bold. Abbreviations: Trp, tryptophan; Kyn, kynurenine; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-
hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; IQR, interquartile range. Ratios are multiplied by.

a 1000.
b 10 or.
c 100.

T.I. Aarsland et al. / Brain Stimulation 12 (2019) 1135e11421138

chargeof237.8mC(IQR¼134)andthemedianseizurelengthwas
recordedas50.7s(IQR¼16).ThemedianMADRSscoredecreased
from34pre-treatmentto15post-treatment.Twelvepatients
respondedtotreatment(57.1%),whereasremissionoccurredin
eightpatients(38.1%).Whilethenumberoftreatmentsdidnot
differbetweenthe12respondersand9non-responders(10.3and
12.1,respectively),therewasasignificantdifferenceinthenumber
oftreatmentsbetweenthe8remittersandthe13non-remitters
(8.3and12.8,respectively,p¼0.008).

Tryptophanmetabolitesinpatientsandcontrols

Thecomparisonofserumconcentrationsoftryptophanand
metabolitesforpatientsandtheageandgendermatchedhealthy
controlsaregiveninTable2.Intheunadjustedanalyses,patients

hadsignificantlylowerconcentrationsofKA,XAandPic,aswellas
lowerKA/Kyn,KA/QA,XA/HKandPic/QA,whiletherewereno
statisticaldifferencesinmeasuresofTrp,Kyn,HK,AA,HAAandQA
orKTRbetweenthegroups.Adjustedforcotinine,KTRwashigher
whileXA,KA/Kyn,KA/QA,XA/HKandPic/QAwerelowerinthe
patientgroupcomparedtocontrols.

ChangesintryptophanmetabolitesinMDDpatientsafterECT

Post-treatmentbloodsampleswereavailablefor21patients,of
whom12respondedtoECTwhile9didnot.Wilcoxonanalyses
showedsignificantincreaseofHAA(p¼0.028),Pic(p¼0.013),Pic/
QA(p¼0,018)andneopterin(p<0.001)(Fig.2,Supplementary
Table1).Withpatientsdividedinsubgroupsbasedontreatment
response,therewassignificantincreaseinHKandPicamong

Table1
Clinicalcharacteristicsandmedication.

Totaln(%)1/Min.Max.

Median(IQR)2

Unipolardepression12419(79.2)
Bipolardepression1245(20.8)
Ageatinclusion22746(21.0)2265
Ageatdebutofdepressivesymptoms22620(11.8)1060
Yearssincedebut22619.5(25.3)142
Numberofdepressiveepisodes2203(3.25)150
Lengthinweeksofcurrentdepressiveepisode22439(44.2)3156
Psychoticsymptomsincurrentdepressiveepisode1264(15.4)
PreviousECTtreatment1262(7.69)
Nomedication1270(0.00)
Onlylitium1271(3.70)
Onlyquetiapin1272(7.40)
Twoormoremedications12724(88.8)

Onlypatientswereincluded(n¼27).Medicationreferstotheuseofantidepressants,moodstabilisersand/orantipsychotics.Abbreviations:IQR,interquartilerange.

Table2
BaselineconcentrationsandratiosortryptophanmetaboliteandrelatedmetabolitesinMDDpatientscomparedtohealthycontrols.

BaselinevaluesLinearregression

ControlPatientUnadjustedAdjustedfor

(n¼14)(n¼27)cotinine

Median(IQR)Median(IQR)Estimatep-valueEstimatep-value

Trp,mmol/L77.2(9.45)75.2(10.3)"0.070.18"0.090.11
Kyn,mmol/L1.39(0.47)1.53(0.42)0.010.870.040.54
KA,nmol/L45.3(12.8)37.4(18.1)"0.210.04"0.160.11
HK,nmol/L37.8(7.77)37.3(13.3)"0.070.46"0.020.79
XA,nmol/L15.9(4.83)10.2(6.80)"0.470.00"0.440.00
AA,nmol/L19.2(9.15)15.6(6.75)"0.110.26"0.100.32
HAA,nmol/L38.0(13.6)29.2(12.6)"0.200.10"0.170.17
QA,nmol/L318(114)329(155)0.090.380.140.15
Pic,nmol/L32.9(13.7)25.2(14.0)"0.290.01"0.280.02
KTR,ratioa18.1(4.07)20.1(5.62)0.080.180.130.02
KA/Kyn,ratioa31.9(2.87)26.1(8.01)"0.220.00"0.200.00
KA/HK,ratiob12.6(1.97)10.0(3.20)"0.140.16"0.130.20
KA/QA,ratioc15.2(4.59)10.9(3.62)"0.300.00"0.300.00
XA/HK,ratioc45.6(10.8)28.5(14.4)"0.400.01"0.420.00
Pic/QA,ratioa106(37.3)73.5(31.3)"0.380.00"0.420.00
PLP,nmol/L63.5(14.4)49.1(34.9)"0.190.21"0.170.27
Riboflavin,nmol/L11.9(4.13)14.6(5.80)0.070.540.130.23
Creatinine,mmol/L71.8(10.7)73.8(18.7)0.040.420.060.25
Neopterin,nmol/L14.3(7.10)17.7(9.30)0.230.070.290.02
Cotinine,nmol/L0.49(250)298(1120)1.510.16

Estimatesandp-valuesfromlinearregressionforlog-transformedvariableswithandwithoutadjustmentforlog-transformedcotinine.p-valuesbelowsignificancethreshold
0.05aremarkedinbold.Abbreviations:Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilicacid;HAA,3-
hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.

a1000.
b10or.
c100.
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chargeof237.8mC(IQR¼134)andthemedianseizurelengthwas
recordedas50.7s(IQR¼16).ThemedianMADRSscoredecreased
from34pre-treatmentto15post-treatment.Twelvepatients
respondedtotreatment(57.1%),whereasremissionoccurredin
eightpatients(38.1%).Whilethenumberoftreatmentsdidnot
differbetweenthe12respondersand9non-responders(10.3and
12.1,respectively),therewasasignificantdifferenceinthenumber
oftreatmentsbetweenthe8remittersandthe13non-remitters
(8.3and12.8,respectively,p¼0.008).

Tryptophanmetabolitesinpatientsandcontrols

Thecomparisonofserumconcentrationsoftryptophanand
metabolitesforpatientsandtheageandgendermatchedhealthy
controlsaregiveninTable2.Intheunadjustedanalyses,patients

hadsignificantlylowerconcentrationsofKA,XAandPic,aswellas
lowerKA/Kyn,KA/QA,XA/HKandPic/QA,whiletherewereno
statisticaldifferencesinmeasuresofTrp,Kyn,HK,AA,HAAandQA
orKTRbetweenthegroups.Adjustedforcotinine,KTRwashigher
whileXA,KA/Kyn,KA/QA,XA/HKandPic/QAwerelowerinthe
patientgroupcomparedtocontrols.

ChangesintryptophanmetabolitesinMDDpatientsafterECT

Post-treatmentbloodsampleswereavailablefor21patients,of
whom12respondedtoECTwhile9didnot.Wilcoxonanalyses
showedsignificantincreaseofHAA(p¼0.028),Pic(p¼0.013),Pic/
QA(p¼0,018)andneopterin(p<0.001)(Fig.2,Supplementary
Table1).Withpatientsdividedinsubgroupsbasedontreatment
response,therewassignificantincreaseinHKandPicamong

Table1
Clinicalcharacteristicsandmedication.

Totaln(%)1/Min.Max.

Median(IQR)2

Unipolardepression12419(79.2)
Bipolardepression1245(20.8)
Ageatinclusion22746(21.0)2265
Ageatdebutofdepressivesymptoms22620(11.8)1060
Yearssincedebut22619.5(25.3)142
Numberofdepressiveepisodes2203(3.25)150
Lengthinweeksofcurrentdepressiveepisode22439(44.2)3156
Psychoticsymptomsincurrentdepressiveepisode1264(15.4)
PreviousECTtreatment1262(7.69)
Nomedication1270(0.00)
Onlylitium1271(3.70)
Onlyquetiapin1272(7.40)
Twoormoremedications12724(88.8)

Onlypatientswereincluded(n¼27).Medicationreferstotheuseofantidepressants,moodstabilisersand/orantipsychotics.Abbreviations:IQR,interquartilerange.

Table2
BaselineconcentrationsandratiosortryptophanmetaboliteandrelatedmetabolitesinMDDpatientscomparedtohealthycontrols.

BaselinevaluesLinearregression

ControlPatientUnadjustedAdjustedfor

(n¼14)(n¼27)cotinine

Median(IQR)Median(IQR)Estimatep-valueEstimatep-value

Trp,mmol/L77.2(9.45)75.2(10.3)"0.070.18"0.090.11
Kyn,mmol/L1.39(0.47)1.53(0.42)0.010.870.040.54
KA,nmol/L45.3(12.8)37.4(18.1)"0.210.04"0.160.11
HK,nmol/L37.8(7.77)37.3(13.3)"0.070.46"0.020.79
XA,nmol/L15.9(4.83)10.2(6.80)"0.470.00"0.440.00
AA,nmol/L19.2(9.15)15.6(6.75)"0.110.26"0.100.32
HAA,nmol/L38.0(13.6)29.2(12.6)"0.200.10"0.170.17
QA,nmol/L318(114)329(155)0.090.380.140.15
Pic,nmol/L32.9(13.7)25.2(14.0)"0.290.01"0.280.02
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KA/QA,ratioc15.2(4.59)10.9(3.62)"0.300.00"0.300.00
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PLP,nmol/L63.5(14.4)49.1(34.9)"0.190.21"0.170.27
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chargeof237.8mC(IQR¼134)andthemedianseizurelengthwas
recordedas50.7s(IQR¼16).ThemedianMADRSscoredecreased
from34pre-treatmentto15post-treatment.Twelvepatients
respondedtotreatment(57.1%),whereasremissionoccurredin
eightpatients(38.1%).Whilethenumberoftreatmentsdidnot
differbetweenthe12respondersand9non-responders(10.3and
12.1,respectively),therewasasignificantdifferenceinthenumber
oftreatmentsbetweenthe8remittersandthe13non-remitters
(8.3and12.8,respectively,p¼0.008).

Tryptophanmetabolitesinpatientsandcontrols

Thecomparisonofserumconcentrationsoftryptophanand
metabolitesforpatientsandtheageandgendermatchedhealthy
controlsaregiveninTable2.Intheunadjustedanalyses,patients

hadsignificantlylowerconcentrationsofKA,XAandPic,aswellas
lowerKA/Kyn,KA/QA,XA/HKandPic/QA,whiletherewereno
statisticaldifferencesinmeasuresofTrp,Kyn,HK,AA,HAAandQA
orKTRbetweenthegroups.Adjustedforcotinine,KTRwashigher
whileXA,KA/Kyn,KA/QA,XA/HKandPic/QAwerelowerinthe
patientgroupcomparedtocontrols.

ChangesintryptophanmetabolitesinMDDpatientsafterECT

Post-treatmentbloodsampleswereavailablefor21patients,of
whom12respondedtoECTwhile9didnot.Wilcoxonanalyses
showedsignificantincreaseofHAA(p¼0.028),Pic(p¼0.013),Pic/
QA(p¼0,018)andneopterin(p<0.001)(Fig.2,Supplementary
Table1).Withpatientsdividedinsubgroupsbasedontreatment
response,therewassignificantincreaseinHKandPicamong

Table1
Clinicalcharacteristicsandmedication.

Totaln(%)1/Min.Max.

Median(IQR)2

Unipolardepression12419(79.2)
Bipolardepression1245(20.8)
Ageatinclusion22746(21.0)2265
Ageatdebutofdepressivesymptoms22620(11.8)1060
Yearssincedebut22619.5(25.3)142
Numberofdepressiveepisodes2203(3.25)150
Lengthinweeksofcurrentdepressiveepisode22439(44.2)3156
Psychoticsymptomsincurrentdepressiveepisode1264(15.4)
PreviousECTtreatment1262(7.69)
Nomedication1270(0.00)
Onlylitium1271(3.70)
Onlyquetiapin1272(7.40)
Twoormoremedications12724(88.8)

Onlypatientswereincluded(n¼27).Medicationreferstotheuseofantidepressants,moodstabilisersand/orantipsychotics.Abbreviations:IQR,interquartilerange.

Table2
BaselineconcentrationsandratiosortryptophanmetaboliteandrelatedmetabolitesinMDDpatientscomparedtohealthycontrols.

BaselinevaluesLinearregression

ControlPatientUnadjustedAdjustedfor

(n¼14)(n¼27)cotinine

Median(IQR)Median(IQR)Estimatep-valueEstimatep-value
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Kyn,mmol/L1.39(0.47)1.53(0.42)0.010.870.040.54
KA,nmol/L45.3(12.8)37.4(18.1)"0.210.04"0.160.11
HK,nmol/L37.8(7.77)37.3(13.3)"0.070.46"0.020.79
XA,nmol/L15.9(4.83)10.2(6.80)"0.470.00"0.440.00
AA,nmol/L19.2(9.15)15.6(6.75)"0.110.26"0.100.32
HAA,nmol/L38.0(13.6)29.2(12.6)"0.200.10"0.170.17
QA,nmol/L318(114)329(155)0.090.380.140.15
Pic,nmol/L32.9(13.7)25.2(14.0)"0.290.01"0.280.02
KTR,ratioa18.1(4.07)20.1(5.62)0.080.180.130.02
KA/Kyn,ratioa31.9(2.87)26.1(8.01)"0.220.00"0.200.00
KA/HK,ratiob12.6(1.97)10.0(3.20)"0.140.16"0.130.20
KA/QA,ratioc15.2(4.59)10.9(3.62)"0.300.00"0.300.00
XA/HK,ratioc45.6(10.8)28.5(14.4)"0.400.01"0.420.00
Pic/QA,ratioa106(37.3)73.5(31.3)"0.380.00"0.420.00
PLP,nmol/L63.5(14.4)49.1(34.9)"0.190.21"0.170.27
Riboflavin,nmol/L11.9(4.13)14.6(5.80)0.070.540.130.23
Creatinine,mmol/L71.8(10.7)73.8(18.7)0.040.420.060.25
Neopterin,nmol/L14.3(7.10)17.7(9.30)0.230.070.290.02
Cotinine,nmol/L0.49(250)298(1120)1.510.16

Estimatesandp-valuesfromlinearregressionforlog-transformedvariableswithandwithoutadjustmentforlog-transformedcotinine.p-valuesbelowsignificancethreshold
0.05aremarkedinbold.Abbreviations:Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilicacid;HAA,3-
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from34pre-treatmentto15post-treatment.Twelvepatients
respondedtotreatment(57.1%),whereasremissionoccurredin
eightpatients(38.1%).Whilethenumberoftreatmentsdidnot
differbetweenthe12respondersand9non-responders(10.3and
12.1,respectively),therewasasignificantdifferenceinthenumber
oftreatmentsbetweenthe8remittersandthe13non-remitters
(8.3and12.8,respectively,p¼0.008).

Tryptophanmetabolitesinpatientsandcontrols

Thecomparisonofserumconcentrationsoftryptophanand
metabolitesforpatientsandtheageandgendermatchedhealthy
controlsaregiveninTable2.Intheunadjustedanalyses,patients

hadsignificantlylowerconcentrationsofKA,XAandPic,aswellas
lowerKA/Kyn,KA/QA,XA/HKandPic/QA,whiletherewereno
statisticaldifferencesinmeasuresofTrp,Kyn,HK,AA,HAAandQA
orKTRbetweenthegroups.Adjustedforcotinine,KTRwashigher
whileXA,KA/Kyn,KA/QA,XA/HKandPic/QAwerelowerinthe
patientgroupcomparedtocontrols.

ChangesintryptophanmetabolitesinMDDpatientsafterECT

Post-treatmentbloodsampleswereavailablefor21patients,of
whom12respondedtoECTwhile9didnot.Wilcoxonanalyses
showedsignificantincreaseofHAA(p¼0.028),Pic(p¼0.013),Pic/
QA(p¼0,018)andneopterin(p<0.001)(Fig.2,Supplementary
Table1).Withpatientsdividedinsubgroupsbasedontreatment
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responders (Table 3). There was also a significant increase in neo-
pterin concentration both in responders and non-responders.
Other metabolites concentrations and ratios remained un-
changed. Analyses in remitters (n¼ 8) showed the same direction
of effect as in patients with treatment response though no changes
were significant. In the non-remitters (n¼ 13) there were signifi-
cantly increased levels of neopterin (Supplementary Table 2).

Discussion

This study aimed to investigate serum concentrations of
kynurenine metabolites in MD patients referred to ECT in com-
parison with healthy controls and to assess the effect of ECT on the
kynurenine pathway. There were three main findings:

i) Compared to healthy controls, patients had low levels of
kynurenine metabolites KA, XA and Pic and ratios KA/Kyn,

KA/QA, XA/HK and Pic/QA, indicative of an imbalance in
favour of neurotoxic substances.

ii) Comparing post-treatment to baseline concentrations, there
was no reduction of KTR as a proxy measure for inflamma-
tion, nor in the concentration of inflammation marker neo-
pterin. On the contrary, the concentration of neopterin was
significantly increased after ECT.

iii) After treatment there was an increase in patient concentra-
tions of HAA and Pic, metabolites with putative neuro-
protective properties, and in the Pic to QA ratio.

Altered kynurenine pathway metabolism has been proposed as
a link between mild chronic inflammation and depressive symp-
toms [5e7]. Inflammation can affect the kynurenine pathway both
by activation of IDO, reflected by an increased KTR, and by activa-
tion of KMO, increasing metabolism through the HK branch of the
pathway and causing an imbalance between neuroprotective and
neurotoxic metabolites. In our study, like in a recent meta-analysis

Fig. 2. MADRS and biomarker levels before and after ECT treatment. The horizontal box lines show the first (Q1), second (Q2) and third quartile (Q3). The whiskers cover all values
between Q1 - 1.5 * IQR and Q3 þ 1.5 * IQR. The p-value fromWilcoxon test of values before and after ECT is displayed for each variable. Y-axis scale is indicated below each variable's
name. Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic
acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; Ribo, riboflavin; Creat, creatinine; Neopt; neopterin;
Cot, cotinine.
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responders(Table3).Therewasalsoasignificantincreaseinneo-
pterinconcentrationbothinrespondersandnon-responders.
Othermetabolitesconcentrationsandratiosremainedun-
changed.Analysesinremitters(n¼8)showedthesamedirection
ofeffectasinpatientswithtreatmentresponsethoughnochanges
weresignificant.Inthenon-remitters(n¼13)thereweresignifi-
cantlyincreasedlevelsofneopterin(SupplementaryTable2).

Discussion

Thisstudyaimedtoinvestigateserumconcentrationsof
kynureninemetabolitesinMDpatientsreferredtoECTincom-
parisonwithhealthycontrolsandtoassesstheeffectofECTonthe
kynureninepathway.Therewerethreemainfindings:

i)Comparedtohealthycontrols,patientshadlowlevelsof
kynureninemetabolitesKA,XAandPicandratiosKA/Kyn,

KA/QA,XA/HKandPic/QA,indicativeofanimbalancein
favourofneurotoxicsubstances.

ii)Comparingpost-treatmenttobaselineconcentrations,there
wasnoreductionofKTRasaproxymeasureforinflamma-
tion,norintheconcentrationofinflammationmarkerneo-
pterin.Onthecontrary,theconcentrationofneopterinwas
significantlyincreasedafterECT.

iii)Aftertreatmenttherewasanincreaseinpatientconcentra-
tionsofHAAandPic,metaboliteswithputativeneuro-
protectiveproperties,andinthePictoQAratio.

Alteredkynureninepathwaymetabolismhasbeenproposedas
alinkbetweenmildchronicinflammationanddepressivesymp-
toms[5e7].Inflammationcanaffectthekynureninepathwayboth
byactivationofIDO,reflectedbyanincreasedKTR,andbyactiva-
tionofKMO,increasingmetabolismthroughtheHKbranchofthe
pathwayandcausinganimbalancebetweenneuroprotectiveand
neurotoxicmetabolites.Inourstudy,likeinarecentmeta-analysis

Fig.2.MADRSandbiomarkerlevelsbeforeandafterECTtreatment.Thehorizontalboxlinesshowthefirst(Q1),second(Q2)andthirdquartile(Q3).Thewhiskerscoverallvalues
betweenQ1-1.5*IQRandQ3þ1.5*IQR.Thep-valuefromWilcoxontestofvaluesbeforeandafterECTisdisplayedforeachvariable.Y-axisscaleisindicatedbeloweachvariable's
name.Abbreviations:MADRS,MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;KA,kynurenicacid;HK,3-hydroxykynurenine;XA,xanthurenic
acid;AA,anthranilicacid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;Ribo,riboflavin;Creat,creatinine;Neopt;neopterin;
Cot,cotinine.

T.I.Aarslandetal./BrainStimulation12(2019)1135e11421139

responders(Table3).Therewasalsoasignificantincreaseinneo-
pterinconcentrationbothinrespondersandnon-responders.
Othermetabolitesconcentrationsandratiosremainedun-
changed.Analysesinremitters(n¼8)showedthesamedirection
ofeffectasinpatientswithtreatmentresponsethoughnochanges
weresignificant.Inthenon-remitters(n¼13)thereweresignifi-
cantlyincreasedlevelsofneopterin(SupplementaryTable2).

Discussion

Thisstudyaimedtoinvestigateserumconcentrationsof
kynureninemetabolitesinMDpatientsreferredtoECTincom-
parisonwithhealthycontrolsandtoassesstheeffectofECTonthe
kynureninepathway.Therewerethreemainfindings:

i)Comparedtohealthycontrols,patientshadlowlevelsof
kynureninemetabolitesKA,XAandPicandratiosKA/Kyn,

KA/QA,XA/HKandPic/QA,indicativeofanimbalancein
favourofneurotoxicsubstances.

ii)Comparingpost-treatmenttobaselineconcentrations,there
wasnoreductionofKTRasaproxymeasureforinflamma-
tion,norintheconcentrationofinflammationmarkerneo-
pterin.Onthecontrary,theconcentrationofneopterinwas
significantlyincreasedafterECT.

iii)Aftertreatmenttherewasanincreaseinpatientconcentra-
tionsofHAAandPic,metaboliteswithputativeneuro-
protectiveproperties,andinthePictoQAratio.

Alteredkynureninepathwaymetabolismhasbeenproposedas
alinkbetweenmildchronicinflammationanddepressivesymp-
toms[5e7].Inflammationcanaffectthekynureninepathwayboth
byactivationofIDO,reflectedbyanincreasedKTR,andbyactiva-
tionofKMO,increasingmetabolismthroughtheHKbranchofthe
pathwayandcausinganimbalancebetweenneuroprotectiveand
neurotoxicmetabolites.Inourstudy,likeinarecentmeta-analysis

Fig.2.MADRSandbiomarkerlevelsbeforeandafterECTtreatment.Thehorizontalboxlinesshowthefirst(Q1),second(Q2)andthirdquartile(Q3).Thewhiskerscoverallvalues
betweenQ1-1.5*IQRandQ3þ1.5*IQR.Thep-valuefromWilcoxontestofvaluesbeforeandafterECTisdisplayedforeachvariable.Y-axisscaleisindicatedbeloweachvariable's
name.Abbreviations:MADRS,MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;KA,kynurenicacid;HK,3-hydroxykynurenine;XA,xanthurenic
acid;AA,anthranilicacid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;Ribo,riboflavin;Creat,creatinine;Neopt;neopterin;
Cot,cotinine.

T.I.Aarslandetal./BrainStimulation12(2019)1135e11421139

responders (Table 3). There was also a significant increase in neo-
pterin concentration both in responders and non-responders.
Other metabolites concentrations and ratios remained un-
changed. Analyses in remitters (n¼ 8) showed the same direction
of effect as in patients with treatment response though no changes
were significant. In the non-remitters (n¼ 13) there were signifi-
cantly increased levels of neopterin (Supplementary Table 2).

Discussion

This study aimed to investigate serum concentrations of
kynurenine metabolites in MD patients referred to ECT in com-
parison with healthy controls and to assess the effect of ECT on the
kynurenine pathway. There were three main findings:

i) Compared to healthy controls, patients had low levels of
kynurenine metabolites KA, XA and Pic and ratios KA/Kyn,

KA/QA, XA/HK and Pic/QA, indicative of an imbalance in
favour of neurotoxic substances.

ii) Comparing post-treatment to baseline concentrations, there
was no reduction of KTR as a proxy measure for inflamma-
tion, nor in the concentration of inflammation marker neo-
pterin. On the contrary, the concentration of neopterin was
significantly increased after ECT.

iii) After treatment there was an increase in patient concentra-
tions of HAA and Pic, metabolites with putative neuro-
protective properties, and in the Pic to QA ratio.

Altered kynurenine pathway metabolism has been proposed as
a link between mild chronic inflammation and depressive symp-
toms [5e7]. Inflammation can affect the kynurenine pathway both
by activation of IDO, reflected by an increased KTR, and by activa-
tion of KMO, increasing metabolism through the HK branch of the
pathway and causing an imbalance between neuroprotective and
neurotoxic metabolites. In our study, like in a recent meta-analysis

Fig. 2. MADRS and biomarker levels before and after ECT treatment. The horizontal box lines show the first (Q1), second (Q2) and third quartile (Q3). The whiskers cover all values
between Q1 - 1.5 * IQR and Q3 þ 1.5 * IQR. The p-value fromWilcoxon test of values before and after ECT is displayed for each variable. Y-axis scale is indicated below each variable's
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responders(Table3).Therewasalsoasignificantincreaseinneo-
pterinconcentrationbothinrespondersandnon-responders.
Othermetabolitesconcentrationsandratiosremainedun-
changed.Analysesinremitters(n¼8)showedthesamedirection
ofeffectasinpatientswithtreatmentresponsethoughnochanges
weresignificant.Inthenon-remitters(n¼13)thereweresignifi-
cantlyincreasedlevelsofneopterin(SupplementaryTable2).
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i)Comparedtohealthycontrols,patientshadlowlevelsof
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KA/QA,XA/HKandPic/QA,indicativeofanimbalancein
favourofneurotoxicsubstances.

ii)Comparingpost-treatmenttobaselineconcentrations,there
wasnoreductionofKTRasaproxymeasureforinflamma-
tion,norintheconcentrationofinflammationmarkerneo-
pterin.Onthecontrary,theconcentrationofneopterinwas
significantlyincreasedafterECT.

iii)Aftertreatmenttherewasanincreaseinpatientconcentra-
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[36], there was no significant difference in KTR between healthy
controls and patients with MD in the unadjusted analyses. How-
ever, adjusted for cotinine, KTR was higher in patients, indicating
increased INF-g mediated activation of cellular immunity.
Furthermore, there were lower levels of KA, XA and Pic, and lower
KA/Kyn and KA/QA in patients compared to controls. This is in line
with other studies on blood and CSF samples from depressed or
suicidal patients showing an imbalance in the kynurenine pathway
in favour of neurotoxic metabolites [6,14e17,30,37,38]. Comparing
patients with healthy controls, these studies have shown higher
levels of neurotoxic kynurenines [37,38], lower levels of neuro-
protective kynurenines [6,17,30,38] and altered kynurenine ratios
with lower KA/Kyn [6,17] and KA/QA [14e16]. However, one study
found normal levels of kynurenines in depressed patients
compared to healthy controls [39].

ECT has been found to elevate KTR in a study with 23 patients
with MD [40]. Like two other studies assessing changes of KTR
during ECT [16,17], we found no such change in KTR after treat-
ment. However, after treatmentwe found significant increase in the
patient concentrations of the inflammation marker neopterin,
indicating an inflammatory response. Inflammation as response to
ECT has been demonstrated in several studies [24]. Increased levels
of proinflammatory cytokines have been observed as a short-term
effect of single ECT sessions [25e27]. In our study, the post-
treatment blood sample was drawn several days (median¼ 10
days, IQR¼ 6 days) after the last session in a series of ECT. Full series
of ECT treatments like this have mostly been associated with a
decrease in inflammation markers [27e29]. However, in a study by
Hoekstra et al. a significant increase in neopterin serum concen-
tration was detected in 20 severely depressed patients after ECT
series [41]. Similarly, after a series of ECT, Freire and colleagues
found increased levels of the proinflammatory cytokines TNF-a and
INF-g, both potent activators of kynurenine pathway enzymes IDO
and KMO, although IL-6 concentration was reduced [42].

Previous studies on changes in the balance between neuro-
protective and neurotoxic kynurenines after ECT have yielded
inconsistent results: Schwieler and colleagues [16] reported a
reduction in QA as well as in QA/KA in blood samples from 19 pa-
tients after ECT treatment. In addition to increased KTR, Guloksuz
and colleagues found increased levels of KA, KA/Kyn and KA/HK
after ECT [40]. In contrast, Olajossy and colleagues [30] found low
levels of KA in pre-treatment blood samples of 50 patients across
three diagnostic groups, but no significant increase in KA after
treatment. Similarly, Allen and colleagues [17] found low plasma
concentrations of KA and low KA/Kyn in patients before treatment,
but no increase in KA after treatment, independent of response
status. In the current study, only two kynurenine metabolites, HAA
and Pic, were significantly increased after treatment. These me-
tabolites both belong to the KMO branch of the kynurenine
pathway starting with the KMO mediated conversion of Kyn to HK.
It is interesting to note that both Pic and HAA are proposed as
neuroprotective substances and that Pic is though of as an escape
route preventing high levels of the neurotoxic QA (Fig.1) [20,43,44].

In sum, it is possible that an ECT associated inflammation
response has caused increased metabolism through KMO and the
neurotoxic branch of the kynurenine pathway. KMO is stimulated
by the same pro-inflammatory cytokines that cause activation of
neopterin producing macrophages [9,10], and higher KMO activity
could explain the observed increase in HAA and Pic.

To our knowledge this is the first study assessing a large panel of
metabolites of the kynurenine pathway of tryptophan degradation
and metabolite ratios reflecting enzymes involved in patients with
MD before and after ECT treatment. The kynurenine pathway
represents a potential mechanistic link between low-grade
inflammation in depression and neuroplasticity. However, the
small sample size, the lack of a control group of depressed patients
not receiving ECT, and the complex contribution of the various
kynurenine metabolites to the pathogenesis of depression, make it

Table 3
Changes in tryptophan metabolite concentrations and ratios after ECT treatment for responders and non-responders.

Responders (n¼ 12) Non-responders (n¼ 9)

Before ECT After ECT p-value Before ECT After ECT p-value

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

MADRS, score 34.0 (5.50) 8.00 (6.75) 0.00 35.0 (8.00) 23.0 (7.00) 0.01
Trp, mmol/L 73.1 (7.67) 73.9 (19.7) 1.00 75.2 (16.6) 66.9 (13.8) 0.13
Kyn, mmol/L 1.52 (0.53) 1.72 (0.41) 0.08 1.53 (0.64) 1.28 (0.26) 0.65
KA, nmol/L 38.0 (7.25) 38.7 (26.9) 0.23 29.5 (29.8) 35.6 (20.9) 0.50
HK, nmol/L 32.2 (13.7) 42.7 (12.2) 0.03 33.6 (12.9) 36.5 (26.5) 0.57
XA, nmol/L 8.79 (6.24) 11.2 (7.46) 0.20 9.71 (2.73) 11.4 (8.42) 0.65
AA, nmol/L 15.2 (4.05) 15.7 (6.53) 0.17 17.8 (6.30) 16.3 (4.90) 0.73
HAA, nmol/L 29.0 (11.3) 43.0 (20.2) 0.06 27.0 (14.1) 40.3 (17.5) 0.36
QA, nmol/L 351 (163) 367 (158) 0.14 319 (181) 385 (152) 1.00
Pic, nmol/L 25.0 (9.10) 34.2 (14.6) 0.03 21.3 (18.6) 29.4 (8.30) 0.20
KTR, ratioa 19.6 (6.89) 22.8 (9.11) 0.09 20.8 (4.68) 20.1 (4.29) 1.00
KA/Kyn, ratioa 27.4 (8.64) 25.3 (11.0) 0.47 25.5 (11.0) 28.5 (6.28) 0.36
KA/HK, ratiob 10.7 (4.66) 10.9 (4.49) 0.85 9.51 (1.99) 12.6 (5.77) 0.65
KA/QA, ratioc 10.9 (6.39) 12.1 (4.51) 0.52 10.9 (1.95) 10.7 (4.73) 0.50
XA/HK, ratioc 24.3 (13.9) 26.8 (11.3) 0.91 26.1 (9.13) 31.2 (12.5) 0.57
Pic/QA, ratioa 7.48 (3.43) 9.84 (3.84) 0.06 5.99 (1.94) 6.65 (4.13) 0.25
PLP, nmol/L 40.1 (35.0) 40.9 (16.0) 0.47 48.9 (30.3) 56.5 (66.8) 0.73
Riboflavin, nmol/L 13.7 (5.25) 13.0 (6.90) 0.96 11.4 (5.32) 12.2 (12.1) 0.73
Creatinine, mmol/L 73.5 (13.6) 75.5 (10.4) 0.47 76.6 (18.7) 71.3 (16.5) 0.03
Neopterin, nmol/L 19.4 (9.43) 24.4 (8.00) 0.03 16.0 (12.7) 21.4 (10.4) 0.01
Cotinine, nmol/L 432 (1138) 480 (1265) 0.12 2.34 (1030) 0.00 (709) 0.55

Wilcoxon paired test. p-values below the significance treshold 0.05 are marked in bold. Only patients without missing data were included (n¼ 21). Abbreviations: MADRS,
Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; Kyn, kynurenine; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic
acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; IQR, interquartile range.Ratios are multiplied by.

a 1000.
b 10 or.
c 100.
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[36],therewasnosignificantdifferenceinKTRbetweenhealthy
controlsandpatientswithMDintheunadjustedanalyses.How-
ever,adjustedforcotinine,KTRwashigherinpatients,indicating
increasedINF-gmediatedactivationofcellularimmunity.
Furthermore,therewerelowerlevelsofKA,XAandPic,andlower
KA/KynandKA/QAinpatientscomparedtocontrols.Thisisinline
withotherstudiesonbloodandCSFsamplesfromdepressedor
suicidalpatientsshowinganimbalanceinthekynureninepathway
infavourofneurotoxicmetabolites[6,14e17,30,37,38].Comparing
patientswithhealthycontrols,thesestudieshaveshownhigher
levelsofneurotoxickynurenines[37,38],lowerlevelsofneuro-
protectivekynurenines[6,17,30,38]andalteredkynurenineratios
withlowerKA/Kyn[6,17]andKA/QA[14e16].However,onestudy
foundnormallevelsofkynureninesindepressedpatients
comparedtohealthycontrols[39].

ECThasbeenfoundtoelevateKTRinastudywith23patients
withMD[40].LiketwootherstudiesassessingchangesofKTR
duringECT[16,17],wefoundnosuchchangeinKTRaftertreat-
ment.However,aftertreatmentwefoundsignificantincreaseinthe
patientconcentrationsoftheinflammationmarkerneopterin,
indicatinganinflammatoryresponse.Inflammationasresponseto
ECThasbeendemonstratedinseveralstudies[24].Increasedlevels
ofproinflammatorycytokineshavebeenobservedasashort-term
effectofsingleECTsessions[25e27].Inourstudy,thepost-
treatmentbloodsamplewasdrawnseveraldays(median¼10
days,IQR¼6days)afterthelastsessioninaseriesofECT.Fullseries
ofECTtreatmentslikethishavemostlybeenassociatedwitha
decreaseininflammationmarkers[27e29].However,inastudyby
Hoekstraetal.asignificantincreaseinneopterinserumconcen-
trationwasdetectedin20severelydepressedpatientsafterECT
series[41].Similarly,afteraseriesofECT,Freireandcolleagues
foundincreasedlevelsoftheproinflammatorycytokinesTNF-aand
INF-g,bothpotentactivatorsofkynureninepathwayenzymesIDO
andKMO,althoughIL-6concentrationwasreduced[42].

Previousstudiesonchangesinthebalancebetweenneuro-
protectiveandneurotoxickynureninesafterECThaveyielded
inconsistentresults:Schwielerandcolleagues[16]reporteda
reductioninQAaswellasinQA/KAinbloodsamplesfrom19pa-
tientsafterECTtreatment.InadditiontoincreasedKTR,Guloksuz
andcolleaguesfoundincreasedlevelsofKA,KA/KynandKA/HK
afterECT[40].Incontrast,Olajossyandcolleagues[30]foundlow
levelsofKAinpre-treatmentbloodsamplesof50patientsacross
threediagnosticgroups,butnosignificantincreaseinKAafter
treatment.Similarly,Allenandcolleagues[17]foundlowplasma
concentrationsofKAandlowKA/Kyninpatientsbeforetreatment,
butnoincreaseinKAaftertreatment,independentofresponse
status.Inthecurrentstudy,onlytwokynureninemetabolites,HAA
andPic,weresignificantlyincreasedaftertreatment.Theseme-
tabolitesbothbelongtotheKMObranchofthekynurenine
pathwaystartingwiththeKMOmediatedconversionofKyntoHK.
ItisinterestingtonotethatbothPicandHAAareproposedas
neuroprotectivesubstancesandthatPicisthoughofasanescape
routepreventinghighlevelsoftheneurotoxicQA(Fig.1)[20,43,44].

Insum,itispossiblethatanECTassociatedinflammation
responsehascausedincreasedmetabolismthroughKMOandthe
neurotoxicbranchofthekynureninepathway.KMOisstimulated
bythesamepro-inflammatorycytokinesthatcauseactivationof
neopterinproducingmacrophages[9,10],andhigherKMOactivity
couldexplaintheobservedincreaseinHAAandPic.

Toourknowledgethisisthefirststudyassessingalargepanelof
metabolitesofthekynureninepathwayoftryptophandegradation
andmetaboliteratiosreflectingenzymesinvolvedinpatientswith
MDbeforeandafterECTtreatment.Thekynureninepathway
representsapotentialmechanisticlinkbetweenlow-grade
inflammationindepressionandneuroplasticity.However,the
smallsamplesize,thelackofacontrolgroupofdepressedpatients
notreceivingECT,andthecomplexcontributionofthevarious
kynureninemetabolitestothepathogenesisofdepression,makeit

Table3
ChangesintryptophanmetaboliteconcentrationsandratiosafterECTtreatmentforrespondersandnon-responders.

Responders(n¼12)Non-responders(n¼9)

BeforeECTAfterECTp-valueBeforeECTAfterECTp-value

Median(IQR)Median(IQR)Median(IQR)Median(IQR)

MADRS,score34.0(5.50)8.00(6.75)0.0035.0(8.00)23.0(7.00)0.01
Trp,mmol/L73.1(7.67)73.9(19.7)1.0075.2(16.6)66.9(13.8)0.13
Kyn,mmol/L1.52(0.53)1.72(0.41)0.081.53(0.64)1.28(0.26)0.65
KA,nmol/L38.0(7.25)38.7(26.9)0.2329.5(29.8)35.6(20.9)0.50
HK,nmol/L32.2(13.7)42.7(12.2)0.0333.6(12.9)36.5(26.5)0.57
XA,nmol/L8.79(6.24)11.2(7.46)0.209.71(2.73)11.4(8.42)0.65
AA,nmol/L15.2(4.05)15.7(6.53)0.1717.8(6.30)16.3(4.90)0.73
HAA,nmol/L29.0(11.3)43.0(20.2)0.0627.0(14.1)40.3(17.5)0.36
QA,nmol/L351(163)367(158)0.14319(181)385(152)1.00
Pic,nmol/L25.0(9.10)34.2(14.6)0.0321.3(18.6)29.4(8.30)0.20
KTR,ratioa19.6(6.89)22.8(9.11)0.0920.8(4.68)20.1(4.29)1.00
KA/Kyn,ratioa27.4(8.64)25.3(11.0)0.4725.5(11.0)28.5(6.28)0.36
KA/HK,ratiob10.7(4.66)10.9(4.49)0.859.51(1.99)12.6(5.77)0.65
KA/QA,ratioc10.9(6.39)12.1(4.51)0.5210.9(1.95)10.7(4.73)0.50
XA/HK,ratioc24.3(13.9)26.8(11.3)0.9126.1(9.13)31.2(12.5)0.57
Pic/QA,ratioa7.48(3.43)9.84(3.84)0.065.99(1.94)6.65(4.13)0.25
PLP,nmol/L40.1(35.0)40.9(16.0)0.4748.9(30.3)56.5(66.8)0.73
Riboflavin,nmol/L13.7(5.25)13.0(6.90)0.9611.4(5.32)12.2(12.1)0.73
Creatinine,mmol/L73.5(13.6)75.5(10.4)0.4776.6(18.7)71.3(16.5)0.03
Neopterin,nmol/L19.4(9.43)24.4(8.00)0.0316.0(12.7)21.4(10.4)0.01
Cotinine,nmol/L432(1138)480(1265)0.122.34(1030)0.00(709)0.55

Wilcoxonpairedtest.p-valuesbelowthesignificancetreshold0.05aremarkedinbold.Onlypatientswithoutmissingdatawereincluded(n¼21).Abbreviations:MADRS,
MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilic
acid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.

a1000.
b10or.
c100.
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[36],therewasnosignificantdifferenceinKTRbetweenhealthy
controlsandpatientswithMDintheunadjustedanalyses.How-
ever,adjustedforcotinine,KTRwashigherinpatients,indicating
increasedINF-gmediatedactivationofcellularimmunity.
Furthermore,therewerelowerlevelsofKA,XAandPic,andlower
KA/KynandKA/QAinpatientscomparedtocontrols.Thisisinline
withotherstudiesonbloodandCSFsamplesfromdepressedor
suicidalpatientsshowinganimbalanceinthekynureninepathway
infavourofneurotoxicmetabolites[6,14e17,30,37,38].Comparing
patientswithhealthycontrols,thesestudieshaveshownhigher
levelsofneurotoxickynurenines[37,38],lowerlevelsofneuro-
protectivekynurenines[6,17,30,38]andalteredkynurenineratios
withlowerKA/Kyn[6,17]andKA/QA[14e16].However,onestudy
foundnormallevelsofkynureninesindepressedpatients
comparedtohealthycontrols[39].

ECThasbeenfoundtoelevateKTRinastudywith23patients
withMD[40].LiketwootherstudiesassessingchangesofKTR
duringECT[16,17],wefoundnosuchchangeinKTRaftertreat-
ment.However,aftertreatmentwefoundsignificantincreaseinthe
patientconcentrationsoftheinflammationmarkerneopterin,
indicatinganinflammatoryresponse.Inflammationasresponseto
ECThasbeendemonstratedinseveralstudies[24].Increasedlevels
ofproinflammatorycytokineshavebeenobservedasashort-term
effectofsingleECTsessions[25e27].Inourstudy,thepost-
treatmentbloodsamplewasdrawnseveraldays(median¼10
days,IQR¼6days)afterthelastsessioninaseriesofECT.Fullseries
ofECTtreatmentslikethishavemostlybeenassociatedwitha
decreaseininflammationmarkers[27e29].However,inastudyby
Hoekstraetal.asignificantincreaseinneopterinserumconcen-
trationwasdetectedin20severelydepressedpatientsafterECT
series[41].Similarly,afteraseriesofECT,Freireandcolleagues
foundincreasedlevelsoftheproinflammatorycytokinesTNF-aand
INF-g,bothpotentactivatorsofkynureninepathwayenzymesIDO
andKMO,althoughIL-6concentrationwasreduced[42].

Previousstudiesonchangesinthebalancebetweenneuro-
protectiveandneurotoxickynureninesafterECThaveyielded
inconsistentresults:Schwielerandcolleagues[16]reporteda
reductioninQAaswellasinQA/KAinbloodsamplesfrom19pa-
tientsafterECTtreatment.InadditiontoincreasedKTR,Guloksuz
andcolleaguesfoundincreasedlevelsofKA,KA/KynandKA/HK
afterECT[40].Incontrast,Olajossyandcolleagues[30]foundlow
levelsofKAinpre-treatmentbloodsamplesof50patientsacross
threediagnosticgroups,butnosignificantincreaseinKAafter
treatment.Similarly,Allenandcolleagues[17]foundlowplasma
concentrationsofKAandlowKA/Kyninpatientsbeforetreatment,
butnoincreaseinKAaftertreatment,independentofresponse
status.Inthecurrentstudy,onlytwokynureninemetabolites,HAA
andPic,weresignificantlyincreasedaftertreatment.Theseme-
tabolitesbothbelongtotheKMObranchofthekynurenine
pathwaystartingwiththeKMOmediatedconversionofKyntoHK.
ItisinterestingtonotethatbothPicandHAAareproposedas
neuroprotectivesubstancesandthatPicisthoughofasanescape
routepreventinghighlevelsoftheneurotoxicQA(Fig.1)[20,43,44].

Insum,itispossiblethatanECTassociatedinflammation
responsehascausedincreasedmetabolismthroughKMOandthe
neurotoxicbranchofthekynureninepathway.KMOisstimulated
bythesamepro-inflammatorycytokinesthatcauseactivationof
neopterinproducingmacrophages[9,10],andhigherKMOactivity
couldexplaintheobservedincreaseinHAAandPic.

Toourknowledgethisisthefirststudyassessingalargepanelof
metabolitesofthekynureninepathwayoftryptophandegradation
andmetaboliteratiosreflectingenzymesinvolvedinpatientswith
MDbeforeandafterECTtreatment.Thekynureninepathway
representsapotentialmechanisticlinkbetweenlow-grade
inflammationindepressionandneuroplasticity.However,the
smallsamplesize,thelackofacontrolgroupofdepressedpatients
notreceivingECT,andthecomplexcontributionofthevarious
kynureninemetabolitestothepathogenesisofdepression,makeit

Table3
ChangesintryptophanmetaboliteconcentrationsandratiosafterECTtreatmentforrespondersandnon-responders.

Responders(n¼12)Non-responders(n¼9)

BeforeECTAfterECTp-valueBeforeECTAfterECTp-value

Median(IQR)Median(IQR)Median(IQR)Median(IQR)

MADRS,score34.0(5.50)8.00(6.75)0.0035.0(8.00)23.0(7.00)0.01
Trp,mmol/L73.1(7.67)73.9(19.7)1.0075.2(16.6)66.9(13.8)0.13
Kyn,mmol/L1.52(0.53)1.72(0.41)0.081.53(0.64)1.28(0.26)0.65
KA,nmol/L38.0(7.25)38.7(26.9)0.2329.5(29.8)35.6(20.9)0.50
HK,nmol/L32.2(13.7)42.7(12.2)0.0333.6(12.9)36.5(26.5)0.57
XA,nmol/L8.79(6.24)11.2(7.46)0.209.71(2.73)11.4(8.42)0.65
AA,nmol/L15.2(4.05)15.7(6.53)0.1717.8(6.30)16.3(4.90)0.73
HAA,nmol/L29.0(11.3)43.0(20.2)0.0627.0(14.1)40.3(17.5)0.36
QA,nmol/L351(163)367(158)0.14319(181)385(152)1.00
Pic,nmol/L25.0(9.10)34.2(14.6)0.0321.3(18.6)29.4(8.30)0.20
KTR,ratioa19.6(6.89)22.8(9.11)0.0920.8(4.68)20.1(4.29)1.00
KA/Kyn,ratioa27.4(8.64)25.3(11.0)0.4725.5(11.0)28.5(6.28)0.36
KA/HK,ratiob10.7(4.66)10.9(4.49)0.859.51(1.99)12.6(5.77)0.65
KA/QA,ratioc10.9(6.39)12.1(4.51)0.5210.9(1.95)10.7(4.73)0.50
XA/HK,ratioc24.3(13.9)26.8(11.3)0.9126.1(9.13)31.2(12.5)0.57
Pic/QA,ratioa7.48(3.43)9.84(3.84)0.065.99(1.94)6.65(4.13)0.25
PLP,nmol/L40.1(35.0)40.9(16.0)0.4748.9(30.3)56.5(66.8)0.73
Riboflavin,nmol/L13.7(5.25)13.0(6.90)0.9611.4(5.32)12.2(12.1)0.73
Creatinine,mmol/L73.5(13.6)75.5(10.4)0.4776.6(18.7)71.3(16.5)0.03
Neopterin,nmol/L19.4(9.43)24.4(8.00)0.0316.0(12.7)21.4(10.4)0.01
Cotinine,nmol/L432(1138)480(1265)0.122.34(1030)0.00(709)0.55

Wilcoxonpairedtest.p-valuesbelowthesignificancetreshold0.05aremarkedinbold.Onlypatientswithoutmissingdatawereincluded(n¼21).Abbreviations:MADRS,
MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilic
acid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.

a1000.
b10or.
c100.
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[36], there was no significant difference in KTR between healthy
controls and patients with MD in the unadjusted analyses. How-
ever, adjusted for cotinine, KTR was higher in patients, indicating
increased INF-g mediated activation of cellular immunity.
Furthermore, there were lower levels of KA, XA and Pic, and lower
KA/Kyn and KA/QA in patients compared to controls. This is in line
with other studies on blood and CSF samples from depressed or
suicidal patients showing an imbalance in the kynurenine pathway
in favour of neurotoxic metabolites [6,14e17,30,37,38]. Comparing
patients with healthy controls, these studies have shown higher
levels of neurotoxic kynurenines [37,38], lower levels of neuro-
protective kynurenines [6,17,30,38] and altered kynurenine ratios
with lower KA/Kyn [6,17] and KA/QA [14e16]. However, one study
found normal levels of kynurenines in depressed patients
compared to healthy controls [39].

ECT has been found to elevate KTR in a study with 23 patients
with MD [40]. Like two other studies assessing changes of KTR
during ECT [16,17], we found no such change in KTR after treat-
ment. However, after treatmentwe found significant increase in the
patient concentrations of the inflammation marker neopterin,
indicating an inflammatory response. Inflammation as response to
ECT has been demonstrated in several studies [24]. Increased levels
of proinflammatory cytokines have been observed as a short-term
effect of single ECT sessions [25e27]. In our study, the post-
treatment blood sample was drawn several days (median¼ 10
days, IQR¼ 6 days) after the last session in a series of ECT. Full series
of ECT treatments like this have mostly been associated with a
decrease in inflammation markers [27e29]. However, in a study by
Hoekstra et al. a significant increase in neopterin serum concen-
tration was detected in 20 severely depressed patients after ECT
series [41]. Similarly, after a series of ECT, Freire and colleagues
found increased levels of the proinflammatory cytokines TNF-a and
INF-g, both potent activators of kynurenine pathway enzymes IDO
and KMO, although IL-6 concentration was reduced [42].

Previous studies on changes in the balance between neuro-
protective and neurotoxic kynurenines after ECT have yielded
inconsistent results: Schwieler and colleagues [16] reported a
reduction in QA as well as in QA/KA in blood samples from 19 pa-
tients after ECT treatment. In addition to increased KTR, Guloksuz
and colleagues found increased levels of KA, KA/Kyn and KA/HK
after ECT [40]. In contrast, Olajossy and colleagues [30] found low
levels of KA in pre-treatment blood samples of 50 patients across
three diagnostic groups, but no significant increase in KA after
treatment. Similarly, Allen and colleagues [17] found low plasma
concentrations of KA and low KA/Kyn in patients before treatment,
but no increase in KA after treatment, independent of response
status. In the current study, only two kynurenine metabolites, HAA
and Pic, were significantly increased after treatment. These me-
tabolites both belong to the KMO branch of the kynurenine
pathway starting with the KMO mediated conversion of Kyn to HK.
It is interesting to note that both Pic and HAA are proposed as
neuroprotective substances and that Pic is though of as an escape
route preventing high levels of the neurotoxic QA (Fig.1) [20,43,44].

In sum, it is possible that an ECT associated inflammation
response has caused increased metabolism through KMO and the
neurotoxic branch of the kynurenine pathway. KMO is stimulated
by the same pro-inflammatory cytokines that cause activation of
neopterin producing macrophages [9,10], and higher KMO activity
could explain the observed increase in HAA and Pic.

To our knowledge this is the first study assessing a large panel of
metabolites of the kynurenine pathway of tryptophan degradation
and metabolite ratios reflecting enzymes involved in patients with
MD before and after ECT treatment. The kynurenine pathway
represents a potential mechanistic link between low-grade
inflammation in depression and neuroplasticity. However, the
small sample size, the lack of a control group of depressed patients
not receiving ECT, and the complex contribution of the various
kynurenine metabolites to the pathogenesis of depression, make it

Table 3
Changes in tryptophan metabolite concentrations and ratios after ECT treatment for responders and non-responders.

Responders (n¼ 12) Non-responders (n¼ 9)

Before ECT After ECT p-value Before ECT After ECT p-value

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

MADRS, score 34.0 (5.50) 8.00 (6.75) 0.00 35.0 (8.00) 23.0 (7.00) 0.01
Trp, mmol/L 73.1 (7.67) 73.9 (19.7) 1.00 75.2 (16.6) 66.9 (13.8) 0.13
Kyn, mmol/L 1.52 (0.53) 1.72 (0.41) 0.08 1.53 (0.64) 1.28 (0.26) 0.65
KA, nmol/L 38.0 (7.25) 38.7 (26.9) 0.23 29.5 (29.8) 35.6 (20.9) 0.50
HK, nmol/L 32.2 (13.7) 42.7 (12.2) 0.03 33.6 (12.9) 36.5 (26.5) 0.57
XA, nmol/L 8.79 (6.24) 11.2 (7.46) 0.20 9.71 (2.73) 11.4 (8.42) 0.65
AA, nmol/L 15.2 (4.05) 15.7 (6.53) 0.17 17.8 (6.30) 16.3 (4.90) 0.73
HAA, nmol/L 29.0 (11.3) 43.0 (20.2) 0.06 27.0 (14.1) 40.3 (17.5) 0.36
QA, nmol/L 351 (163) 367 (158) 0.14 319 (181) 385 (152) 1.00
Pic, nmol/L 25.0 (9.10) 34.2 (14.6) 0.03 21.3 (18.6) 29.4 (8.30) 0.20
KTR, ratioa 19.6 (6.89) 22.8 (9.11) 0.09 20.8 (4.68) 20.1 (4.29) 1.00
KA/Kyn, ratioa 27.4 (8.64) 25.3 (11.0) 0.47 25.5 (11.0) 28.5 (6.28) 0.36
KA/HK, ratiob 10.7 (4.66) 10.9 (4.49) 0.85 9.51 (1.99) 12.6 (5.77) 0.65
KA/QA, ratioc 10.9 (6.39) 12.1 (4.51) 0.52 10.9 (1.95) 10.7 (4.73) 0.50
XA/HK, ratioc 24.3 (13.9) 26.8 (11.3) 0.91 26.1 (9.13) 31.2 (12.5) 0.57
Pic/QA, ratioa 7.48 (3.43) 9.84 (3.84) 0.06 5.99 (1.94) 6.65 (4.13) 0.25
PLP, nmol/L 40.1 (35.0) 40.9 (16.0) 0.47 48.9 (30.3) 56.5 (66.8) 0.73
Riboflavin, nmol/L 13.7 (5.25) 13.0 (6.90) 0.96 11.4 (5.32) 12.2 (12.1) 0.73
Creatinine, mmol/L 73.5 (13.6) 75.5 (10.4) 0.47 76.6 (18.7) 71.3 (16.5) 0.03
Neopterin, nmol/L 19.4 (9.43) 24.4 (8.00) 0.03 16.0 (12.7) 21.4 (10.4) 0.01
Cotinine, nmol/L 432 (1138) 480 (1265) 0.12 2.34 (1030) 0.00 (709) 0.55

Wilcoxon paired test. p-values below the significance treshold 0.05 are marked in bold. Only patients without missing data were included (n¼ 21). Abbreviations: MADRS,
Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; Kyn, kynurenine; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic
acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; IQR, interquartile range.Ratios are multiplied by.

a 1000.
b 10 or.
c 100.
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[36], there was no significant difference in KTR between healthy
controls and patients with MD in the unadjusted analyses. How-
ever, adjusted for cotinine, KTR was higher in patients, indicating
increased INF-g mediated activation of cellular immunity.
Furthermore, there were lower levels of KA, XA and Pic, and lower
KA/Kyn and KA/QA in patients compared to controls. This is in line
with other studies on blood and CSF samples from depressed or
suicidal patients showing an imbalance in the kynurenine pathway
in favour of neurotoxic metabolites [6,14e17,30,37,38]. Comparing
patients with healthy controls, these studies have shown higher
levels of neurotoxic kynurenines [37,38], lower levels of neuro-
protective kynurenines [6,17,30,38] and altered kynurenine ratios
with lower KA/Kyn [6,17] and KA/QA [14e16]. However, one study
found normal levels of kynurenines in depressed patients
compared to healthy controls [39].

ECT has been found to elevate KTR in a study with 23 patients
with MD [40]. Like two other studies assessing changes of KTR
during ECT [16,17], we found no such change in KTR after treat-
ment. However, after treatmentwe found significant increase in the
patient concentrations of the inflammation marker neopterin,
indicating an inflammatory response. Inflammation as response to
ECT has been demonstrated in several studies [24]. Increased levels
of proinflammatory cytokines have been observed as a short-term
effect of single ECT sessions [25e27]. In our study, the post-
treatment blood sample was drawn several days (median¼ 10
days, IQR¼ 6 days) after the last session in a series of ECT. Full series
of ECT treatments like this have mostly been associated with a
decrease in inflammation markers [27e29]. However, in a study by
Hoekstra et al. a significant increase in neopterin serum concen-
tration was detected in 20 severely depressed patients after ECT
series [41]. Similarly, after a series of ECT, Freire and colleagues
found increased levels of the proinflammatory cytokines TNF-a and
INF-g, both potent activators of kynurenine pathway enzymes IDO
and KMO, although IL-6 concentration was reduced [42].

Previous studies on changes in the balance between neuro-
protective and neurotoxic kynurenines after ECT have yielded
inconsistent results: Schwieler and colleagues [16] reported a
reduction in QA as well as in QA/KA in blood samples from 19 pa-
tients after ECT treatment. In addition to increased KTR, Guloksuz
and colleagues found increased levels of KA, KA/Kyn and KA/HK
after ECT [40]. In contrast, Olajossy and colleagues [30] found low
levels of KA in pre-treatment blood samples of 50 patients across
three diagnostic groups, but no significant increase in KA after
treatment. Similarly, Allen and colleagues [17] found low plasma
concentrations of KA and low KA/Kyn in patients before treatment,
but no increase in KA after treatment, independent of response
status. In the current study, only two kynurenine metabolites, HAA
and Pic, were significantly increased after treatment. These me-
tabolites both belong to the KMO branch of the kynurenine
pathway starting with the KMO mediated conversion of Kyn to HK.
It is interesting to note that both Pic and HAA are proposed as
neuroprotective substances and that Pic is though of as an escape
route preventing high levels of the neurotoxic QA (Fig.1) [20,43,44].

In sum, it is possible that an ECT associated inflammation
response has caused increased metabolism through KMO and the
neurotoxic branch of the kynurenine pathway. KMO is stimulated
by the same pro-inflammatory cytokines that cause activation of
neopterin producing macrophages [9,10], and higher KMO activity
could explain the observed increase in HAA and Pic.

To our knowledge this is the first study assessing a large panel of
metabolites of the kynurenine pathway of tryptophan degradation
and metabolite ratios reflecting enzymes involved in patients with
MD before and after ECT treatment. The kynurenine pathway
represents a potential mechanistic link between low-grade
inflammation in depression and neuroplasticity. However, the
small sample size, the lack of a control group of depressed patients
not receiving ECT, and the complex contribution of the various
kynurenine metabolites to the pathogenesis of depression, make it

Table 3
Changes in tryptophan metabolite concentrations and ratios after ECT treatment for responders and non-responders.

Responders (n¼ 12) Non-responders (n¼ 9)

Before ECT After ECT p-value Before ECT After ECT p-value

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

MADRS, score 34.0 (5.50) 8.00 (6.75) 0.00 35.0 (8.00) 23.0 (7.00) 0.01
Trp, mmol/L 73.1 (7.67) 73.9 (19.7) 1.00 75.2 (16.6) 66.9 (13.8) 0.13
Kyn, mmol/L 1.52 (0.53) 1.72 (0.41) 0.08 1.53 (0.64) 1.28 (0.26) 0.65
KA, nmol/L 38.0 (7.25) 38.7 (26.9) 0.23 29.5 (29.8) 35.6 (20.9) 0.50
HK, nmol/L 32.2 (13.7) 42.7 (12.2) 0.03 33.6 (12.9) 36.5 (26.5) 0.57
XA, nmol/L 8.79 (6.24) 11.2 (7.46) 0.20 9.71 (2.73) 11.4 (8.42) 0.65
AA, nmol/L 15.2 (4.05) 15.7 (6.53) 0.17 17.8 (6.30) 16.3 (4.90) 0.73
HAA, nmol/L 29.0 (11.3) 43.0 (20.2) 0.06 27.0 (14.1) 40.3 (17.5) 0.36
QA, nmol/L 351 (163) 367 (158) 0.14 319 (181) 385 (152) 1.00
Pic, nmol/L 25.0 (9.10) 34.2 (14.6) 0.03 21.3 (18.6) 29.4 (8.30) 0.20
KTR, ratioa 19.6 (6.89) 22.8 (9.11) 0.09 20.8 (4.68) 20.1 (4.29) 1.00
KA/Kyn, ratioa 27.4 (8.64) 25.3 (11.0) 0.47 25.5 (11.0) 28.5 (6.28) 0.36
KA/HK, ratiob 10.7 (4.66) 10.9 (4.49) 0.85 9.51 (1.99) 12.6 (5.77) 0.65
KA/QA, ratioc 10.9 (6.39) 12.1 (4.51) 0.52 10.9 (1.95) 10.7 (4.73) 0.50
XA/HK, ratioc 24.3 (13.9) 26.8 (11.3) 0.91 26.1 (9.13) 31.2 (12.5) 0.57
Pic/QA, ratioa 7.48 (3.43) 9.84 (3.84) 0.06 5.99 (1.94) 6.65 (4.13) 0.25
PLP, nmol/L 40.1 (35.0) 40.9 (16.0) 0.47 48.9 (30.3) 56.5 (66.8) 0.73
Riboflavin, nmol/L 13.7 (5.25) 13.0 (6.90) 0.96 11.4 (5.32) 12.2 (12.1) 0.73
Creatinine, mmol/L 73.5 (13.6) 75.5 (10.4) 0.47 76.6 (18.7) 71.3 (16.5) 0.03
Neopterin, nmol/L 19.4 (9.43) 24.4 (8.00) 0.03 16.0 (12.7) 21.4 (10.4) 0.01
Cotinine, nmol/L 432 (1138) 480 (1265) 0.12 2.34 (1030) 0.00 (709) 0.55

Wilcoxon paired test. p-values below the significance treshold 0.05 are marked in bold. Only patients without missing data were included (n¼ 21). Abbreviations: MADRS,
Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; Kyn, kynurenine; HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic
acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 50-phosphat; IQR, interquartile range.Ratios are multiplied by.

a 1000.
b 10 or.
c 100.
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[36],therewasnosignificantdifferenceinKTRbetweenhealthy
controlsandpatientswithMDintheunadjustedanalyses.How-
ever,adjustedforcotinine,KTRwashigherinpatients,indicating
increasedINF-gmediatedactivationofcellularimmunity.
Furthermore,therewerelowerlevelsofKA,XAandPic,andlower
KA/KynandKA/QAinpatientscomparedtocontrols.Thisisinline
withotherstudiesonbloodandCSFsamplesfromdepressedor
suicidalpatientsshowinganimbalanceinthekynureninepathway
infavourofneurotoxicmetabolites[6,14e17,30,37,38].Comparing
patientswithhealthycontrols,thesestudieshaveshownhigher
levelsofneurotoxickynurenines[37,38],lowerlevelsofneuro-
protectivekynurenines[6,17,30,38]andalteredkynurenineratios
withlowerKA/Kyn[6,17]andKA/QA[14e16].However,onestudy
foundnormallevelsofkynureninesindepressedpatients
comparedtohealthycontrols[39].

ECThasbeenfoundtoelevateKTRinastudywith23patients
withMD[40].LiketwootherstudiesassessingchangesofKTR
duringECT[16,17],wefoundnosuchchangeinKTRaftertreat-
ment.However,aftertreatmentwefoundsignificantincreaseinthe
patientconcentrationsoftheinflammationmarkerneopterin,
indicatinganinflammatoryresponse.Inflammationasresponseto
ECThasbeendemonstratedinseveralstudies[24].Increasedlevels
ofproinflammatorycytokineshavebeenobservedasashort-term
effectofsingleECTsessions[25e27].Inourstudy,thepost-
treatmentbloodsamplewasdrawnseveraldays(median¼10
days,IQR¼6days)afterthelastsessioninaseriesofECT.Fullseries
ofECTtreatmentslikethishavemostlybeenassociatedwitha
decreaseininflammationmarkers[27e29].However,inastudyby
Hoekstraetal.asignificantincreaseinneopterinserumconcen-
trationwasdetectedin20severelydepressedpatientsafterECT
series[41].Similarly,afteraseriesofECT,Freireandcolleagues
foundincreasedlevelsoftheproinflammatorycytokinesTNF-aand
INF-g,bothpotentactivatorsofkynureninepathwayenzymesIDO
andKMO,althoughIL-6concentrationwasreduced[42].

Previousstudiesonchangesinthebalancebetweenneuro-
protectiveandneurotoxickynureninesafterECThaveyielded
inconsistentresults:Schwielerandcolleagues[16]reporteda
reductioninQAaswellasinQA/KAinbloodsamplesfrom19pa-
tientsafterECTtreatment.InadditiontoincreasedKTR,Guloksuz
andcolleaguesfoundincreasedlevelsofKA,KA/KynandKA/HK
afterECT[40].Incontrast,Olajossyandcolleagues[30]foundlow
levelsofKAinpre-treatmentbloodsamplesof50patientsacross
threediagnosticgroups,butnosignificantincreaseinKAafter
treatment.Similarly,Allenandcolleagues[17]foundlowplasma
concentrationsofKAandlowKA/Kyninpatientsbeforetreatment,
butnoincreaseinKAaftertreatment,independentofresponse
status.Inthecurrentstudy,onlytwokynureninemetabolites,HAA
andPic,weresignificantlyincreasedaftertreatment.Theseme-
tabolitesbothbelongtotheKMObranchofthekynurenine
pathwaystartingwiththeKMOmediatedconversionofKyntoHK.
ItisinterestingtonotethatbothPicandHAAareproposedas
neuroprotectivesubstancesandthatPicisthoughofasanescape
routepreventinghighlevelsoftheneurotoxicQA(Fig.1)[20,43,44].

Insum,itispossiblethatanECTassociatedinflammation
responsehascausedincreasedmetabolismthroughKMOandthe
neurotoxicbranchofthekynureninepathway.KMOisstimulated
bythesamepro-inflammatorycytokinesthatcauseactivationof
neopterinproducingmacrophages[9,10],andhigherKMOactivity
couldexplaintheobservedincreaseinHAAandPic.

Toourknowledgethisisthefirststudyassessingalargepanelof
metabolitesofthekynureninepathwayoftryptophandegradation
andmetaboliteratiosreflectingenzymesinvolvedinpatientswith
MDbeforeandafterECTtreatment.Thekynureninepathway
representsapotentialmechanisticlinkbetweenlow-grade
inflammationindepressionandneuroplasticity.However,the
smallsamplesize,thelackofacontrolgroupofdepressedpatients
notreceivingECT,andthecomplexcontributionofthevarious
kynureninemetabolitestothepathogenesisofdepression,makeit

Table3
ChangesintryptophanmetaboliteconcentrationsandratiosafterECTtreatmentforrespondersandnon-responders.

Responders(n¼12)Non-responders(n¼9)

BeforeECTAfterECTp-valueBeforeECTAfterECTp-value

Median(IQR)Median(IQR)Median(IQR)Median(IQR)

MADRS,score34.0(5.50)8.00(6.75)0.0035.0(8.00)23.0(7.00)0.01
Trp,mmol/L73.1(7.67)73.9(19.7)1.0075.2(16.6)66.9(13.8)0.13
Kyn,mmol/L1.52(0.53)1.72(0.41)0.081.53(0.64)1.28(0.26)0.65
KA,nmol/L38.0(7.25)38.7(26.9)0.2329.5(29.8)35.6(20.9)0.50
HK,nmol/L32.2(13.7)42.7(12.2)0.0333.6(12.9)36.5(26.5)0.57
XA,nmol/L8.79(6.24)11.2(7.46)0.209.71(2.73)11.4(8.42)0.65
AA,nmol/L15.2(4.05)15.7(6.53)0.1717.8(6.30)16.3(4.90)0.73
HAA,nmol/L29.0(11.3)43.0(20.2)0.0627.0(14.1)40.3(17.5)0.36
QA,nmol/L351(163)367(158)0.14319(181)385(152)1.00
Pic,nmol/L25.0(9.10)34.2(14.6)0.0321.3(18.6)29.4(8.30)0.20
KTR,ratioa19.6(6.89)22.8(9.11)0.0920.8(4.68)20.1(4.29)1.00
KA/Kyn,ratioa27.4(8.64)25.3(11.0)0.4725.5(11.0)28.5(6.28)0.36
KA/HK,ratiob10.7(4.66)10.9(4.49)0.859.51(1.99)12.6(5.77)0.65
KA/QA,ratioc10.9(6.39)12.1(4.51)0.5210.9(1.95)10.7(4.73)0.50
XA/HK,ratioc24.3(13.9)26.8(11.3)0.9126.1(9.13)31.2(12.5)0.57
Pic/QA,ratioa7.48(3.43)9.84(3.84)0.065.99(1.94)6.65(4.13)0.25
PLP,nmol/L40.1(35.0)40.9(16.0)0.4748.9(30.3)56.5(66.8)0.73
Riboflavin,nmol/L13.7(5.25)13.0(6.90)0.9611.4(5.32)12.2(12.1)0.73
Creatinine,mmol/L73.5(13.6)75.5(10.4)0.4776.6(18.7)71.3(16.5)0.03
Neopterin,nmol/L19.4(9.43)24.4(8.00)0.0316.0(12.7)21.4(10.4)0.01
Cotinine,nmol/L432(1138)480(1265)0.122.34(1030)0.00(709)0.55

Wilcoxonpairedtest.p-valuesbelowthesignificancetreshold0.05aremarkedinbold.Onlypatientswithoutmissingdatawereincluded(n¼21).Abbreviations:MADRS,
MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilic
acid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.
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[36],therewasnosignificantdifferenceinKTRbetweenhealthy
controlsandpatientswithMDintheunadjustedanalyses.How-
ever,adjustedforcotinine,KTRwashigherinpatients,indicating
increasedINF-gmediatedactivationofcellularimmunity.
Furthermore,therewerelowerlevelsofKA,XAandPic,andlower
KA/KynandKA/QAinpatientscomparedtocontrols.Thisisinline
withotherstudiesonbloodandCSFsamplesfromdepressedor
suicidalpatientsshowinganimbalanceinthekynureninepathway
infavourofneurotoxicmetabolites[6,14e17,30,37,38].Comparing
patientswithhealthycontrols,thesestudieshaveshownhigher
levelsofneurotoxickynurenines[37,38],lowerlevelsofneuro-
protectivekynurenines[6,17,30,38]andalteredkynurenineratios
withlowerKA/Kyn[6,17]andKA/QA[14e16].However,onestudy
foundnormallevelsofkynureninesindepressedpatients
comparedtohealthycontrols[39].

ECThasbeenfoundtoelevateKTRinastudywith23patients
withMD[40].LiketwootherstudiesassessingchangesofKTR
duringECT[16,17],wefoundnosuchchangeinKTRaftertreat-
ment.However,aftertreatmentwefoundsignificantincreaseinthe
patientconcentrationsoftheinflammationmarkerneopterin,
indicatinganinflammatoryresponse.Inflammationasresponseto
ECThasbeendemonstratedinseveralstudies[24].Increasedlevels
ofproinflammatorycytokineshavebeenobservedasashort-term
effectofsingleECTsessions[25e27].Inourstudy,thepost-
treatmentbloodsamplewasdrawnseveraldays(median¼10
days,IQR¼6days)afterthelastsessioninaseriesofECT.Fullseries
ofECTtreatmentslikethishavemostlybeenassociatedwitha
decreaseininflammationmarkers[27e29].However,inastudyby
Hoekstraetal.asignificantincreaseinneopterinserumconcen-
trationwasdetectedin20severelydepressedpatientsafterECT
series[41].Similarly,afteraseriesofECT,Freireandcolleagues
foundincreasedlevelsoftheproinflammatorycytokinesTNF-aand
INF-g,bothpotentactivatorsofkynureninepathwayenzymesIDO
andKMO,althoughIL-6concentrationwasreduced[42].

Previousstudiesonchangesinthebalancebetweenneuro-
protectiveandneurotoxickynureninesafterECThaveyielded
inconsistentresults:Schwielerandcolleagues[16]reporteda
reductioninQAaswellasinQA/KAinbloodsamplesfrom19pa-
tientsafterECTtreatment.InadditiontoincreasedKTR,Guloksuz
andcolleaguesfoundincreasedlevelsofKA,KA/KynandKA/HK
afterECT[40].Incontrast,Olajossyandcolleagues[30]foundlow
levelsofKAinpre-treatmentbloodsamplesof50patientsacross
threediagnosticgroups,butnosignificantincreaseinKAafter
treatment.Similarly,Allenandcolleagues[17]foundlowplasma
concentrationsofKAandlowKA/Kyninpatientsbeforetreatment,
butnoincreaseinKAaftertreatment,independentofresponse
status.Inthecurrentstudy,onlytwokynureninemetabolites,HAA
andPic,weresignificantlyincreasedaftertreatment.Theseme-
tabolitesbothbelongtotheKMObranchofthekynurenine
pathwaystartingwiththeKMOmediatedconversionofKyntoHK.
ItisinterestingtonotethatbothPicandHAAareproposedas
neuroprotectivesubstancesandthatPicisthoughofasanescape
routepreventinghighlevelsoftheneurotoxicQA(Fig.1)[20,43,44].

Insum,itispossiblethatanECTassociatedinflammation
responsehascausedincreasedmetabolismthroughKMOandthe
neurotoxicbranchofthekynureninepathway.KMOisstimulated
bythesamepro-inflammatorycytokinesthatcauseactivationof
neopterinproducingmacrophages[9,10],andhigherKMOactivity
couldexplaintheobservedincreaseinHAAandPic.

Toourknowledgethisisthefirststudyassessingalargepanelof
metabolitesofthekynureninepathwayoftryptophandegradation
andmetaboliteratiosreflectingenzymesinvolvedinpatientswith
MDbeforeandafterECTtreatment.Thekynureninepathway
representsapotentialmechanisticlinkbetweenlow-grade
inflammationindepressionandneuroplasticity.However,the
smallsamplesize,thelackofacontrolgroupofdepressedpatients
notreceivingECT,andthecomplexcontributionofthevarious
kynureninemetabolitestothepathogenesisofdepression,makeit

Table3
ChangesintryptophanmetaboliteconcentrationsandratiosafterECTtreatmentforrespondersandnon-responders.

Responders(n¼12)Non-responders(n¼9)

BeforeECTAfterECTp-valueBeforeECTAfterECTp-value

Median(IQR)Median(IQR)Median(IQR)Median(IQR)

MADRS,score34.0(5.50)8.00(6.75)0.0035.0(8.00)23.0(7.00)0.01
Trp,mmol/L73.1(7.67)73.9(19.7)1.0075.2(16.6)66.9(13.8)0.13
Kyn,mmol/L1.52(0.53)1.72(0.41)0.081.53(0.64)1.28(0.26)0.65
KA,nmol/L38.0(7.25)38.7(26.9)0.2329.5(29.8)35.6(20.9)0.50
HK,nmol/L32.2(13.7)42.7(12.2)0.0333.6(12.9)36.5(26.5)0.57
XA,nmol/L8.79(6.24)11.2(7.46)0.209.71(2.73)11.4(8.42)0.65
AA,nmol/L15.2(4.05)15.7(6.53)0.1717.8(6.30)16.3(4.90)0.73
HAA,nmol/L29.0(11.3)43.0(20.2)0.0627.0(14.1)40.3(17.5)0.36
QA,nmol/L351(163)367(158)0.14319(181)385(152)1.00
Pic,nmol/L25.0(9.10)34.2(14.6)0.0321.3(18.6)29.4(8.30)0.20
KTR,ratioa19.6(6.89)22.8(9.11)0.0920.8(4.68)20.1(4.29)1.00
KA/Kyn,ratioa27.4(8.64)25.3(11.0)0.4725.5(11.0)28.5(6.28)0.36
KA/HK,ratiob10.7(4.66)10.9(4.49)0.859.51(1.99)12.6(5.77)0.65
KA/QA,ratioc10.9(6.39)12.1(4.51)0.5210.9(1.95)10.7(4.73)0.50
XA/HK,ratioc24.3(13.9)26.8(11.3)0.9126.1(9.13)31.2(12.5)0.57
Pic/QA,ratioa7.48(3.43)9.84(3.84)0.065.99(1.94)6.65(4.13)0.25
PLP,nmol/L40.1(35.0)40.9(16.0)0.4748.9(30.3)56.5(66.8)0.73
Riboflavin,nmol/L13.7(5.25)13.0(6.90)0.9611.4(5.32)12.2(12.1)0.73
Creatinine,mmol/L73.5(13.6)75.5(10.4)0.4776.6(18.7)71.3(16.5)0.03
Neopterin,nmol/L19.4(9.43)24.4(8.00)0.0316.0(12.7)21.4(10.4)0.01
Cotinine,nmol/L432(1138)480(1265)0.122.34(1030)0.00(709)0.55

Wilcoxonpairedtest.p-valuesbelowthesignificancetreshold0.05aremarkedinbold.Onlypatientswithoutmissingdatawereincluded(n¼21).Abbreviations:MADRS,
MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilic
acid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.
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[36],therewasnosignificantdifferenceinKTRbetweenhealthy
controlsandpatientswithMDintheunadjustedanalyses.How-
ever,adjustedforcotinine,KTRwashigherinpatients,indicating
increasedINF-gmediatedactivationofcellularimmunity.
Furthermore,therewerelowerlevelsofKA,XAandPic,andlower
KA/KynandKA/QAinpatientscomparedtocontrols.Thisisinline
withotherstudiesonbloodandCSFsamplesfromdepressedor
suicidalpatientsshowinganimbalanceinthekynureninepathway
infavourofneurotoxicmetabolites[6,14e17,30,37,38].Comparing
patientswithhealthycontrols,thesestudieshaveshownhigher
levelsofneurotoxickynurenines[37,38],lowerlevelsofneuro-
protectivekynurenines[6,17,30,38]andalteredkynurenineratios
withlowerKA/Kyn[6,17]andKA/QA[14e16].However,onestudy
foundnormallevelsofkynureninesindepressedpatients
comparedtohealthycontrols[39].

ECThasbeenfoundtoelevateKTRinastudywith23patients
withMD[40].LiketwootherstudiesassessingchangesofKTR
duringECT[16,17],wefoundnosuchchangeinKTRaftertreat-
ment.However,aftertreatmentwefoundsignificantincreaseinthe
patientconcentrationsoftheinflammationmarkerneopterin,
indicatinganinflammatoryresponse.Inflammationasresponseto
ECThasbeendemonstratedinseveralstudies[24].Increasedlevels
ofproinflammatorycytokineshavebeenobservedasashort-term
effectofsingleECTsessions[25e27].Inourstudy,thepost-
treatmentbloodsamplewasdrawnseveraldays(median¼10
days,IQR¼6days)afterthelastsessioninaseriesofECT.Fullseries
ofECTtreatmentslikethishavemostlybeenassociatedwitha
decreaseininflammationmarkers[27e29].However,inastudyby
Hoekstraetal.asignificantincreaseinneopterinserumconcen-
trationwasdetectedin20severelydepressedpatientsafterECT
series[41].Similarly,afteraseriesofECT,Freireandcolleagues
foundincreasedlevelsoftheproinflammatorycytokinesTNF-aand
INF-g,bothpotentactivatorsofkynureninepathwayenzymesIDO
andKMO,althoughIL-6concentrationwasreduced[42].

Previousstudiesonchangesinthebalancebetweenneuro-
protectiveandneurotoxickynureninesafterECThaveyielded
inconsistentresults:Schwielerandcolleagues[16]reporteda
reductioninQAaswellasinQA/KAinbloodsamplesfrom19pa-
tientsafterECTtreatment.InadditiontoincreasedKTR,Guloksuz
andcolleaguesfoundincreasedlevelsofKA,KA/KynandKA/HK
afterECT[40].Incontrast,Olajossyandcolleagues[30]foundlow
levelsofKAinpre-treatmentbloodsamplesof50patientsacross
threediagnosticgroups,butnosignificantincreaseinKAafter
treatment.Similarly,Allenandcolleagues[17]foundlowplasma
concentrationsofKAandlowKA/Kyninpatientsbeforetreatment,
butnoincreaseinKAaftertreatment,independentofresponse
status.Inthecurrentstudy,onlytwokynureninemetabolites,HAA
andPic,weresignificantlyincreasedaftertreatment.Theseme-
tabolitesbothbelongtotheKMObranchofthekynurenine
pathwaystartingwiththeKMOmediatedconversionofKyntoHK.
ItisinterestingtonotethatbothPicandHAAareproposedas
neuroprotectivesubstancesandthatPicisthoughofasanescape
routepreventinghighlevelsoftheneurotoxicQA(Fig.1)[20,43,44].

Insum,itispossiblethatanECTassociatedinflammation
responsehascausedincreasedmetabolismthroughKMOandthe
neurotoxicbranchofthekynureninepathway.KMOisstimulated
bythesamepro-inflammatorycytokinesthatcauseactivationof
neopterinproducingmacrophages[9,10],andhigherKMOactivity
couldexplaintheobservedincreaseinHAAandPic.

Toourknowledgethisisthefirststudyassessingalargepanelof
metabolitesofthekynureninepathwayoftryptophandegradation
andmetaboliteratiosreflectingenzymesinvolvedinpatientswith
MDbeforeandafterECTtreatment.Thekynureninepathway
representsapotentialmechanisticlinkbetweenlow-grade
inflammationindepressionandneuroplasticity.However,the
smallsamplesize,thelackofacontrolgroupofdepressedpatients
notreceivingECT,andthecomplexcontributionofthevarious
kynureninemetabolitestothepathogenesisofdepression,makeit

Table3
ChangesintryptophanmetaboliteconcentrationsandratiosafterECTtreatmentforrespondersandnon-responders.

Responders(n¼12)Non-responders(n¼9)

BeforeECTAfterECTp-valueBeforeECTAfterECTp-value

Median(IQR)Median(IQR)Median(IQR)Median(IQR)

MADRS,score34.0(5.50)8.00(6.75)0.0035.0(8.00)23.0(7.00)0.01
Trp,mmol/L73.1(7.67)73.9(19.7)1.0075.2(16.6)66.9(13.8)0.13
Kyn,mmol/L1.52(0.53)1.72(0.41)0.081.53(0.64)1.28(0.26)0.65
KA,nmol/L38.0(7.25)38.7(26.9)0.2329.5(29.8)35.6(20.9)0.50
HK,nmol/L32.2(13.7)42.7(12.2)0.0333.6(12.9)36.5(26.5)0.57
XA,nmol/L8.79(6.24)11.2(7.46)0.209.71(2.73)11.4(8.42)0.65
AA,nmol/L15.2(4.05)15.7(6.53)0.1717.8(6.30)16.3(4.90)0.73
HAA,nmol/L29.0(11.3)43.0(20.2)0.0627.0(14.1)40.3(17.5)0.36
QA,nmol/L351(163)367(158)0.14319(181)385(152)1.00
Pic,nmol/L25.0(9.10)34.2(14.6)0.0321.3(18.6)29.4(8.30)0.20
KTR,ratioa19.6(6.89)22.8(9.11)0.0920.8(4.68)20.1(4.29)1.00
KA/Kyn,ratioa27.4(8.64)25.3(11.0)0.4725.5(11.0)28.5(6.28)0.36
KA/HK,ratiob10.7(4.66)10.9(4.49)0.859.51(1.99)12.6(5.77)0.65
KA/QA,ratioc10.9(6.39)12.1(4.51)0.5210.9(1.95)10.7(4.73)0.50
XA/HK,ratioc24.3(13.9)26.8(11.3)0.9126.1(9.13)31.2(12.5)0.57
Pic/QA,ratioa7.48(3.43)9.84(3.84)0.065.99(1.94)6.65(4.13)0.25
PLP,nmol/L40.1(35.0)40.9(16.0)0.4748.9(30.3)56.5(66.8)0.73
Riboflavin,nmol/L13.7(5.25)13.0(6.90)0.9611.4(5.32)12.2(12.1)0.73
Creatinine,mmol/L73.5(13.6)75.5(10.4)0.4776.6(18.7)71.3(16.5)0.03
Neopterin,nmol/L19.4(9.43)24.4(8.00)0.0316.0(12.7)21.4(10.4)0.01
Cotinine,nmol/L432(1138)480(1265)0.122.34(1030)0.00(709)0.55

Wilcoxonpairedtest.p-valuesbelowthesignificancetreshold0.05aremarkedinbold.Onlypatientswithoutmissingdatawereincluded(n¼21).Abbreviations:MADRS,
MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilic
acid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.
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[36],therewasnosignificantdifferenceinKTRbetweenhealthy
controlsandpatientswithMDintheunadjustedanalyses.How-
ever,adjustedforcotinine,KTRwashigherinpatients,indicating
increasedINF-gmediatedactivationofcellularimmunity.
Furthermore,therewerelowerlevelsofKA,XAandPic,andlower
KA/KynandKA/QAinpatientscomparedtocontrols.Thisisinline
withotherstudiesonbloodandCSFsamplesfromdepressedor
suicidalpatientsshowinganimbalanceinthekynureninepathway
infavourofneurotoxicmetabolites[6,14e17,30,37,38].Comparing
patientswithhealthycontrols,thesestudieshaveshownhigher
levelsofneurotoxickynurenines[37,38],lowerlevelsofneuro-
protectivekynurenines[6,17,30,38]andalteredkynurenineratios
withlowerKA/Kyn[6,17]andKA/QA[14e16].However,onestudy
foundnormallevelsofkynureninesindepressedpatients
comparedtohealthycontrols[39].

ECThasbeenfoundtoelevateKTRinastudywith23patients
withMD[40].LiketwootherstudiesassessingchangesofKTR
duringECT[16,17],wefoundnosuchchangeinKTRaftertreat-
ment.However,aftertreatmentwefoundsignificantincreaseinthe
patientconcentrationsoftheinflammationmarkerneopterin,
indicatinganinflammatoryresponse.Inflammationasresponseto
ECThasbeendemonstratedinseveralstudies[24].Increasedlevels
ofproinflammatorycytokineshavebeenobservedasashort-term
effectofsingleECTsessions[25e27].Inourstudy,thepost-
treatmentbloodsamplewasdrawnseveraldays(median¼10
days,IQR¼6days)afterthelastsessioninaseriesofECT.Fullseries
ofECTtreatmentslikethishavemostlybeenassociatedwitha
decreaseininflammationmarkers[27e29].However,inastudyby
Hoekstraetal.asignificantincreaseinneopterinserumconcen-
trationwasdetectedin20severelydepressedpatientsafterECT
series[41].Similarly,afteraseriesofECT,Freireandcolleagues
foundincreasedlevelsoftheproinflammatorycytokinesTNF-aand
INF-g,bothpotentactivatorsofkynureninepathwayenzymesIDO
andKMO,althoughIL-6concentrationwasreduced[42].

Previousstudiesonchangesinthebalancebetweenneuro-
protectiveandneurotoxickynureninesafterECThaveyielded
inconsistentresults:Schwielerandcolleagues[16]reporteda
reductioninQAaswellasinQA/KAinbloodsamplesfrom19pa-
tientsafterECTtreatment.InadditiontoincreasedKTR,Guloksuz
andcolleaguesfoundincreasedlevelsofKA,KA/KynandKA/HK
afterECT[40].Incontrast,Olajossyandcolleagues[30]foundlow
levelsofKAinpre-treatmentbloodsamplesof50patientsacross
threediagnosticgroups,butnosignificantincreaseinKAafter
treatment.Similarly,Allenandcolleagues[17]foundlowplasma
concentrationsofKAandlowKA/Kyninpatientsbeforetreatment,
butnoincreaseinKAaftertreatment,independentofresponse
status.Inthecurrentstudy,onlytwokynureninemetabolites,HAA
andPic,weresignificantlyincreasedaftertreatment.Theseme-
tabolitesbothbelongtotheKMObranchofthekynurenine
pathwaystartingwiththeKMOmediatedconversionofKyntoHK.
ItisinterestingtonotethatbothPicandHAAareproposedas
neuroprotectivesubstancesandthatPicisthoughofasanescape
routepreventinghighlevelsoftheneurotoxicQA(Fig.1)[20,43,44].

Insum,itispossiblethatanECTassociatedinflammation
responsehascausedincreasedmetabolismthroughKMOandthe
neurotoxicbranchofthekynureninepathway.KMOisstimulated
bythesamepro-inflammatorycytokinesthatcauseactivationof
neopterinproducingmacrophages[9,10],andhigherKMOactivity
couldexplaintheobservedincreaseinHAAandPic.

Toourknowledgethisisthefirststudyassessingalargepanelof
metabolitesofthekynureninepathwayoftryptophandegradation
andmetaboliteratiosreflectingenzymesinvolvedinpatientswith
MDbeforeandafterECTtreatment.Thekynureninepathway
representsapotentialmechanisticlinkbetweenlow-grade
inflammationindepressionandneuroplasticity.However,the
smallsamplesize,thelackofacontrolgroupofdepressedpatients
notreceivingECT,andthecomplexcontributionofthevarious
kynureninemetabolitestothepathogenesisofdepression,makeit

Table3
ChangesintryptophanmetaboliteconcentrationsandratiosafterECTtreatmentforrespondersandnon-responders.

Responders(n¼12)Non-responders(n¼9)

BeforeECTAfterECTp-valueBeforeECTAfterECTp-value

Median(IQR)Median(IQR)Median(IQR)Median(IQR)

MADRS,score34.0(5.50)8.00(6.75)0.0035.0(8.00)23.0(7.00)0.01
Trp,mmol/L73.1(7.67)73.9(19.7)1.0075.2(16.6)66.9(13.8)0.13
Kyn,mmol/L1.52(0.53)1.72(0.41)0.081.53(0.64)1.28(0.26)0.65
KA,nmol/L38.0(7.25)38.7(26.9)0.2329.5(29.8)35.6(20.9)0.50
HK,nmol/L32.2(13.7)42.7(12.2)0.0333.6(12.9)36.5(26.5)0.57
XA,nmol/L8.79(6.24)11.2(7.46)0.209.71(2.73)11.4(8.42)0.65
AA,nmol/L15.2(4.05)15.7(6.53)0.1717.8(6.30)16.3(4.90)0.73
HAA,nmol/L29.0(11.3)43.0(20.2)0.0627.0(14.1)40.3(17.5)0.36
QA,nmol/L351(163)367(158)0.14319(181)385(152)1.00
Pic,nmol/L25.0(9.10)34.2(14.6)0.0321.3(18.6)29.4(8.30)0.20
KTR,ratioa19.6(6.89)22.8(9.11)0.0920.8(4.68)20.1(4.29)1.00
KA/Kyn,ratioa27.4(8.64)25.3(11.0)0.4725.5(11.0)28.5(6.28)0.36
KA/HK,ratiob10.7(4.66)10.9(4.49)0.859.51(1.99)12.6(5.77)0.65
KA/QA,ratioc10.9(6.39)12.1(4.51)0.5210.9(1.95)10.7(4.73)0.50
XA/HK,ratioc24.3(13.9)26.8(11.3)0.9126.1(9.13)31.2(12.5)0.57
Pic/QA,ratioa7.48(3.43)9.84(3.84)0.065.99(1.94)6.65(4.13)0.25
PLP,nmol/L40.1(35.0)40.9(16.0)0.4748.9(30.3)56.5(66.8)0.73
Riboflavin,nmol/L13.7(5.25)13.0(6.90)0.9611.4(5.32)12.2(12.1)0.73
Creatinine,mmol/L73.5(13.6)75.5(10.4)0.4776.6(18.7)71.3(16.5)0.03
Neopterin,nmol/L19.4(9.43)24.4(8.00)0.0316.0(12.7)21.4(10.4)0.01
Cotinine,nmol/L432(1138)480(1265)0.122.34(1030)0.00(709)0.55

Wilcoxonpairedtest.p-valuesbelowthesignificancetreshold0.05aremarkedinbold.Onlypatientswithoutmissingdatawereincluded(n¼21).Abbreviations:MADRS,
MontgomeryandÅsbergDepressionRatingScale;Trp,tryptophan;Kyn,kynurenine;HK,3-hydroxykynurenine;KA,kynurenicacid;XA,xanthurenicacid;AA,anthranilic
acid;HAA,3-hydroxyanthranilicacid;QA,quinolinicacid;Pic,picolinicacid;PLP,pyridoxal50-phosphat;IQR,interquartilerange.Ratiosaremultipliedby.
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difficult to distinguish the antidepressant mechanisms of action of
ECT from other, nonspecific effects. Furthermore, there are impor-
tant variables, such as systemic inflammation, nutrition, BMI and
time of blood sampling, which could affect the tryptophan meta-
bolism that wewere unable to adjust for in this study. We excluded
patients with renal failure, which may increase plasma concen-
tration of metabolites with high renal clearance. Patients with so-
matic disorders other than renal failure were not excluded, and
medications for somatic and psychiatric disorder may possibly
affect concentrations of some metabolites. However, for each in-
dividual, medicationwas essentially stable during the study period,
as onlyminor changes were done in drug therapy, mainly reduction
of benzodiazepines and other substances raising seizure threshold.
Compared to population-based studies [45], the response and
remission rate in the current study are relatively low. This is
probably due to a selection bias, as the included patients were
younger and had a longer duration of the current episode, both
factors known to be associatedwith lower response rates. The small
sample size is a limitation of the study, as is the heterogeneous
study population consisting of both bipolar and unipolar depres-
sion patients. The statistical power and the ability to detect “true”
associations may be further reduced by normal variation in
metabolite concentration over time [46], and such attenuations are
likely because metabolite concentration was measured only at a
single time point before and after ECT. However, the ability to
detect biomarker status from a single measurement has been
evaluated in terms of intraclass correlation constants (ICCs) for
most kynurenine investigated, and ICCs varies in the range from 0.5
to 0.7 [47], which is considered as moderate to strong within-
subject reproducibility [48].

In summary, the current study explored the impact of ECT on a
large panel of kynurenine metabolites possibly involved in the
pathogenesis of depression. The results from the current study are
preliminary and should be followed up by studies in larger cohorts,
also including a control group of depressed patients not receiving
ECT. Future studies should also seek to measure a broader panel of
inflammation markers and should ideally include measurements
from cerebrospinal fluid (CSF). Furthermore, metabolites should be
measured before start of treatment and after a predefined number
of treatments, as well as at multiple time points after the final
treatment.

Conclusion

Patients with major depression referred to ECT showed lower
levels of neuroprotective kynurenine-pathway metabolites (KA, XA
and Pic) as well as lowered neuroprotection ratios (KA/Kyn and KA/
QA) compared to age- and sex-matched healthy controls. The re-
sults from this pilot study indicate that concentration of the
inflammation marker neopterinwas increased after ECT along with
increased levels of Pic and HAA, two kynurenine metabolites with
putative neuroprotective properties. Further research in larger co-
horts is required to conclude whether ECT exerts its therapeutic
effects via changes in the kynurenine pathway.
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difficulttodistinguishtheantidepressantmechanismsofactionof
ECTfromother,nonspecificeffects.Furthermore,thereareimpor-
tantvariables,suchassystemicinflammation,nutrition,BMIand
timeofbloodsampling,whichcouldaffectthetryptophanmeta-
bolismthatwewereunabletoadjustforinthisstudy.Weexcluded
patientswithrenalfailure,whichmayincreaseplasmaconcen-
trationofmetaboliteswithhighrenalclearance.Patientswithso-
maticdisordersotherthanrenalfailurewerenotexcluded,and
medicationsforsomaticandpsychiatricdisordermaypossibly
affectconcentrationsofsomemetabolites.However,foreachin-
dividual,medicationwasessentiallystableduringthestudyperiod,
asonlyminorchangesweredoneindrugtherapy,mainlyreduction
ofbenzodiazepinesandothersubstancesraisingseizurethreshold.
Comparedtopopulation-basedstudies[45],theresponseand
remissionrateinthecurrentstudyarerelativelylow.Thisis
probablyduetoaselectionbias,astheincludedpatientswere
youngerandhadalongerdurationofthecurrentepisode,both
factorsknowntobeassociatedwithlowerresponserates.Thesmall
samplesizeisalimitationofthestudy,asistheheterogeneous
studypopulationconsistingofbothbipolarandunipolardepres-
sionpatients.Thestatisticalpowerandtheabilitytodetect“true”
associationsmaybefurtherreducedbynormalvariationin
metaboliteconcentrationovertime[46],andsuchattenuationsare
likelybecausemetaboliteconcentrationwasmeasuredonlyata
singletimepointbeforeandafterECT.However,theabilityto
detectbiomarkerstatusfromasinglemeasurementhasbeen
evaluatedintermsofintraclasscorrelationconstants(ICCs)for
mostkynurenineinvestigated,andICCsvariesintherangefrom0.5
to0.7[47],whichisconsideredasmoderatetostrongwithin-
subjectreproducibility[48].

Insummary,thecurrentstudyexploredtheimpactofECTona
largepanelofkynureninemetabolitespossiblyinvolvedinthe
pathogenesisofdepression.Theresultsfromthecurrentstudyare
preliminaryandshouldbefollowedupbystudiesinlargercohorts,
alsoincludingacontrolgroupofdepressedpatientsnotreceiving
ECT.Futurestudiesshouldalsoseektomeasureabroaderpanelof
inflammationmarkersandshouldideallyincludemeasurements
fromcerebrospinalfluid(CSF).Furthermore,metabolitesshouldbe
measuredbeforestartoftreatmentandafterapredefinednumber
oftreatments,aswellasatmultipletimepointsafterthefinal
treatment.

Conclusion

PatientswithmajordepressionreferredtoECTshowedlower
levelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)aswellasloweredneuroprotectionratios(KA/KynandKA/
QA)comparedtoage-andsex-matchedhealthycontrols.There-
sultsfromthispilotstudyindicatethatconcentrationofthe
inflammationmarkerneopterinwasincreasedafterECTalongwith
increasedlevelsofPicandHAA,twokynureninemetaboliteswith
putativeneuroprotectiveproperties.Furtherresearchinlargerco-
hortsisrequiredtoconcludewhetherECTexertsitstherapeutic
effectsviachangesinthekynureninepathway.
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tantvariables,suchassystemicinflammation,nutrition,BMIand
timeofbloodsampling,whichcouldaffectthetryptophanmeta-
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Insummary,thecurrentstudyexploredtheimpactofECTona
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fromcerebrospinalfluid(CSF).Furthermore,metabolitesshouldbe
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oftreatments,aswellasatmultipletimepointsafterthefinal
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Conclusion
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levelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)aswellasloweredneuroprotectionratios(KA/KynandKA/
QA)comparedtoage-andsex-matchedhealthycontrols.There-
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difficult to distinguish the antidepressant mechanisms of action of
ECT from other, nonspecific effects. Furthermore, there are impor-
tant variables, such as systemic inflammation, nutrition, BMI and
time of blood sampling, which could affect the tryptophan meta-
bolism that wewere unable to adjust for in this study. We excluded
patients with renal failure, which may increase plasma concen-
tration of metabolites with high renal clearance. Patients with so-
matic disorders other than renal failure were not excluded, and
medications for somatic and psychiatric disorder may possibly
affect concentrations of some metabolites. However, for each in-
dividual, medicationwas essentially stable during the study period,
as onlyminor changes were done in drug therapy, mainly reduction
of benzodiazepines and other substances raising seizure threshold.
Compared to population-based studies [45], the response and
remission rate in the current study are relatively low. This is
probably due to a selection bias, as the included patients were
younger and had a longer duration of the current episode, both
factors known to be associatedwith lower response rates. The small
sample size is a limitation of the study, as is the heterogeneous
study population consisting of both bipolar and unipolar depres-
sion patients. The statistical power and the ability to detect “true”
associations may be further reduced by normal variation in
metabolite concentration over time [46], and such attenuations are
likely because metabolite concentration was measured only at a
single time point before and after ECT. However, the ability to
detect biomarker status from a single measurement has been
evaluated in terms of intraclass correlation constants (ICCs) for
most kynurenine investigated, and ICCs varies in the range from 0.5
to 0.7 [47], which is considered as moderate to strong within-
subject reproducibility [48].

In summary, the current study explored the impact of ECT on a
large panel of kynurenine metabolites possibly involved in the
pathogenesis of depression. The results from the current study are
preliminary and should be followed up by studies in larger cohorts,
also including a control group of depressed patients not receiving
ECT. Future studies should also seek to measure a broader panel of
inflammation markers and should ideally include measurements
from cerebrospinal fluid (CSF). Furthermore, metabolites should be
measured before start of treatment and after a predefined number
of treatments, as well as at multiple time points after the final
treatment.

Conclusion

Patients with major depression referred to ECT showed lower
levels of neuroprotective kynurenine-pathway metabolites (KA, XA
and Pic) as well as lowered neuroprotection ratios (KA/Kyn and KA/
QA) compared to age- and sex-matched healthy controls. The re-
sults from this pilot study indicate that concentration of the
inflammation marker neopterinwas increased after ECT along with
increased levels of Pic and HAA, two kynurenine metabolites with
putative neuroprotective properties. Further research in larger co-
horts is required to conclude whether ECT exerts its therapeutic
effects via changes in the kynurenine pathway.
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associations may be further reduced by normal variation in
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Conclusion
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and Pic) as well as lowered neuroprotection ratios (KA/Kyn and KA/
QA) compared to age- and sex-matched healthy controls. The re-
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dividual,medicationwasessentiallystableduringthestudyperiod,
asonlyminorchangesweredoneindrugtherapy,mainlyreduction
ofbenzodiazepinesandothersubstancesraisingseizurethreshold.
Comparedtopopulation-basedstudies[45],theresponseand
remissionrateinthecurrentstudyarerelativelylow.Thisis
probablyduetoaselectionbias,astheincludedpatientswere
youngerandhadalongerdurationofthecurrentepisode,both
factorsknowntobeassociatedwithlowerresponserates.Thesmall
samplesizeisalimitationofthestudy,asistheheterogeneous
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associationsmaybefurtherreducedbynormalvariationin
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likelybecausemetaboliteconcentrationwasmeasuredonlyata
singletimepointbeforeandafterECT.However,theabilityto
detectbiomarkerstatusfromasinglemeasurementhasbeen
evaluatedintermsofintraclasscorrelationconstants(ICCs)for
mostkynurenineinvestigated,andICCsvariesintherangefrom0.5
to0.7[47],whichisconsideredasmoderatetostrongwithin-
subjectreproducibility[48].

Insummary,thecurrentstudyexploredtheimpactofECTona
largepanelofkynureninemetabolitespossiblyinvolvedinthe
pathogenesisofdepression.Theresultsfromthecurrentstudyare
preliminaryandshouldbefollowedupbystudiesinlargercohorts,
alsoincludingacontrolgroupofdepressedpatientsnotreceiving
ECT.Futurestudiesshouldalsoseektomeasureabroaderpanelof
inflammationmarkersandshouldideallyincludemeasurements
fromcerebrospinalfluid(CSF).Furthermore,metabolitesshouldbe
measuredbeforestartoftreatmentandafterapredefinednumber
oftreatments,aswellasatmultipletimepointsafterthefinal
treatment.

Conclusion

PatientswithmajordepressionreferredtoECTshowedlower
levelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)aswellasloweredneuroprotectionratios(KA/KynandKA/
QA)comparedtoage-andsex-matchedhealthycontrols.There-
sultsfromthispilotstudyindicatethatconcentrationofthe
inflammationmarkerneopterinwasincreasedafterECTalongwith
increasedlevelsofPicandHAA,twokynureninemetaboliteswith
putativeneuroprotectiveproperties.Furtherresearchinlargerco-
hortsisrequiredtoconcludewhetherECTexertsitstherapeutic
effectsviachangesinthekynureninepathway.
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associationsmaybefurtherreducedbynormalvariationin
metaboliteconcentrationovertime[46],andsuchattenuationsare
likelybecausemetaboliteconcentrationwasmeasuredonlyata
singletimepointbeforeandafterECT.However,theabilityto
detectbiomarkerstatusfromasinglemeasurementhasbeen
evaluatedintermsofintraclasscorrelationconstants(ICCs)for
mostkynurenineinvestigated,andICCsvariesintherangefrom0.5
to0.7[47],whichisconsideredasmoderatetostrongwithin-
subjectreproducibility[48].

Insummary,thecurrentstudyexploredtheimpactofECTona
largepanelofkynureninemetabolitespossiblyinvolvedinthe
pathogenesisofdepression.Theresultsfromthecurrentstudyare
preliminaryandshouldbefollowedupbystudiesinlargercohorts,
alsoincludingacontrolgroupofdepressedpatientsnotreceiving
ECT.Futurestudiesshouldalsoseektomeasureabroaderpanelof
inflammationmarkersandshouldideallyincludemeasurements
fromcerebrospinalfluid(CSF).Furthermore,metabolitesshouldbe
measuredbeforestartoftreatmentandafterapredefinednumber
oftreatments,aswellasatmultipletimepointsafterthefinal
treatment.

Conclusion

PatientswithmajordepressionreferredtoECTshowedlower
levelsofneuroprotectivekynurenine-pathwaymetabolites(KA,XA
andPic)aswellasloweredneuroprotectionratios(KA/KynandKA/
QA)comparedtoage-andsex-matchedhealthycontrols.There-
sultsfromthispilotstudyindicatethatconcentrationofthe
inflammationmarkerneopterinwasincreasedafterECTalongwith
increasedlevelsofPicandHAA,twokynureninemetaboliteswith
putativeneuroprotectiveproperties.Furtherresearchinlargerco-
hortsisrequiredtoconcludewhetherECTexertsitstherapeutic
effectsviachangesinthekynureninepathway.
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p-value
MADRS, score 34.0 (8.00) 15.0 (15.0) 0.00
Trp, µmol/L 73.5 (11.0) 68.2 (13.3) 0.36
Kyn, µmol/L 1.53 (0.57) 1.50 (0.60) 0.43
KA, nmol/L 36.7 (18.8) 36.2 (26.2) 0.11
HK, nmol/L 32.6 (12.9) 41.4 (19.1) 0.05
XA, nmol/L 9.71 (5.34) 11.4 (9.17) 0.20
AA, nmol/L 15.5 (6.30) 16.3 (6.20) 0.39
HAA, nmol/L 28.2 (13.9) 41.7 (18.8) 0.03
QA, nmol/L 329 (189) 370 (152) 0.35
Pic, nmol/L 24.5 (14.6) 31.5 (14.2) 0.01
KTR, ratioa 20.8 (6.56) 20.2 (8.58) 0.16
KA/Kyn, ratioa 26.1 (10.2) 27.9 (9.70) 0.23
KA/HK, ratiob 10.0 (4.63) 11.1 (5.66) 0.89
KA/QA, ratioc 11.0 (3.83) 11.8 (4.73) 0.32
XA/HK, ratioc 25.7 (12.9) 27.1 (12.2) 0.63
Pic/QA, ratioa 69.2 (21.8) 87.6 (51.7) 0.02
PLP, nmol/L 46.0 (33.6) 42.7 (45.9) 0.79
Riboflavin, nmol/L 12.6 (5.60) 12.6 (9.90) 0.75
Creatinine, µmol/L 73.8 (17.7) 74.6 (11.4) 0.06
Neopterin, nmol/L 17.7 (9.70) 23.3 (9.00) 0.00
Cotinine, nmol/L 7.20 (1110) 1.92 (1190) 0.46

3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; HAA, 
3-hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 5'-phosphat; IQR, 
interquartile range. Ratios are multiplied by a: 1000, b: 10 or c: 100.

Wilcoxon paired test. Only patients without missing data were included (n = 21). p-values below the
significance treshold 0,05 are marked in bold. Abbreviations: Trp, tryptophan; Kyn, kynurenine; HK,
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Wilcoxon paired test. Only patients without missing data were included (n = 21). p-values below the
significance treshold 0,05 are marked in bold. Abbreviations: Trp, tryptophan; Kyn, kynurenine; HK,
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Pre-ECT (n = 21)Post-ECT (n = 21)
Median (IQR)Median (IQR)

Changes in tryptophan metabolite concentrations and ratios after ECT treatment



p-value p-value
MADRS, score 34.5 (9.00) 6.50 (2.75) 0.01 34.0 (8.00) 19.0 (9.00) 0.00
Trp, µmol/L 73.1 (6.43) 73.9 (19.8) 0.95 75.2 (16.6) 66.9 (14.5) 0.31
Kyn, µmol/L 1.52 (0.46) 1.83 (0.39) 0.05 1.53 (0.70) 1.37 (0.34) 0.50
KA, nmol/L 37.7 (15.9) 38.7 (26.3) 0.46 34.9 (10.5) 35.6 (23.4) 0.24
HK, nmol/L 32.2 (12.7) 42.7 (12.1) 0.11 33.6 (12.9) 39.3 (23.1) 0.22
XA, nmol/L 10.5 (5.72) 11.0 (8.71) 0.38 8.28 (3.94) 11.4 (7.92) 0.38
AA, nmol/L 15.2 (5.58) 17.2 (5.50) 0.15 15.6 (6.30) 15.7 (4.70) 1.00
HAA, nmol/L 34.6 (15.7) 45.5 (14.7) 0.15 27.0 (6.90) 37.4 (17.5) 0.13
QA, nmol/L 316 (167) 364 (189) 0.38 329 (181) 385 (141) 0.65
Pic, nmol/L 25.0 (13.3) 36.4 (8.68) 0.05 24.0 (12.0) 29.4 (9.50) 0.11
KTR, ratioa 17.8 (6.89) 24.0 (9.72) 0.05 20.9 (4.68) 20.1 (5.32) 0.95
KA/Kyn, ratioa 28.1 (9.08) 22.6 (9.51) 0.84 25.5 (10.4) 29.0 (6.28) 0.22
KA/HK, ratiob 10.7 (3.37) 10.3 (3.63) 0.84 9.60 (4.63) 12.6 (5.77) 0.74
KA/QA, ratioc 10.5 (6.41) 11.8 (5.05) 0.55 10.9 (1.95) 12.2 (4.73) 0.50
XA/HK, ratioc 24.3 (18.3) 25.3 (10.1) 0.95 26.1 (12.6) 31.8 (9.97) 0.45
Pic/QA, ratioa 7.76 (3.52) 9.73 (5.46) 0.11 6.89 (2.25) 8.36 (5.27) 0.13
PLP, nmol/L 37.3 (20.8) 41.5 (27.5) 1.00 54.5 (29.6) 42.7 (47.0) 0.68
Riboflavin, nmol/L 12.9 (5.52) 12.3 (8.13) 0.80 12.6 (4.90) 12.6 (8.60) 0.91
Creatinine, µmol/L 71.2 (6.35) 74.6 (12.2) 0.84 77.6 (15.7) 78.0 (10.2) 0.00
Neopterin, nmol/L 17.4 (8.45) 21.2 (9.20) 0.11 19.4 (12.7) 23.9 (8.20) 0.00
Cotinine, nmol/L 988 (609) 1220 (594) 0.07 2.28 (33.4) 0.00 (35.1) 0.34
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Changes in tryptophan metabolite concentrations and ratios after ECT treatment

Remitters (n = 8) Non-remitters (n = 13)
Before ECT After ECT Before ECT After ECT

 or c: 100.

for remitters and non-remitters

included (n = 21). Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; Kyn, kynurenine; 
HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, 
quinolinic acid; Pic, picolinic acid; PLP, pyridoxal 5'-phosphat; IQR, interquartile range. Ratios are multiplied by a: 1000, b: 10

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Wilcoxon paired test. p-values below the significance treshold 0,05 are marked in bold. Only patients without missing data were 
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HK, nmol/L32.2(12.7)42.7(12.1)0.1133.6(12.9)39.3(23.1)0.22
XA, nmol/L10.5(5.72)11.0(8.71)0.388.28(3.94)11.4(7.92)0.38
AA, nmol/L15.2(5.58)17.2(5.50)0.1515.6(6.30)15.7(4.70)1.00
HAA, nmol/L34.6(15.7)45.5(14.7)0.1527.0(6.90)37.4(17.5)0.13
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Pic/QA, ratioa7.76(3.52)9.73(5.46)0.116.89(2.25)8.36(5.27)0.13
PLP, nmol/L37.3(20.8)41.5(27.5)1.0054.5(29.6)42.7(47.0)0.68
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A B S T R A C T   

Background: Depression is reportedly associated with alterations in kynurenine pathway metabolites (kynur-
enines). Several kynurenines are involved in glutamate signaling, and some have potentially neurotoxic effects 
while others are considered neuroprotective. The pathway is upregulated under inflammatory conditions, which 
is associated with depression. Modulation of kynurenine metabolism has been investigated as a potential 
mechanism in electroconvulsive therapy (ECT), an effective treatment for major depressive disorder, particularly 
in late-life depression. However, results have been inconclusive. Here we aimed to investigate changes in 
tryptophan and kynurenines in older patients treated with ECT. 
Methods: We analyzed levels of tryptophan, eight kynurenine pathway metabolites and the inflammation marker 
neopterin in serum samples collected at baseline and after a full ECT series for 48 patients with late-life 
depression from the Dutch MODECT study. 
Results: There were no significant changes in the concentration of single metabolites after ECT, but a significant 
reduction in the ratio of kynurenic acid to 3-hydroxykynurenine (KA/HK). Analyses of change in kynurenines 
after ECT in remitters and non-remitters revealed no clear patterns or link to the therapeutic effect of ECT. There 
was considerable covariation between neopterin and several kynurenines. 
Limitations: Variations in diet and serum collection timing may have impacted the results. 
Conclusions: This study did not show consistent changes in the kynurenine pathway activation or balance be-
tween neuroactive metabolites after ECT. Still, changes in kynurenines were strongly related to changes in 
neopterin concentrations. This demonstrates the importance of considering inflammation when investigating the 
effect of ECT on the kynurenine pathway.   

1. Introduction 

The kynurenine pathway of tryptophan (Trp) metabolism (Fig. 1) has 
been implicated in the pathophysiology of depression (O’Farrell and 
Harkin, 2017; Savitz, 2020). This pathway includes several neuroactive 

metabolites, most notably the N-methyl-D-aspartate receptor (NMDAr) 
antagonist kynurenic acid (KA), considered neuroprotective (Foster 
et al., 1984), and the NMDAr agonist quinolinic acid (QA) and the free 
radical generator 3-hydroxykynurenine (HK). The latter two metabolites 
are considered neurotoxic (Guillemin, 2012; Okuda et al., 1998). The 

Abbreviations: AA, anthranilic acid; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IFN-γ, interferon gamma; KA, 
kynurenic acid; KTR, kynurenine-tryptophan-ratio; Kyn, kynurenine; MD, major depression; NMDAr, N-methyl-D-aspartate receptor; Pic, picolinic acid; PLP, pyri-
doxal 5́-phosphate; QA, quinolinic acid; Trp, tryptophan; XA, xanthurenic acid. 

* Corresponding author. 
E-mail address: tore.aarsland@uib.no (T.I.M. Aarsland).  

Contents lists available at ScienceDirect 

Journal of Affective Disorders Reports 

journal homepage: www.sciencedirect.com/journal/journal-of-affective-disorders-reports 

https://doi.org/10.1016/j.jadr.2023.100578 
Received 23 August 2022; Received in revised form 27 February 2023; Accepted 18 March 2023   

JournalofAffectiveDisordersReports12(2023)100578

Availableonline21March2023
2666-9153/©2023TheAuthors.PublishedbyElsevierB.V.ThisisanopenaccessarticleundertheCCBY-NC-NDlicense(http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Research Paper 

The effect of electroconvulsive therapy (ECT) on serum kynurenine 
pathway metabolites in late-life depression 

Tore Ivar Malmei Aarslanda,*, Jan Haavika,f, Arve Ulvikb, Per Magne Uelandc, 
Annemiek Dolsd,e, Ute Kesslerf,g 

aDepartment of Biomedicine, University of Bergen, Bergen, Norway 
bBevital AS, Bergen, Norway 
cDepartment of Clinical Science, University of Bergen, Bergen, Norway 
dDepartment of Psychiatry, UMC Utrecht Brain Center, University Medical Center Utrecht, Utrecht, The Netherlands 
eAmsterdam UMC location Vrije Universiteit Amsterdam, Department of Psychiatry, Amsterdam Neuroscience, Mood, Anxiety, Psychosis, Sleep & Stress, Amsterdam, 
The Netherlands 
fDivision of Psychiatry, Haukeland University Hospital, Bergen, Norway 
gDepartment of Clinical Medicine, University of Bergen, Bergen, Norway   

ARTICLE INFO  

Keywords: 
Kynurenine 
Tryptophan 
Neopterin 
Inflammation 
Depression treatment 
Somatic comorbidity 

ABSTRACT  

Background: Depression is reportedly associated with alterations in kynurenine pathway metabolites (kynur-
enines). Several kynurenines are involved in glutamate signaling, and some have potentially neurotoxic effects 
while others are considered neuroprotective. The pathway is upregulated under inflammatory conditions, which 
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mechanism in electroconvulsive therapy (ECT), an effective treatment for major depressive disorder, particularly 
in late-life depression. However, results have been inconclusive. Here we aimed to investigate changes in 
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after ECT in remitters and non-remitters revealed no clear patterns or link to the therapeutic effect of ECT. There 
was considerable covariation between neopterin and several kynurenines. 
Limitations: Variations in diet and serum collection timing may have impacted the results. 
Conclusions: This study did not show consistent changes in the kynurenine pathway activation or balance be-
tween neuroactive metabolites after ECT. Still, changes in kynurenines were strongly related to changes in 
neopterin concentrations. This demonstrates the importance of considering inflammation when investigating the 
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Conclusions: This study did not show consistent changes in the kynurenine pathway activation or balance be-
tween neuroactive metabolites after ECT. Still, changes in kynurenines were strongly related to changes in 
neopterin concentrations. This demonstrates the importance of considering inflammation when investigating the 
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1.Introduction 

The kynurenine pathway of tryptophan (Trp) metabolism (Fig. 1) has 
been implicated in the pathophysiology of depression (O’Farrell and 
Harkin, 2017; Savitz, 2020). This pathway includes several neuroactive 

metabolites, most notably the N-methyl-D-aspartate receptor (NMDAr) 
antagonist kynurenic acid (KA), considered neuroprotective (Foster 
et al., 1984), and the NMDAr agonist quinolinic acid (QA) and the free 
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Methods: We analyzed levels of tryptophan, eight kynurenine pathway metabolites and the inflammation marker 
neopterin in serum samples collected at baseline and after a full ECT series for 48 patients with late-life 
depression from the Dutch MODECT study. 
Results: There were no significant changes in the concentration of single metabolites after ECT, but a significant 
reduction in the ratio of kynurenic acid to 3-hydroxykynurenine (KA/HK). Analyses of change in kynurenines 
after ECT in remitters and non-remitters revealed no clear patterns or link to the therapeutic effect of ECT. There 
was considerable covariation between neopterin and several kynurenines. 
Limitations: Variations in diet and serum collection timing may have impacted the results. 
Conclusions: This study did not show consistent changes in the kynurenine pathway activation or balance be-
tween neuroactive metabolites after ECT. Still, changes in kynurenines were strongly related to changes in 
neopterin concentrations. This demonstrates the importance of considering inflammation when investigating the 
effect of ECT on the kynurenine pathway.   

1.Introduction 

The kynurenine pathway of tryptophan (Trp) metabolism (Fig. 1) has 
been implicated in the pathophysiology of depression (O’Farrell and 
Harkin, 2017; Savitz, 2020). This pathway includes several neuroactive 

metabolites, most notably the N-methyl-D-aspartate receptor (NMDAr) 
antagonist kynurenic acid (KA), considered neuroprotective (Foster 
et al., 1984), and the NMDAr agonist quinolinic acid (QA) and the free 
radical generator 3-hydroxykynurenine (HK). The latter two metabolites 
are considered neurotoxic (Guillemin, 2012; Okuda et al., 1998). The 
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kynurenic acid; KTR, kynurenine-tryptophan-ratio; Kyn, kynurenine; MD, major depression; NMDAr, N-methyl-D-aspartate receptor; Pic, picolinic acid; PLP, pyri-
doxal 5́-phosphate; QA, quinolinic acid; Trp, tryptophan; XA, xanthurenic acid. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2. Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1. Patients 

The participants in this study (n = 48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1. The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2.Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1.Patients 

The participants in this study (n =48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1.The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2.Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1.Patients 

The participants in this study (n =48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1.The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2. Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1. Patients 

The participants in this study (n = 48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1. The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 

T.I.M. Aarsland et al.                                                                                                                                                                                                                          

Journal of Affective Disorders Reports 12 (2023) 100578

3

ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2. Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1. Patients 

The participants in this study (n = 48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1. The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2.Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1.Patients 

The participants in this study (n =48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1.The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2.Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1.Patients 

The participants in this study (n =48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1.The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2.Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1.Patients 

The participants in this study (n =48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1.The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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ratios between pathway metabolites, such as that of KA to QA (KA/QA), 
may reflect the balance between different neuroactive effects. It has 
been hypothesized that imbalance between neuroactive metabolites of 
the kynurenine pathway may contribute to neuronal toxicity and loss of 
neuronal tissue in depression (Maes et al., 2011; Muller and Schwarz, 
2007; Myint and Kim, 2003; Savitz, 2020; Wichers et al., 2005). A recent 
meta-analysis of 59 studies supports this hypothesis by confirming that 
patients with major depression have lower levels of Trp, kynurenine 
(Kyn) and KA as well as lower ratios KA/Trp, KA/HK and KA/QA 
compared to healthy controls (Marx et al., 2020). Likewise, late-life 
depression has been associated with lower levels of Trp, Kyn and KA, 
and an increased Kyn to Trp ratio (KTR) compared to healthy older 
controls (Wu et al., 2018). 

Electroconvulsive therapy (ECT) is a treatment option for severe or 
treatment-resistant depression with a relatively rapid effect and high 
response rate, especially in older patients (van Diermen et al., 2018). 
Hypothetically, successful treatment with ECT could be accompanied by 
normalized levels of KA, HK, QA, and other kynurenine pathway me-
tabolites and ratios, that have been shown to be affected in depression. 
Several studies have investigated this possibility and show varying re-
sults (reviewed in Aarsland et al., 2022, Giron et al., 2022). In accor-
dance with this hypothesis, Schwieler and colleagues reported a 
reduction in plasma Trp, Kyn and QA as well as reduced QA/KA after 
ECT, interpreted as a normalization of the imbalance between neuro-
protective KA and neurotoxic QA (Schwieler et al., 2016). Similarly, 
increased KA was found by Guloksuz and collegues, along with 
increased KTR, KA/Kyn and KA/HK, taken as a sign of a strengthened 
neuroprotective effect (Guloksuz et al., 2015). In contrast, KA/HK 
decreased after ECT in another study (Yilmaz et al. (2022), and Ryan and 
colleagues found increased concentration of Trp and Kyn after an ECT 
series, with no significant increase in KA or reduction in QA (Ryan et al., 
2020). A fifth study, from Allen and colleagues, found no significant 
changes in tryptophan kynurenine metabolites or ratios after ECT (Allen 
et al., 2018). In a previous study, we found a post treatment increase in 
3-hydroxyanthranilic acid (HAA) and picolinic acid (Pic), in addition to 
an increased concentration of the inflammatory marker neopterin in 
adults with major depression after ECT series (Aarsland et al., 2019). 
These results could indicate a general stimulation of the kynurenine 
pathway in conjunction with an inflammatory response to ECT. 

Inflammation plays an important role in the regulation of the 
kynurenine pathway (Hunt et al., 2020; Muller and Schwarz, 2007). As 
illustrated in Fig. 1, enzymes in the first and second steps of the main 
kynurenine pathway branch, responsible for the conversion of Trp to 
Kyn and Kyn to HK, are both induced by pro inflammatory cytokines, 
especially interferon gamma (IFN-γ) (Mandi and Vecsei, 2012). IFN-γ 
also stimulates macrophages to produce neopterin, an established in-
flammatory marker that often correlates strongly with KTR (Fuchs et al., 
1991; Maes et al., 1994). Chronic low-grade inflammation is associated 
with depression, as shown in several meta-analyses (Kohler et al., 2017; 
Smith et al., 2018). Furthermore, a recent analysis of data from the UK 
Biobank showed that patients with depression had significantly higher 

levels of CRP than those without depression, independent of genetic, 
health and psychosocial factors (Pitharouli et al., 2021). Modulation of 
immune system activity is a potential effect of ECT (Yrondi et al., 2018). 
Summaries of studies on ECT and inflammation markers have suggested 
that single sessions increase inflammation, while full treatments series 
may reduce inflammation (Yrondi et al., 2018). Thus, inflammation 
constitutes a shared factor in the relationship between kynurenine 
metabolism, depression and ECT. 

The natural aging process as well as many somatic pathological 
conditions are also associated both with changes in the kynurenine 
pathway (Badawy, 2017b; Savitz, 2020; Theofylaktopoulou et al., 2013) 
and with increased inflammatory activity (Franceschi et al., 2000; 
Pawelec, 2018). Higher age is associated with lower levels of Trp, and 
higher levels of most kynurenine pathway metabolites as well as higher 
KTR (Theofylaktopoulou et al., 2013). Importantly, the efficacy of ECT 
also increases with age, with especially high response rates in older 
patients (Kessler et al., 2018; van Diermen et al., 2018). Some studies 
suggest that kynurenine pathway modulation could be especially rele-
vant in depressed patients with an inflammatory profile (Milaneschi 
et al., 2021) who possibly also benefit more from ECT (Carlier et al., 
2019, 2021). Inflammation, age, and somatic disorders are therefore all 
relevant for the status of the kynurenine pathway in patients with 
late-life depression, and for changes in kynurenine pathway metabolite 
concentrations in conjunction with an ECT series. 

To our knowledge, no previous studies have been published on 
kynurenine pathway metabolite changes after ECT in older patients with 
depression, a population where ECT is especially effective. In this study 
therefore, we aimed to investigate changes after ECT in kynurenine 
pathway metabolites in patients with late-life depression, and to inves-
tigate the role of inflammation and somatic disorders in this context. 

2.Material and methods 

This study was carried out in accordance with the Declaration of 
Helsinki. All participants provided written informed consent to partici-
pate in the study. The MODECT study was approved by the Medical 
Ethical Committee of the Amsterdam UMC, location VUmc. The current 
study was approved by the Norwegian Regional Committee for Medical 
and Health Research Ethics North (REK Nord 2018/721). 

2.1.Patients 

The participants in this study (n =48) were recruited as part of Mood 
Disorders in Elderly treated with Electroconvulsive Therapy (MODECT) 
study (Dols et al., 2017). They were patients aged 55 years or older, 
diagnosed with unipolar depression and referred to ECT at GGZ inGeest, 
Amsterdam, in the period between January 1, 2011, and December 31, 
2013. All patients were diagnosed by psychiatrists and the diagnosis 
confirmed with the Mini International Neuropsychiatric Interview 
(MINI). Patients with schizoaffective disorder, bipolar disorder or major 
neurologic illness were excluded. Previous treatment resistance was 

Fig. 1.The kynurenine pathway of tryptophan metabolism. Kynurenine (Kyn) formation from tryptophan (Trp) is dependent on one of two enzymes, tryptophan 2,3- 
dioxygenase (TDO) in the liver, and indole 2,3-dioxygenase (IDO) in other tissues. Kyn is converted to kynurenic acid (KA) by kynurenine aminotransferase (KAT), to 
anthranilic acid (AA) by kynureninase (KYNU), or to 3-hydroxykynurenine (HK) by kynurenine 3-monooxygenase (KMO). KAT and KYNU are dependent on the 
coenzyme pyridoxal 5′-phosphate (PLP), an active form of vitamin B6, while KMO is dependent on flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin B2). HK can be metabolized further to xanthurenic acid (XA) by KAT, or down the main branch to 3-hydryxyanthranilic acid (HAA) by KYNU. From HAA, 
the pathway leads to the production of nicotinamide adenine dinucleotide (NAD) via quinolinic acid (QA) or to aminomuconate semialdehyde which yields picolinic 
acid (Pic) or acetyl-coenzyme A (Acetyl-CoA). KA is an antagonist of the N-methyl-D-aspartate receptor (NMDAr) and is considered to be neuroprotective.3 In 
contrast, QA is known to exert neurotoxic effects by stimulation of the NMDAr and through generation of free radicals.4 While TDO activity is regulated mainly by 
Trp availability and by glucocorticoids, IDO and KMO can be induced by pro-inflammatory cytokines, especially interferon gamma (INF-γ).19 The inflammatory 
marker neopterin is produced by macrophages upon stimulation with INF-γ and is correlated with increased metabolism through the kynurenine pathway measured 
as increased kynurenine to tryptophan ratio (KTR).41 The ratios of KA to two metabolites of the main pathway branch, HK (KA/HK) and QA (KA/QA), are measures of 
the relative KA availability and represents the balance between neuroprotective and neurotoxic effects. Abbreviations: ACMSD, aminocarboxymuconate semi-
aldehyde decarboxylase; AFMID, arylformamidase; GTPCH, GTP cyclohydrolase 1; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; TPH, tryptophan hydroxylase; 
QPRT, quinolinate phosphoribosyltransferase. 
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defined as at least two failed trials of antidepressants in adequate doses. 
Montgomery and Åsberg Depression Scale (MADRS) was used to assess 
severity of depression before treatment, weekly during treatment, and 
after the completed ECT series. A post treatment MADRS score below 10 
was considered as remission. Comorbid somatic disorders and medica-
tion use were assessed using a semi-structured interview, and baseline 
serum concentration of kidney function marker creatinine was measured 
for all patients. Psychotropic medication was either discontinued at least 
one week before ECT or kept unchanged from six weeks before ECT until 
the end of the ECT series. 

2.2. ECT 

Patients received brief-pulse (0.5–1.0 ms) right unilateral ECT twice 
a week, administered with the Thymatron System IV (Somatics, LLC, 
Lake Bluff, IL, USA) (maximum energy 200%, 1008 mC). Treatment 
response was evaluated weekly, and the treatment was concluded when 
the patient reached a MADRS score of less than 10 at two consecutive 
ratings. The treatment was switched to bilateral ECT if the clinical 
condition worsened or if there was no clinical improvement after six 
unilateral sessions. If there was no further improvement during the last 
two weeks of treatment after a minimum of six unilateral and six 
bilateral sessions, treatment was discontinued. 

2.3. Blood sampling and analyses 

Two venous blood samples were collected for each patient, one at 
baseline and one after the completed ECT series (median = 5 days, IQR 
= 5.25). For 37 of the patients, the baseline blood sample was collected 
before the treatment series (median = 5 days, IQR = 4), but for 11 pa-
tients it was collected after the first ECT (median = −5 days, IQR = 4). 
Blood was drawn between 7.30 and 9.30 A.M. after an overnight fast. 
Serum concentrations were measured for tryptophan (Trp) and the eight 
kynurenine pathway metabolites kynurenine (Kyn), kynurenic acid 
(KA), 3-hydroxykynurenine (HK), xanthurenic acid (XA), anthranilic 
acid (AA), 3-hydroxyanthranilic acid (HAA), quinolinic acid (QA) and 
picolinic acid (Pic). In addition, levels of riboflavin (vitamin B2), pyri-
doxal 5′-phosphate (PLP, vitamin B6), the nicotine metabolite cotinine 
and the inflammatory marker neopterin were measured. All serum an-
alyses were performed by Bevital (www.bevital.no) in Bergen, Norway, 
using liquid chromatography/tandem mass spectrometry (Midttun 
et al., 2009). 

2.4. Statistical analyses 

Statistical analyses were done using RStudio version 1.2.1335 
RStudio (Team, 2018) with packages ggplot2, reshape2, tidyverse and 
ggsignif. Three ratios of metabolite concentrations were calculated: KTR 
(1000*[Kyn]/[Trp]); KA/HK (10*[KA]/[HK]) and KA/QA (100* 
[KA]/[QA]). The main analyses of changes in serum concentrations 
from before to after treatment were performed using paired Wilcoxon 
signed-rank test (wilcox.test, paired=TRUE) for all patients with com-
plete biochemical data. Percentage change for metabolite and ratio 
levels were calculated as 100*([post] – [pre])/[pre] for each individual 
to use as the primary measure of change. To control for the effect of 
variation in the collection time of the baseline blood samples, we also 
performed this analysis without the 11 patients for whom the baseline 
blood sample was collected after the first ECT. Additional subgroup 
analyses were performed with patients split in dichotomous groups by 
three variables: remission status, neopterin change after ECT, and 
diagnosis of somatic disease. Remission groups consisted of remitters 
and non-remitters. Neopterin change groups were created with patients 
with increased neopterin after ECT in one group, and those with reduced 
neopterin after ECT in the other. Somatic disease groups were defined as 
patients with no diagnosis of somatic disease in one group, and those 
with one or more such diagnoses in the other. Linear regression with 

natural logarithm transformed biochemical variables as outcome were 
used to compare baseline concentrations between patients with and 
without diagnoses of somatic disease. The linear regressions were 
adjusted for sex, age, smoking status, and serum creatinine concentra-
tion, all four possible confounders selected a priori. Like in the main 
analyses, Paired Wilcoxon signed rank test was used to investigate 
change after ECT in each of the six groups. Unadjusted Spearman cor-
relation analyses was performed to investigate the relationship between 
kynurenine pathway metabolites, neopterin and baseline serum creati-
nine. Here, change in kynurenine pathway metabolites and neopterin 
was calculated as [post] – [pre]. The relationship between change in 
neopterin and change in QA was also investigated using a linear 
regression model (RStudio, ggplot2, geom_smooth with the lm() func-
tion) for all patients and in remission and somatic disease groups. 
Because of extreme neopterin values, one participant was excluded from 
all correlation analyses. Due to the tight relationship between the 
investigated kynurenine pathway metabolites, correction for multiple 
testing was not applied. 

3. Results 

3.1. Clinical data 

MADRS decreased from a median of 32.5 (IQR = 13.5) to 6.5 (IQR =
11.75) after the full treatment series (Fig. 2). Age, sex, time of blood 
sample collection, number of ECT sessions, depression characteristics, 
data on medication, and somatic disorders for all patients as well as 
remitters and non-remitters are shown in Table 1. Corresponding data 
on subgroups of patients based on neopterin change and somatic co-
morbidity are available in Supplementary Table 1. 

3.2. Changes in tryptophan and kynurenine pathway metabolites in all 
patients after ECT 

Serum levels for kynurenine pathway metabolites and ratios, ribo-
flavin, PLP and neopterin at baseline and after ECT together with results 
from paired Wilcoxon signed-rank tests on all patients (n = 48) are 
shown in Fig. 2 and listed in Supplementary Table 2. We observed a 
significant reduction in KA/HK (median = −16.1%, IQR = 29.2, p =
0.02) after the ECT series, whereas the levels of other kynurenine 
pathway metabolites or ratios were unchanged in the patient group as a 
whole. We also compared metabolite levels after excluding the 11 pa-
tients who had baseline blood samples collected after the first ECT. The 
overall changes in the metabolites and ratios did not diverge from an-
alyses of the full set (data not shown). Similar trends were present, with 
the same reduction in KA/HK being closest to the significance threshold 
(p = 0.07). 

3.3. Subgroups based on remission status 

Thirty patients were classified as remitters and 18 as non-remitters. 
Performing paired Wilcoxon signed-rank tests for remitters and non- 
remitters separately, there were increased post treatment levels of HK, 
XA and HAA in remitters, and reduced QA concentrations after ECT in 
non-remitters, see Table 2 and Fig. 2. 

3.4. Subgroups based on neopterin changes after ECT 

After ECT, 25 patients had increased neopterin concentrations. For 
the other 23 patients neopterin concentrations were reduced. In paired 
Wilcoxon signed-rank tests, patients who had increased neopterin after 
ECT also had significantly increased HK (median = 20.6%, p = 0.03) and 
KTR (median = 8.06%, p = 0.04) and reduced levels of PLP (median =
−23.1%, p = 0.02) and KA/HK (median = −17.2%, p = 0.01) after ECT 
(Fig. 3, Supplementary Table 3). Patients with reduced neopterin after 
ECT had significantly reduced levels of AA (median = −6.64%, p =
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defined as at least two failed trials of antidepressants in adequate doses. 
Montgomery and Åsberg Depression Scale (MADRS) was used to assess 
severity of depression before treatment, weekly during treatment, and 
after the completed ECT series. A post treatment MADRS score below 10 
was considered as remission. Comorbid somatic disorders and medica-
tion use were assessed using a semi-structured interview, and baseline 
serum concentration of kidney function marker creatinine was measured 
for all patients. Psychotropic medication was either discontinued at least 
one week before ECT or kept unchanged from six weeks before ECT until 
the end of the ECT series. 

2.2.ECT 

Patients received brief-pulse (0.5–1.0 ms) right unilateral ECT twice 
a week, administered with the Thymatron System IV (Somatics, LLC, 
Lake Bluff, IL, USA) (maximum energy 200%, 1008 mC). Treatment 
response was evaluated weekly, and the treatment was concluded when 
the patient reached a MADRS score of less than 10 at two consecutive 
ratings. The treatment was switched to bilateral ECT if the clinical 
condition worsened or if there was no clinical improvement after six 
unilateral sessions. If there was no further improvement during the last 
two weeks of treatment after a minimum of six unilateral and six 
bilateral sessions, treatment was discontinued. 

2.3.Blood sampling and analyses 

Two venous blood samples were collected for each patient, one at 
baseline and one after the completed ECT series (median =5 days, IQR 
=5.25). For 37 of the patients, the baseline blood sample was collected 
before the treatment series (median =5 days, IQR =4), but for 11 pa-
tients it was collected after the first ECT (median =−5 days, IQR =4). 
Blood was drawn between 7.30 and 9.30 A.M. after an overnight fast. 
Serum concentrations were measured for tryptophan (Trp) and the eight 
kynurenine pathway metabolites kynurenine (Kyn), kynurenic acid 
(KA), 3-hydroxykynurenine (HK), xanthurenic acid (XA), anthranilic 
acid (AA), 3-hydroxyanthranilic acid (HAA), quinolinic acid (QA) and 
picolinic acid (Pic). In addition, levels of riboflavin (vitamin B2), pyri-
doxal 5′-phosphate (PLP, vitamin B6), the nicotine metabolite cotinine 
and the inflammatory marker neopterin were measured. All serum an-
alyses were performed by Bevital (www.bevital.no) in Bergen, Norway, 
using liquid chromatography/tandem mass spectrometry (Midttun 
et al., 2009). 

2.4.Statistical analyses 

Statistical analyses were done using RStudio version 1.2.1335 
RStudio (Team, 2018) with packages ggplot2, reshape2, tidyverse and 
ggsignif. Three ratios of metabolite concentrations were calculated: KTR 
(1000*[Kyn]/[Trp]); KA/HK (10*[KA]/[HK]) and KA/QA (100* 
[KA]/[QA]). The main analyses of changes in serum concentrations 
from before to after treatment were performed using paired Wilcoxon 
signed-rank test (wilcox.test, paired=TRUE) for all patients with com-
plete biochemical data. Percentage change for metabolite and ratio 
levels were calculated as 100*([post] – [pre])/[pre] for each individual 
to use as the primary measure of change. To control for the effect of 
variation in the collection time of the baseline blood samples, we also 
performed this analysis without the 11 patients for whom the baseline 
blood sample was collected after the first ECT. Additional subgroup 
analyses were performed with patients split in dichotomous groups by 
three variables: remission status, neopterin change after ECT, and 
diagnosis of somatic disease. Remission groups consisted of remitters 
and non-remitters. Neopterin change groups were created with patients 
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neopterin after ECT in the other. Somatic disease groups were defined as 
patients with no diagnosis of somatic disease in one group, and those 
with one or more such diagnoses in the other. Linear regression with 

natural logarithm transformed biochemical variables as outcome were 
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tion, all four possible confounders selected a priori. Like in the main 
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nine. Here, change in kynurenine pathway metabolites and neopterin 
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neopterin and change in QA was also investigated using a linear 
regression model (RStudio, ggplot2, geom_smooth with the lm() func-
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Because of extreme neopterin values, one participant was excluded from 
all correlation analyses. Due to the tight relationship between the 
investigated kynurenine pathway metabolites, correction for multiple 
testing was not applied. 

3.Results 
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MADRS decreased from a median of 32.5 (IQR =13.5) to 6.5 (IQR =
11.75) after the full treatment series (Fig. 2). Age, sex, time of blood 
sample collection, number of ECT sessions, depression characteristics, 
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on subgroups of patients based on neopterin change and somatic co-
morbidity are available in Supplementary Table 1. 
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whole. We also compared metabolite levels after excluding the 11 pa-
tients who had baseline blood samples collected after the first ECT. The 
overall changes in the metabolites and ratios did not diverge from an-
alyses of the full set (data not shown). Similar trends were present, with 
the same reduction in KA/HK being closest to the significance threshold 
(p =0.07). 

3.3.Subgroups based on remission status 

Thirty patients were classified as remitters and 18 as non-remitters. 
Performing paired Wilcoxon signed-rank tests for remitters and non- 
remitters separately, there were increased post treatment levels of HK, 
XA and HAA in remitters, and reduced QA concentrations after ECT in 
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3.4.Subgroups based on neopterin changes after ECT 
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ECT also had significantly increased HK (median =20.6%, p =0.03) and 
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adjusted for sex, age, smoking status, and serum creatinine concentra-
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tion) for all patients and in remission and somatic disease groups. 
Because of extreme neopterin values, one participant was excluded from 
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morbidity are available in Supplementary Table 1. 

3.2. Changes in tryptophan and kynurenine pathway metabolites in all 
patients after ECT 

Serum levels for kynurenine pathway metabolites and ratios, ribo-
flavin, PLP and neopterin at baseline and after ECT together with results 
from paired Wilcoxon signed-rank tests on all patients (n = 48) are 
shown in Fig. 2 and listed in Supplementary Table 2. We observed a 
significant reduction in KA/HK (median = −16.1%, IQR = 29.2, p =
0.02) after the ECT series, whereas the levels of other kynurenine 
pathway metabolites or ratios were unchanged in the patient group as a 
whole. We also compared metabolite levels after excluding the 11 pa-
tients who had baseline blood samples collected after the first ECT. The 
overall changes in the metabolites and ratios did not diverge from an-
alyses of the full set (data not shown). Similar trends were present, with 
the same reduction in KA/HK being closest to the significance threshold 
(p = 0.07). 

3.3. Subgroups based on remission status 

Thirty patients were classified as remitters and 18 as non-remitters. 
Performing paired Wilcoxon signed-rank tests for remitters and non- 
remitters separately, there were increased post treatment levels of HK, 
XA and HAA in remitters, and reduced QA concentrations after ECT in 
non-remitters, see Table 2 and Fig. 2. 

3.4. Subgroups based on neopterin changes after ECT 

After ECT, 25 patients had increased neopterin concentrations. For 
the other 23 patients neopterin concentrations were reduced. In paired 
Wilcoxon signed-rank tests, patients who had increased neopterin after 
ECT also had significantly increased HK (median = 20.6%, p = 0.03) and 
KTR (median = 8.06%, p = 0.04) and reduced levels of PLP (median =
−23.1%, p = 0.02) and KA/HK (median = −17.2%, p = 0.01) after ECT 
(Fig. 3, Supplementary Table 3). Patients with reduced neopterin after 
ECT had significantly reduced levels of AA (median = −6.64%, p =
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the end of the ECT series. 
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Lake Bluff, IL, USA) (maximum energy 200%, 1008 mC). Treatment 
response was evaluated weekly, and the treatment was concluded when 
the patient reached a MADRS score of less than 10 at two consecutive 
ratings. The treatment was switched to bilateral ECT if the clinical 
condition worsened or if there was no clinical improvement after six 
unilateral sessions. If there was no further improvement during the last 
two weeks of treatment after a minimum of six unilateral and six 
bilateral sessions, treatment was discontinued. 

2.3.Blood sampling and analyses 

Two venous blood samples were collected for each patient, one at 
baseline and one after the completed ECT series (median =5 days, IQR 
=5.25). For 37 of the patients, the baseline blood sample was collected 
before the treatment series (median =5 days, IQR =4), but for 11 pa-
tients it was collected after the first ECT (median =−5 days, IQR =4). 
Blood was drawn between 7.30 and 9.30 A.M. after an overnight fast. 
Serum concentrations were measured for tryptophan (Trp) and the eight 
kynurenine pathway metabolites kynurenine (Kyn), kynurenic acid 
(KA), 3-hydroxykynurenine (HK), xanthurenic acid (XA), anthranilic 
acid (AA), 3-hydroxyanthranilic acid (HAA), quinolinic acid (QA) and 
picolinic acid (Pic). In addition, levels of riboflavin (vitamin B2), pyri-
doxal 5′-phosphate (PLP, vitamin B6), the nicotine metabolite cotinine 
and the inflammatory marker neopterin were measured. All serum an-
alyses were performed by Bevital (www.bevital.no) in Bergen, Norway, 
using liquid chromatography/tandem mass spectrometry (Midttun 
et al., 2009). 

2.4.Statistical analyses 

Statistical analyses were done using RStudio version 1.2.1335 
RStudio (Team, 2018) with packages ggplot2, reshape2, tidyverse and 
ggsignif. Three ratios of metabolite concentrations were calculated: KTR 
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levels were calculated as 100*([post] – [pre])/[pre] for each individual 
to use as the primary measure of change. To control for the effect of 
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blood sample was collected after the first ECT. Additional subgroup 
analyses were performed with patients split in dichotomous groups by 
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tion) for all patients and in remission and somatic disease groups. 
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all correlation analyses. Due to the tight relationship between the 
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sample collection, number of ECT sessions, depression characteristics, 
data on medication, and somatic disorders for all patients as well as 
remitters and non-remitters are shown in Table 1. Corresponding data 
on subgroups of patients based on neopterin change and somatic co-
morbidity are available in Supplementary Table 1. 

3.2.Changes in tryptophan and kynurenine pathway metabolites in all 
patients after ECT 

Serum levels for kynurenine pathway metabolites and ratios, ribo-
flavin, PLP and neopterin at baseline and after ECT together with results 
from paired Wilcoxon signed-rank tests on all patients (n =48) are 
shown in Fig. 2 and listed in Supplementary Table 2. We observed a 
significant reduction in KA/HK (median =−16.1%, IQR =29.2, p =
0.02) after the ECT series, whereas the levels of other kynurenine 
pathway metabolites or ratios were unchanged in the patient group as a 
whole. We also compared metabolite levels after excluding the 11 pa-
tients who had baseline blood samples collected after the first ECT. The 
overall changes in the metabolites and ratios did not diverge from an-
alyses of the full set (data not shown). Similar trends were present, with 
the same reduction in KA/HK being closest to the significance threshold 
(p =0.07). 

3.3.Subgroups based on remission status 

Thirty patients were classified as remitters and 18 as non-remitters. 
Performing paired Wilcoxon signed-rank tests for remitters and non- 
remitters separately, there were increased post treatment levels of HK, 
XA and HAA in remitters, and reduced QA concentrations after ECT in 
non-remitters, see Table 2 and Fig. 2. 

3.4.Subgroups based on neopterin changes after ECT 

After ECT, 25 patients had increased neopterin concentrations. For 
the other 23 patients neopterin concentrations were reduced. In paired 
Wilcoxon signed-rank tests, patients who had increased neopterin after 
ECT also had significantly increased HK (median =20.6%, p =0.03) and 
KTR (median =8.06%, p =0.04) and reduced levels of PLP (median =
−23.1%, p =0.02) and KA/HK (median =−17.2%, p =0.01) after ECT 
(Fig. 3, Supplementary Table 3). Patients with reduced neopterin after 
ECT had significantly reduced levels of AA (median =−6.64%, p =
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0.03), QA (median = −15.0%, p = 0.002) and KTR (median = −12.4%, 
p = 0.005) and increased concentration of Trp (median = 6.78%, p =
0.048) after ECT (Fig. 3, Supplementary Table 3). 

In unadjusted Spearman correlation analyses, change in neopterin 
after ECT was significantly correlated with change in HK (rho 0.33, p =
0.02), AA (rho = 0.40, p = 0.01), QA (rho = 0.47, p = 0.0009), and KTR 
(rho = 0.37, p = 0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho = 0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 

3.5. Subgroups based on diagnoses of somatic disease 

Among the patients, 35.4% had a history of heart or vessel disease, 
33.3% a history of hypertension, 22.9% a cancer diagnosis and 6.2% 
diabetes (Table 1). Eleven patients had none of these somatic conditions, 
while 37 had one or more. Patients with one or more diagnoses of so-
matic disease had significantly higher Trp (1.19 times, p = 0.03), Kyn 
(1.41 times, p = 0.0001), KA (1.38 times, p = 0.02), HK (1.66 times, p =
0.001), AA (1.24 times, p = 0.04), HAA (1.56 times, p = 0.01), QA (1.39 
times, p = 0.01) and Pic (1.56 times, p = 0.04) at baseline than those 
without somatic disease (Supplementary Table 4). Patients without 
diagnosis of somatic disease had significant increase in Trp (median =
10.2%, p = 0.002), HK (median = 15.6%, p = 0.02) and HAA (median =

31.6%, p = 0.01) concentrations after ECT (Supplementary Table 4). 
There were no other significant changes in any metabolites or ratios 
after ECT in either somatic disease group. 

In unadjusted Spearman correlation analyses for all patients, base-
line serum creatinine was significantly correlated to baseline Kyn (rho =
0.43, p = 0.003), KA (rho = 0.46, p = 0.001), HK (rho = 0.43, p = 0.003), 
QA (rho 0.54, p < 0.001) and KTR (rho = 0.54, p < 0.001), and post 
treatment concentrations of Kyn (rho = 0.54, p < 0.001), KA (rho =
0.50, p < 0.001), HK (rho = 0.56, p < 0.001), QA (rho = 0.59, p < 0.001) 
and KTR (rho = 0.59, p < 0.001), but not to change in these metabolites 
(data not shown). 

4. Discussion 

In this study of 48 patients with late-life depression treated with ECT 
we analyzed changes in kynurenine pathway metabolites and ratios. We 
found no significant changes in any of the metabolites after ECT, only 
reduced level of KA/HK. The most notable changes in kynurenine 
pathway metabolites were in two subgroups of patients with opposite 
neopterin change after ECT, illustrating the importance of including 
inflammation markers in investigation of changes in kynurenine 
pathway metabolism. 

Hypothetically, successful treatment with ECT could be accompa-
nied by normalized levels of KA, HK, QA and other kynurenine pathway 
metabolites and ratios that have been shown to be affected in depression 
(Marx et al., 2020; Myint and Kim, 2003). Several studies have measured 

Fig. 2. MADRS scores and levels of kynurenine pathway metabolites, ratios, and coenzymes and neopterin at baseline and after ECT treatment for all patients (n =
48). P values from paired Wilcoxon signed-rank analyses of change after ECT are shown for each variable. Except for MADRS, the y-axes display serum measures 
logarithmically, providing a better visual resolution for lower values of metabolites with a large concentration spread, like QA, PLP and riboflavin. The middle 
horizontal line of the box indicates the median of the data (Q2), while the bottom and top horizontal lines indicate first and third quartile (Q1 and Q3). The bottom 
and top whiskers are calculated as Q1 – (1.5 x IQR) and Q3 + (1.5 x IQR). Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; 
Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; 
Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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0.03), QA (median =−15.0%, p =0.002) and KTR (median =−12.4%, 
p =0.005) and increased concentration of Trp (median =6.78%, p =
0.048) after ECT (Fig. 3, Supplementary Table 3). 

In unadjusted Spearman correlation analyses, change in neopterin 
after ECT was significantly correlated with change in HK (rho 0.33, p =
0.02), AA (rho =0.40, p =0.01), QA (rho =0.47, p =0.0009), and KTR 
(rho =0.37, p =0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho =0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 

3.5.Subgroups based on diagnoses of somatic disease 

Among the patients, 35.4% had a history of heart or vessel disease, 
33.3% a history of hypertension, 22.9% a cancer diagnosis and 6.2% 
diabetes (Table 1). Eleven patients had none of these somatic conditions, 
while 37 had one or more. Patients with one or more diagnoses of so-
matic disease had significantly higher Trp (1.19 times, p =0.03), Kyn 
(1.41 times, p =0.0001), KA (1.38 times, p =0.02), HK (1.66 times, p =
0.001), AA (1.24 times, p =0.04), HAA (1.56 times, p =0.01), QA (1.39 
times, p =0.01) and Pic (1.56 times, p =0.04) at baseline than those 
without somatic disease (Supplementary Table 4). Patients without 
diagnosis of somatic disease had significant increase in Trp (median =
10.2%, p =0.002), HK (median =15.6%, p =0.02) and HAA (median =

31.6%, p =0.01) concentrations after ECT (Supplementary Table 4). 
There were no other significant changes in any metabolites or ratios 
after ECT in either somatic disease group. 

In unadjusted Spearman correlation analyses for all patients, base-
line serum creatinine was significantly correlated to baseline Kyn (rho =
0.43, p =0.003), KA (rho =0.46, p =0.001), HK (rho =0.43, p =0.003), 
QA (rho 0.54, p <0.001) and KTR (rho =0.54, p <0.001), and post 
treatment concentrations of Kyn (rho =0.54, p <0.001), KA (rho =
0.50, p <0.001), HK (rho =0.56, p <0.001), QA (rho =0.59, p <0.001) 
and KTR (rho =0.59, p <0.001), but not to change in these metabolites 
(data not shown). 

4.Discussion 

In this study of 48 patients with late-life depression treated with ECT 
we analyzed changes in kynurenine pathway metabolites and ratios. We 
found no significant changes in any of the metabolites after ECT, only 
reduced level of KA/HK. The most notable changes in kynurenine 
pathway metabolites were in two subgroups of patients with opposite 
neopterin change after ECT, illustrating the importance of including 
inflammation markers in investigation of changes in kynurenine 
pathway metabolism. 

Hypothetically, successful treatment with ECT could be accompa-
nied by normalized levels of KA, HK, QA and other kynurenine pathway 
metabolites and ratios that have been shown to be affected in depression 
(Marx et al., 2020; Myint and Kim, 2003). Several studies have measured 

Fig. 2.MADRS scores and levels of kynurenine pathway metabolites, ratios, and coenzymes and neopterin at baseline and after ECT treatment for all patients (n =
48). P values from paired Wilcoxon signed-rank analyses of change after ECT are shown for each variable. Except for MADRS, the y-axes display serum measures 
logarithmically, providing a better visual resolution for lower values of metabolites with a large concentration spread, like QA, PLP and riboflavin. The middle 
horizontal line of the box indicates the median of the data (Q2), while the bottom and top horizontal lines indicate first and third quartile (Q1 and Q3). The bottom 
and top whiskers are calculated as Q1 – (1.5 x IQR) and Q3 +(1.5 x IQR). Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; 
Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; 
Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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0.03), QA (median =−15.0%, p =0.002) and KTR (median =−12.4%, 
p =0.005) and increased concentration of Trp (median =6.78%, p =
0.048) after ECT (Fig. 3, Supplementary Table 3). 

In unadjusted Spearman correlation analyses, change in neopterin 
after ECT was significantly correlated with change in HK (rho 0.33, p =
0.02), AA (rho =0.40, p =0.01), QA (rho =0.47, p =0.0009), and KTR 
(rho =0.37, p =0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho =0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 

3.5.Subgroups based on diagnoses of somatic disease 

Among the patients, 35.4% had a history of heart or vessel disease, 
33.3% a history of hypertension, 22.9% a cancer diagnosis and 6.2% 
diabetes (Table 1). Eleven patients had none of these somatic conditions, 
while 37 had one or more. Patients with one or more diagnoses of so-
matic disease had significantly higher Trp (1.19 times, p =0.03), Kyn 
(1.41 times, p =0.0001), KA (1.38 times, p =0.02), HK (1.66 times, p =
0.001), AA (1.24 times, p =0.04), HAA (1.56 times, p =0.01), QA (1.39 
times, p =0.01) and Pic (1.56 times, p =0.04) at baseline than those 
without somatic disease (Supplementary Table 4). Patients without 
diagnosis of somatic disease had significant increase in Trp (median =
10.2%, p =0.002), HK (median =15.6%, p =0.02) and HAA (median =

31.6%, p =0.01) concentrations after ECT (Supplementary Table 4). 
There were no other significant changes in any metabolites or ratios 
after ECT in either somatic disease group. 

In unadjusted Spearman correlation analyses for all patients, base-
line serum creatinine was significantly correlated to baseline Kyn (rho =
0.43, p =0.003), KA (rho =0.46, p =0.001), HK (rho =0.43, p =0.003), 
QA (rho 0.54, p <0.001) and KTR (rho =0.54, p <0.001), and post 
treatment concentrations of Kyn (rho =0.54, p <0.001), KA (rho =
0.50, p <0.001), HK (rho =0.56, p <0.001), QA (rho =0.59, p <0.001) 
and KTR (rho =0.59, p <0.001), but not to change in these metabolites 
(data not shown). 

4.Discussion 

In this study of 48 patients with late-life depression treated with ECT 
we analyzed changes in kynurenine pathway metabolites and ratios. We 
found no significant changes in any of the metabolites after ECT, only 
reduced level of KA/HK. The most notable changes in kynurenine 
pathway metabolites were in two subgroups of patients with opposite 
neopterin change after ECT, illustrating the importance of including 
inflammation markers in investigation of changes in kynurenine 
pathway metabolism. 

Hypothetically, successful treatment with ECT could be accompa-
nied by normalized levels of KA, HK, QA and other kynurenine pathway 
metabolites and ratios that have been shown to be affected in depression 
(Marx et al., 2020; Myint and Kim, 2003). Several studies have measured 

Fig. 2.MADRS scores and levels of kynurenine pathway metabolites, ratios, and coenzymes and neopterin at baseline and after ECT treatment for all patients (n =
48). P values from paired Wilcoxon signed-rank analyses of change after ECT are shown for each variable. Except for MADRS, the y-axes display serum measures 
logarithmically, providing a better visual resolution for lower values of metabolites with a large concentration spread, like QA, PLP and riboflavin. The middle 
horizontal line of the box indicates the median of the data (Q2), while the bottom and top horizontal lines indicate first and third quartile (Q1 and Q3). The bottom 
and top whiskers are calculated as Q1 – (1.5 x IQR) and Q3 +(1.5 x IQR). Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; 
Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; 
Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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0.03), QA (median = −15.0%, p = 0.002) and KTR (median = −12.4%, 
p = 0.005) and increased concentration of Trp (median = 6.78%, p =
0.048) after ECT (Fig. 3, Supplementary Table 3). 

In unadjusted Spearman correlation analyses, change in neopterin 
after ECT was significantly correlated with change in HK (rho 0.33, p =
0.02), AA (rho = 0.40, p = 0.01), QA (rho = 0.47, p = 0.0009), and KTR 
(rho = 0.37, p = 0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho = 0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 

3.5. Subgroups based on diagnoses of somatic disease 

Among the patients, 35.4% had a history of heart or vessel disease, 
33.3% a history of hypertension, 22.9% a cancer diagnosis and 6.2% 
diabetes (Table 1). Eleven patients had none of these somatic conditions, 
while 37 had one or more. Patients with one or more diagnoses of so-
matic disease had significantly higher Trp (1.19 times, p = 0.03), Kyn 
(1.41 times, p = 0.0001), KA (1.38 times, p = 0.02), HK (1.66 times, p =
0.001), AA (1.24 times, p = 0.04), HAA (1.56 times, p = 0.01), QA (1.39 
times, p = 0.01) and Pic (1.56 times, p = 0.04) at baseline than those 
without somatic disease (Supplementary Table 4). Patients without 
diagnosis of somatic disease had significant increase in Trp (median =
10.2%, p = 0.002), HK (median = 15.6%, p = 0.02) and HAA (median =

31.6%, p = 0.01) concentrations after ECT (Supplementary Table 4). 
There were no other significant changes in any metabolites or ratios 
after ECT in either somatic disease group. 

In unadjusted Spearman correlation analyses for all patients, base-
line serum creatinine was significantly correlated to baseline Kyn (rho =
0.43, p = 0.003), KA (rho = 0.46, p = 0.001), HK (rho = 0.43, p = 0.003), 
QA (rho 0.54, p < 0.001) and KTR (rho = 0.54, p < 0.001), and post 
treatment concentrations of Kyn (rho = 0.54, p < 0.001), KA (rho =
0.50, p < 0.001), HK (rho = 0.56, p < 0.001), QA (rho = 0.59, p < 0.001) 
and KTR (rho = 0.59, p < 0.001), but not to change in these metabolites 
(data not shown). 

4. Discussion 

In this study of 48 patients with late-life depression treated with ECT 
we analyzed changes in kynurenine pathway metabolites and ratios. We 
found no significant changes in any of the metabolites after ECT, only 
reduced level of KA/HK. The most notable changes in kynurenine 
pathway metabolites were in two subgroups of patients with opposite 
neopterin change after ECT, illustrating the importance of including 
inflammation markers in investigation of changes in kynurenine 
pathway metabolism. 

Hypothetically, successful treatment with ECT could be accompa-
nied by normalized levels of KA, HK, QA and other kynurenine pathway 
metabolites and ratios that have been shown to be affected in depression 
(Marx et al., 2020; Myint and Kim, 2003). Several studies have measured 

Fig. 2. MADRS scores and levels of kynurenine pathway metabolites, ratios, and coenzymes and neopterin at baseline and after ECT treatment for all patients (n =
48). P values from paired Wilcoxon signed-rank analyses of change after ECT are shown for each variable. Except for MADRS, the y-axes display serum measures 
logarithmically, providing a better visual resolution for lower values of metabolites with a large concentration spread, like QA, PLP and riboflavin. The middle 
horizontal line of the box indicates the median of the data (Q2), while the bottom and top horizontal lines indicate first and third quartile (Q1 and Q3). The bottom 
and top whiskers are calculated as Q1 – (1.5 x IQR) and Q3 + (1.5 x IQR). Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; 
Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; 
Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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0.03), QA (median = −15.0%, p = 0.002) and KTR (median = −12.4%, 
p = 0.005) and increased concentration of Trp (median = 6.78%, p =
0.048) after ECT (Fig. 3, Supplementary Table 3). 

In unadjusted Spearman correlation analyses, change in neopterin 
after ECT was significantly correlated with change in HK (rho 0.33, p =
0.02), AA (rho = 0.40, p = 0.01), QA (rho = 0.47, p = 0.0009), and KTR 
(rho = 0.37, p = 0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho = 0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 

3.5. Subgroups based on diagnoses of somatic disease 

Among the patients, 35.4% had a history of heart or vessel disease, 
33.3% a history of hypertension, 22.9% a cancer diagnosis and 6.2% 
diabetes (Table 1). Eleven patients had none of these somatic conditions, 
while 37 had one or more. Patients with one or more diagnoses of so-
matic disease had significantly higher Trp (1.19 times, p = 0.03), Kyn 
(1.41 times, p = 0.0001), KA (1.38 times, p = 0.02), HK (1.66 times, p =
0.001), AA (1.24 times, p = 0.04), HAA (1.56 times, p = 0.01), QA (1.39 
times, p = 0.01) and Pic (1.56 times, p = 0.04) at baseline than those 
without somatic disease (Supplementary Table 4). Patients without 
diagnosis of somatic disease had significant increase in Trp (median =
10.2%, p = 0.002), HK (median = 15.6%, p = 0.02) and HAA (median =

31.6%, p = 0.01) concentrations after ECT (Supplementary Table 4). 
There were no other significant changes in any metabolites or ratios 
after ECT in either somatic disease group. 

In unadjusted Spearman correlation analyses for all patients, base-
line serum creatinine was significantly correlated to baseline Kyn (rho =
0.43, p = 0.003), KA (rho = 0.46, p = 0.001), HK (rho = 0.43, p = 0.003), 
QA (rho 0.54, p < 0.001) and KTR (rho = 0.54, p < 0.001), and post 
treatment concentrations of Kyn (rho = 0.54, p < 0.001), KA (rho =
0.50, p < 0.001), HK (rho = 0.56, p < 0.001), QA (rho = 0.59, p < 0.001) 
and KTR (rho = 0.59, p < 0.001), but not to change in these metabolites 
(data not shown). 

4. Discussion 

In this study of 48 patients with late-life depression treated with ECT 
we analyzed changes in kynurenine pathway metabolites and ratios. We 
found no significant changes in any of the metabolites after ECT, only 
reduced level of KA/HK. The most notable changes in kynurenine 
pathway metabolites were in two subgroups of patients with opposite 
neopterin change after ECT, illustrating the importance of including 
inflammation markers in investigation of changes in kynurenine 
pathway metabolism. 

Hypothetically, successful treatment with ECT could be accompa-
nied by normalized levels of KA, HK, QA and other kynurenine pathway 
metabolites and ratios that have been shown to be affected in depression 
(Marx et al., 2020; Myint and Kim, 2003). Several studies have measured 

Fig. 2. MADRS scores and levels of kynurenine pathway metabolites, ratios, and coenzymes and neopterin at baseline and after ECT treatment for all patients (n =
48). P values from paired Wilcoxon signed-rank analyses of change after ECT are shown for each variable. Except for MADRS, the y-axes display serum measures 
logarithmically, providing a better visual resolution for lower values of metabolites with a large concentration spread, like QA, PLP and riboflavin. The middle 
horizontal line of the box indicates the median of the data (Q2), while the bottom and top horizontal lines indicate first and third quartile (Q1 and Q3). The bottom 
and top whiskers are calculated as Q1 – (1.5 x IQR) and Q3 + (1.5 x IQR). Abbreviations: MADRS, Montgomery and Åsberg Depression Rating Scale; Trp, tryptophan; 
Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; 
Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 

T.I.M. Aarsland et al.                                                                                                                                                                                                                          JournalofAffectiveDisordersReports12(2023)100578

5

0.03), QA (median =−15.0%, p =0.002) and KTR (median =−12.4%, 
p =0.005) and increased concentration of Trp (median =6.78%, p =
0.048) after ECT (Fig. 3, Supplementary Table 3). 

In unadjusted Spearman correlation analyses, change in neopterin 
after ECT was significantly correlated with change in HK (rho 0.33, p =
0.02), AA (rho =0.40, p =0.01), QA (rho =0.47, p =0.0009), and KTR 
(rho =0.37, p =0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho =0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 

3.5.Subgroups based on diagnoses of somatic disease 

Among the patients, 35.4% had a history of heart or vessel disease, 
33.3% a history of hypertension, 22.9% a cancer diagnosis and 6.2% 
diabetes (Table 1). Eleven patients had none of these somatic conditions, 
while 37 had one or more. Patients with one or more diagnoses of so-
matic disease had significantly higher Trp (1.19 times, p =0.03), Kyn 
(1.41 times, p =0.0001), KA (1.38 times, p =0.02), HK (1.66 times, p =
0.001), AA (1.24 times, p =0.04), HAA (1.56 times, p =0.01), QA (1.39 
times, p =0.01) and Pic (1.56 times, p =0.04) at baseline than those 
without somatic disease (Supplementary Table 4). Patients without 
diagnosis of somatic disease had significant increase in Trp (median =
10.2%, p =0.002), HK (median =15.6%, p =0.02) and HAA (median =

31.6%, p =0.01) concentrations after ECT (Supplementary Table 4). 
There were no other significant changes in any metabolites or ratios 
after ECT in either somatic disease group. 

In unadjusted Spearman correlation analyses for all patients, base-
line serum creatinine was significantly correlated to baseline Kyn (rho =
0.43, p =0.003), KA (rho =0.46, p =0.001), HK (rho =0.43, p =0.003), 
QA (rho 0.54, p <0.001) and KTR (rho =0.54, p <0.001), and post 
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(rho =0.37, p =0.01). Changes in neopterin was also significantly and 
positively correlated with change in change in KTR (rho =0.56, p =
0.02) in non-remitters. Linear regression analyses in 47 patients, showed 
positive relationship between change in neopterin and change in QA 
after ECT in the whole patient group, in remitters, and in patients with 
and without somatic comorbidity (Fig. 4). 
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kynurenine pathway metabolites in the context of ECT (Allen et al., 
2018; Guloksuz et al., 2015; Ryan et al., 2020; Schwieler et al., 2016; 
Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 

Table 1 
Clinical characteristics for all patients and for remitters and non-remitters.   

All patients (n = 48) Remitters (n = 30) Non-remitters (n = 18)  
median (IQR) range median (IQR) range median (IQR) range 

Age (years) 73 (12.3) 55 - 92 74.5 (14) 57 - 92 69 (11.8) 55 - 82 
Baseline MADRS a 32.5 (13.5) 11 - 50 33 (16) 14 - 49 31.5 (11.5) 11 - 50 
Number of ECT sessions b 10 (8) 4 - 29 9 (3.75) 4 - 28 14 (9.75) 4 - 29 
Days from from baseline blood sample to first ECT c 2 (5) −12 - 30 2 (4.75) −12 - 11 3 (7) −5 - 30 
Days from last ECT to blood sample d 5 (5.25) −9 - 16 4 (5) −9 - 16 5.5 (3.25) 1 - 13 
Number of previous episodes 2 (4) 0 - 16 2 (3) 0 - 16 3 (4) 0 - 15 
Age at onset of depression (years) 57 (24) 18 - 87 57.5 (24) 18 - 87 50.5 (21) 23 - 77 
Length of index episode (weeks) 6 (12.5) 1 - 144 4 (11) 1 - 144 12 (18) 2 - 84 
Baseline serum creatinine (µmol/L) 78.5 (23.8) 52 - 197 76.5 (21) 61 - 135 79.5 (32) 52 - 197  

n (%)  n (%)  n (%)  
Female 30 (62.5)  17 (56.7)  13 (72.2)  
Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

a For one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
b Number of ECT sessions in the current treatment series. 
c For eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
d For one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
e Data on alcohol consumption was missing for five patients. 
f First depressive episode at 55 years or older. 
h Previous treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n = 30) Non-remitters (n = 18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

aFor one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
bNumber of ECT sessions in the current treatment series. 
cFor eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
dFor one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
eData on alcohol consumption was missing for five patients. 
fFirst depressive episode at 55 years or older. 
hPrevious treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n =30) Non-remitters (n =18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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kynurenine pathway metabolites in the context of ECT (Allen et al., 
2018; Guloksuz et al., 2015; Ryan et al., 2020; Schwieler et al., 2016; 
Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 

Table 1 
Clinical characteristics for all patients and for remitters and non-remitters.   

All patients (n =48) Remitters (n =30) Non-remitters (n =18)  
median (IQR) range median (IQR) range median (IQR) range 

Age (years) 73 (12.3) 55 - 92 74.5 (14) 57 - 92 69 (11.8) 55 - 82 
Baseline MADRS a 32.5 (13.5) 11 - 50 33 (16) 14 - 49 31.5 (11.5) 11 - 50 
Number of ECT sessions b 10 (8) 4 - 29 9 (3.75) 4 - 28 14 (9.75) 4 - 29 
Days from from baseline blood sample to first ECT c 2 (5) −12 - 30 2 (4.75) −12 - 11 3 (7) −5 - 30 
Days from last ECT to blood sample d 5 (5.25) −9 - 16 4 (5) −9 - 16 5.5 (3.25) 1 - 13 
Number of previous episodes 2 (4) 0 - 16 2 (3) 0 - 16 3 (4) 0 - 15 
Age at onset of depression (years) 57 (24) 18 - 87 57.5 (24) 18 - 87 50.5 (21) 23 - 77 
Length of index episode (weeks) 6 (12.5) 1 - 144 4 (11) 1 - 144 12 (18) 2 - 84 
Baseline serum creatinine (µmol/L) 78.5 (23.8) 52 - 197 76.5 (21) 61 - 135 79.5 (32) 52 - 197  

n (%)  n (%)  n (%)  
Female 30 (62.5)  17 (56.7)  13 (72.2)  
Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

aFor one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
bNumber of ECT sessions in the current treatment series. 
cFor eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
dFor one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
eData on alcohol consumption was missing for five patients. 
fFirst depressive episode at 55 years or older. 
hPrevious treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n =30) Non-remitters (n =18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 

T.I.M. Aarsland et al.                                                                                                                                                                                                                          

Journal of Affective Disorders Reports 12 (2023) 100578

6

kynurenine pathway metabolites in the context of ECT (Allen et al., 
2018; Guloksuz et al., 2015; Ryan et al., 2020; Schwieler et al., 2016; 
Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 

Table 1 
Clinical characteristics for all patients and for remitters and non-remitters.   

All patients (n = 48) Remitters (n = 30) Non-remitters (n = 18)  
median (IQR) range median (IQR) range median (IQR) range 

Age (years) 73 (12.3) 55 - 92 74.5 (14) 57 - 92 69 (11.8) 55 - 82 
Baseline MADRS a 32.5 (13.5) 11 - 50 33 (16) 14 - 49 31.5 (11.5) 11 - 50 
Number of ECT sessions b 10 (8) 4 - 29 9 (3.75) 4 - 28 14 (9.75) 4 - 29 
Days from from baseline blood sample to first ECT c 2 (5) −12 - 30 2 (4.75) −12 - 11 3 (7) −5 - 30 
Days from last ECT to blood sample d 5 (5.25) −9 - 16 4 (5) −9 - 16 5.5 (3.25) 1 - 13 
Number of previous episodes 2 (4) 0 - 16 2 (3) 0 - 16 3 (4) 0 - 15 
Age at onset of depression (years) 57 (24) 18 - 87 57.5 (24) 18 - 87 50.5 (21) 23 - 77 
Length of index episode (weeks) 6 (12.5) 1 - 144 4 (11) 1 - 144 12 (18) 2 - 84 
Baseline serum creatinine (µmol/L) 78.5 (23.8) 52 - 197 76.5 (21) 61 - 135 79.5 (32) 52 - 197  

n (%)  n (%)  n (%)  
Female 30 (62.5)  17 (56.7)  13 (72.2)  
Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

a For one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
b Number of ECT sessions in the current treatment series. 
c For eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
d For one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
e Data on alcohol consumption was missing for five patients. 
f First depressive episode at 55 years or older. 
h Previous treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n = 30) Non-remitters (n = 18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
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Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 
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Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
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Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
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Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

a For one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
b Number of ECT sessions in the current treatment series. 
c For eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
d For one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
e Data on alcohol consumption was missing for five patients. 
f First depressive episode at 55 years or older. 
h Previous treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n = 30) Non-remitters (n = 18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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kynurenine pathway metabolites in the context of ECT (Allen et al., 
2018; Guloksuz et al., 2015; Ryan et al., 2020; Schwieler et al., 2016; 
Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 

Table 1 
Clinical characteristics for all patients and for remitters and non-remitters.   

All patients (n =48) Remitters (n =30) Non-remitters (n =18)  
median (IQR) range median (IQR) range median (IQR) range 

Age (years) 73 (12.3) 55 - 92 74.5 (14) 57 - 92 69 (11.8) 55 - 82 
Baseline MADRS a 32.5 (13.5) 11 - 50 33 (16) 14 - 49 31.5 (11.5) 11 - 50 
Number of ECT sessions b 10 (8) 4 - 29 9 (3.75) 4 - 28 14 (9.75) 4 - 29 
Days from from baseline blood sample to first ECT c 2 (5) −12 - 30 2 (4.75) −12 - 11 3 (7) −5 - 30 
Days from last ECT to blood sample d 5 (5.25) −9 - 16 4 (5) −9 - 16 5.5 (3.25) 1 - 13 
Number of previous episodes 2 (4) 0 - 16 2 (3) 0 - 16 3 (4) 0 - 15 
Age at onset of depression (years) 57 (24) 18 - 87 57.5 (24) 18 - 87 50.5 (21) 23 - 77 
Length of index episode (weeks) 6 (12.5) 1 - 144 4 (11) 1 - 144 12 (18) 2 - 84 
Baseline serum creatinine (µmol/L) 78.5 (23.8) 52 - 197 76.5 (21) 61 - 135 79.5 (32) 52 - 197  

n (%)  n (%)  n (%)  
Female 30 (62.5)  17 (56.7)  13 (72.2)  
Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

aFor one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
bNumber of ECT sessions in the current treatment series. 
cFor eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
dFor one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
eData on alcohol consumption was missing for five patients. 
fFirst depressive episode at 55 years or older. 
hPrevious treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n =30) Non-remitters (n =18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 

T.I.M. Aarsland et al.                                                                                                                                                                                                                          

JournalofAffectiveDisordersReports12(2023)100578

6

kynurenine pathway metabolites in the context of ECT (Allen et al., 
2018; Guloksuz et al., 2015; Ryan et al., 2020; Schwieler et al., 2016; 
Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 
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Days from from baseline blood sample to first ECT c 2 (5) −12 - 30 2 (4.75) −12 - 11 3 (7) −5 - 30 
Days from last ECT to blood sample d 5 (5.25) −9 - 16 4 (5) −9 - 16 5.5 (3.25) 1 - 13 
Number of previous episodes 2 (4) 0 - 16 2 (3) 0 - 16 3 (4) 0 - 15 
Age at onset of depression (years) 57 (24) 18 - 87 57.5 (24) 18 - 87 50.5 (21) 23 - 77 
Length of index episode (weeks) 6 (12.5) 1 - 144 4 (11) 1 - 144 12 (18) 2 - 84 
Baseline serum creatinine (µmol/L) 78.5 (23.8) 52 - 197 76.5 (21) 61 - 135 79.5 (32) 52 - 197  

n (%)  n (%)  n (%)  
Female 30 (62.5)  17 (56.7)  13 (72.2)  
Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

aFor one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
bNumber of ECT sessions in the current treatment series. 
cFor eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
dFor one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
eData on alcohol consumption was missing for five patients. 
fFirst depressive episode at 55 years or older. 
hPrevious treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n =30) Non-remitters (n =18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
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Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
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Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 
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Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
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aFor one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
bNumber of ECT sessions in the current treatment series. 
cFor eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
dFor one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
eData on alcohol consumption was missing for five patients. 
fFirst depressive episode at 55 years or older. 
hPrevious treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 
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HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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kynurenine pathway metabolites in the context of ECT (Allen et al., 
2018; Guloksuz et al., 2015; Ryan et al., 2020; Schwieler et al., 2016; 
Yilmaz et al., 2022; Aarsland et al., 2019). but the results have been 
inconsistent. Changes in the two first metabolites of the pathway, 
Trp-and Kyn, and their ratio KTR, provide information about the 

activation of the pathway. Trp-and Kyn were both increased after ECT in 
one study (Ryan et al., 2020). Increase in Kyn and KTR levels was also 
associated with reduced depression scores after ECT, and the authors 
concluded that ECT seemed to be activating the kynurenine pathway, at 
least in patients with unipolar depression (Ryan et al., 2020). In 

Table 1 
Clinical characteristics for all patients and for remitters and non-remitters.   

All patients (n =48) Remitters (n =30) Non-remitters (n =18)  
median (IQR) range median (IQR) range median (IQR) range 

Age (years) 73 (12.3) 55 - 92 74.5 (14) 57 - 92 69 (11.8) 55 - 82 
Baseline MADRS a 32.5 (13.5) 11 - 50 33 (16) 14 - 49 31.5 (11.5) 11 - 50 
Number of ECT sessions b 10 (8) 4 - 29 9 (3.75) 4 - 28 14 (9.75) 4 - 29 
Days from from baseline blood sample to first ECT c 2 (5) −12 - 30 2 (4.75) −12 - 11 3 (7) −5 - 30 
Days from last ECT to blood sample d 5 (5.25) −9 - 16 4 (5) −9 - 16 5.5 (3.25) 1 - 13 
Number of previous episodes 2 (4) 0 - 16 2 (3) 0 - 16 3 (4) 0 - 15 
Age at onset of depression (years) 57 (24) 18 - 87 57.5 (24) 18 - 87 50.5 (21) 23 - 77 
Length of index episode (weeks) 6 (12.5) 1 - 144 4 (11) 1 - 144 12 (18) 2 - 84 
Baseline serum creatinine (µmol/L) 78.5 (23.8) 52 - 197 76.5 (21) 61 - 135 79.5 (32) 52 - 197  

n (%)  n (%)  n (%)  
Female 30 (62.5)  17 (56.7)  13 (72.2)  
Non-smoker 38 (79.2)  23 (76.7)  15 (83.3)  
Never alcohol e 31 (72.1)  18 (69.2)  13 (76.5)  
Late onset of depression f 26 (54.2)  18 (60.0)  8 (44.4)  
MDD with psychotic features 25 (52.1)  17 (56.7)  8 (44.4)  
Previous treatment resistance h 25 (52.1)  15 (50.0)  10 (55.6)  
No medication 27 (56.2)  0 (0.00)  10 (55.6)  
Antidepressants 15 (31.2)  9 (30.0)  6 (33.3)  
Only antidepressants 13 (27.1)  7 (23.3)  6 (33.3)  
Antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Only antipsychotics 6 (12.5)  4 (13.3)  2 (11.1)  
Heart and vessel 17 (35.4)  11 (36.7)  6 (33.3)  
Hypertension 16 (33.3)  12 (40.0)  4 (22.2)  
Diabetes 3 (6.2)  2 (6.70)  1 (5.60)  
Stroke 4 (8.3)  4 (13.3)  0 (0.00)  
Cancer 11 (22.9)  5 (16.7)  6 (33.3)  
Migrain 0 (0.0)  0 (0.0)  0 (0.0)  
Parkinson’s disease 0 (0.0)  0 (0.0)  0 (0.0)  
Neurological disorder 0 (0.0)  0 (0.0)  0 (0.0)   

aFor one patient, MADRS could not be collected at baseline, and was replaced by MADRS at two weeks into the treatment series. 
bNumber of ECT sessions in the current treatment series. 
cFor eleven patients, the baseline blood sample was collected after the first ECT, indicated by a negative number of days for this variable. 
dFor one patient, the post ECT blood sample was collected before the last ECT session (nine days). This patient received a total of 14 ECT sessions over seven weeks. 
eData on alcohol consumption was missing for five patients. 
fFirst depressive episode at 55 years or older. 
hPrevious treatment resistance was defined as at least two failed trials of antidepressants in adquate doses. Abbreviations: IQR, inter quartile range; MADRS, 

Montgomery and Åsberg Depression Scale; MDD, major depression disorder. 

Table 2 
Baseline serum metabolite concentrations and effect of ECT on metabolites according to remission status.   

Remitters (n =30) Non-remitters (n =18)  
Before ECT After ECT % change  Before ECT After ECT % change  

Variable Median (IQR) Median (IQR) Median (IQR) p Median (IQR) Median (IQR) Median (IQR) p 

Trp, µmol/L 61.1 (21.0) 65.8 (16.3) 5.32 (25.9) 0.20 67.5 (18.6) 67.7 (15.4) −0.04 (35.2) 0.74 
Kyn, µmol/L 1.87 (0.76) 1.96 (0.57) 2.16 (16.0) 0.50 2.13 (0.67) 1.89 (0.68) −3.98 (19.2) 0.20 
KA, nmol/L 46.2 (24.0) 46.7 (20.8) 13.7 (39.2) 0.39 56.9 (24.6) 50.4 (31.5) −4.34 (39.2) 0.15 
HK, nmol/L 48.6 (31.7) 49.8 (30.0) 15.9 (51.7) 0.02 59.8 (52.1) 53.3 (24.3) −3.31 (33.2) 0.20 
XA, nmol/L 9.16 (7.61) 11.6 (8.37) 22.8 (92.1) 0.04 14.4 (11.0) 14.1 (6.65) −0.45 (56.3) 1.00 
AA, nmol/L 18.2 (4.08) 18.1 (5.30) 1.28 (25.0) 0.81 17.4 (5.57) 16.8 (5.33) −5.41 (18.9) 0.38 
HAA, nmol/L 30.0 (16.1) 34.9 (23.5) 21.9 (57.1) 0.01 41.2 (26.3) 40.4 (24.2) −10.4 (69.8) 0.61 
QA, nmol/L 451 (404) 482 (298) 0.09 (34.4) 0.57 522 (194) 499 (99.0) −9.26 (15.1) 0.03 
Pic, nmol/L 37.8 (22.5) 43.6 (31.2) 19.9 (68.6) 0.29 43.7 (22.2) 38.6 (14.3) −19.0 (49.3) 0.33 
KTR, ratio 32.4 (20.4) 30.0 (18.9) 1.93 (25.6) 0.84 31.6 (11.0) 28.7 (8.99) −4.15 (20.0) 0.39 
KA/HK, ratio 10.2 (3.55) 9.55 (4.03) −14.7 (33.4) 0.06 9.79 (4.25) 9.03 (3.88) −16.5 (27.2) 0.23 
KA/QA, ratio 9.13 (3.25) 9.74 (3.30) −0.80 (40.8) 0.90 10.7 (3.73) 9.74 (3.15) −4.68 (27.8) 0.67 
PLP, nmol/L 23.5 (20.8) 22.8 (20.4) −19.0 (51.8) 0.40 18.8 (17.5) 21.2 (21.2) −14.3 (44.1) 0.50 
Riboflavin, nmol/L 20.6 (19.2) 21.0 (28.5) 1.54 (67.7) 0.54 25.5 (28.7) 18.8 (13.0) −9.48 (52.3) 0.16 
Neopterin, nmol/L 29.1 (16.7) 33.9 (18.9) 3.72 (34.4) 0.42 30.4 (18.2) 25.7 (24.6) 0.51 (47.4) 0.77 

Notes: Median and interquartile range (IQR) before and after ECT, percentage change and p-value from paired Wilcoxon signed-rank test are shown for remitters and 
non-remitters. p-values below the significance threshold 0.05 are marked in bold. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA, xanthurenic acid; AA, anthranilic acid; HAA, 3-hydroxyanthra-
nilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 
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Fig. 3. Changes in selected biochemical variables after ECT in two groups of patients based on their change in neopterin concentration after treatment. Three p 
values are shown for each variable; two from paired Wilcoxon signed-rank tests of change after ECT in each group, and one from comparison of baseline values 
between the two groups by linear regression adjusted for sex, smoking status, and baseline serum creatinine. The y-axis serum measures are displayed on a loga-
rithmic scale, providing a better visual resolution for lower values of metabolites with a large concentration spread, like QA, PLP and riboflavin. Abbreviations: Trp, 
tryptophan; HK, 3-hydroxykynurenine; AA, anthranilic acid; QA, quinolinic acid; KTR, kynurenine-tryptophan-ratio; PLP, pyridoxal 5′phosphate. 

Fig. 4. The relationship between change (nmol/L) in neopterin and change (nmol/L) in QA after ECT in all patients (n = 47), in remitters (n = 29) and non-remitters 
(n = 18), and in patients with (n = 36) and without somatic comorbidity (n = 11). One patient was excluded from the analyses due to extreme values of neopterin. 
The dots show change for each patient. The lines show the relationship between the two change variables using a linear model for all patients (β = 6.89, p < 0.001), 
remitters (β = 7.35, p = 0.001), non-remitters (β = 4.12, p = 0.26), patients with no somatic diseases (β = 7.03, p = 0.005) and patients with one or more somatic 
diseases (7.13, p = 0.01). 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1. Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1.Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1.Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1. Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1. Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1.Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1.Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1.Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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contrast, Trp and Kyn were both reduced after ECT in another study 
(Schwieler et al., 2016), while in a third study KTR was increased after 
ECT without significant changes in Trp or Kyn (Guloksuz et al., 2015). In 
two other studies there were no changes in Trp, Kyn or KTR after ECT 
(Allen et al., 2018; Aarsland et al., 2019). Similarly, in the current study, 
Trp, Kyn and KTR all remained stable after ECT in the main analyses. 
There was therefore no apparent change in the activation of the pathway 
after treatment. This coincides with the conclusion of a recent 
meta-analyses that found moderate evidence for no effects of ECT on 
levels of TRP in eight studies (Giron et al., 2022), though the analysis 
only included plasma levels, and not serum TRP. 

Regarding the relative concentrations of metabolites, two studies 
have found changes in markers indicating reduced neurotoxicity 
markers after ECT, with increased KA/QA in one (Schwieler et al., 
2016), and increased KA and KA/HK in the other (Guloksuz et al., 2015). 
One other study did not find any such changes in ratios suggestive of 
reduced neurotoxicity (Allen et al., 2018). Furthermore, a fourth study 
found decreased KA/HK after ECT (Yilmaz et al., 2022), and another 
found that HK was significantly increased after ECT (Ryan et al., 2020), 
although not after correction for multiple testing. HK is a potentially 
neurotoxic metabolite (Okuda et al., 1998) on the main pathway branch 
that is produced from Kyn by kynurenine monooxygenase (KMO), a 
riboflavin dependent enzyme that can be induced by IFN-γ (Mandi and 
Vecsei, 2012) (Fig. 1). In the current study, like in the study of Yilmaz 
and collegues, we found an isolated reduction in KA/HK after ECT. Thus, 
we could not confirm a hypothesis of reduced neurotoxic markers after 
ECT when looking at the whole patient group. 

We suspected, however, that changes in metabolite and ratio levels 
could be more prominent when analyzing remitters and non-remitters 
separately. After the ECT series, patients who remitted had signifi-
cantly increased concentrations of HK, XA and HAA. XA and HAA are 
both formed directly from HK. The level of XA is dependent on 
kynurenine-aminotransferase (KAT) and its essential coenzyme PLP. 
Similar to KA, XA can inhibit glutamate transmission by blocking ve-
sicular glutamate transportation and thereby reducing extracellular 
glutamate levels (Sathyasaikumar et al., 2017). HAA is formed by 
kynureninase (KYNU), which is also PLP dependent, and it is a metab-
olite on the main pathway branch and precursor of QA and Pic. The 
neuroactive effect of HAA seems to be context dependent, but it has been 
suggested to be neuroprotective under inflammatory conditions 
(Badawy, 2017a; Krause et al., 2011). In a previous study (Aarsland 
et al., 2019), we also found an increase in HAA after ECT, together with 
increase in the concentration of Pic which is also suggested to have 
neuroprotective effects (Brundin et al., 2016). These changes were 
accompanied by increased neopterin, a sign of increased inflammation 
after ECT. In the current study, there were no changes in the concen-
trations of riboflavin or PLP, and no increase in KTR or neopterin to 
suggest inflammation related increase in KMO activity and increased 
pathway flux in either remission group. The neurotoxic QA, downstream 
of HK and HAA, was stable in remitters after ECT, as were levels of KA. 
Non-remitters, on the other hand, had an isolated, significant reduction 
in the concentration of QA after ECT. 

Like in the analyses of change in all patients, the findings from re-
mitters do not immediately fit with the hypothesis of normalized 
kynurenine pathway metabolites after treatment. Rather, they suggest 
increased levels of metabolites in the main pathway branch leading up 
to QA. Still, there was no significant change in neopterin levels after ECT 
in the main analyses, nor in remitters or in non-remitters. There was, 
however, substantial variance between individuals in neopterin change 
following ECT, from a reduction of 69.7% to an increase of 33.6%. By 
creating two subgroups based on the direction of change in neopterin 
after ECT, we found several significant changes in kynurenine pathway 
metabolites and ratios in both groups. 

KTR was significantly increased in patients with increased neopterin 
after ECT, and significantly reduced in those with reduced neopterin, in 
accordance with previous findings (Frick et al., 2004). Furthermore, 

patients with increased concentration of neopterin after ECT had 
significantly increased HK, and significantly reduced levels of PLP and 
KA/HK. As discussed above, PLP is an essential coenzyme for the con-
version of HK to HAA, and, in general, a lack of this vitamer is associated 
with accumulation of HK (Theofylaktopoulou et al., 2014). Moreover, 
PLP is known to be reduced under inflammatory conditions (Ulvik et al., 
2014). Thus, the pattern of increased neopterin and reduced PLP after 
ECT fits well with the increase in HK and reduction in KA/HK in this 
group (Ulvik et al., 2013). In the other group of neopterin change, 
reduction in neopterin was accompanied with increased Trp, and 
reduced AA and QA. This pattern is consistent with reduced activation 
through the pathway as was also reflected by the reduced level of KTR in 
this group. Additionally, in Spearman correlation analyses for 47 pa-
tients change in neopterin concentrations after ECT was strongly and 
positively correlated with changes in Kyn, HK, AA and QA. 

All these changes are consistent with the role of neopterin as a 
marker of INF-γ activity which in turn induces activation of kynurenine 
pathway metabolism. Thus, it seems that inflammation is an important 
factor when assessing ECT-related changes in the kynurenine pathway in 
this material, even though neopterin was not significantly altered when 
looking at all participants together or grouped by remission status. A 
systematic review of inflammation in ECT suggests that there is an acute 
inflammatory response after ECT, but that a full treatment course is 
accompanied by reduced levels of inflammatory markers (Yrondi et al., 
2018). In the current material, there seems to be large interindividual 
variation in neopterin changes after ECT, though the reason for this is 
unclear. 

Somatic diseases are potential factors that could be associated both 
with inflammation and kynurenine changes. Somatic diseases could 
affect the levels kynurenine pathway metabolites, not only through 
increased inflammatory activity but also through altered nutritional 
status and organ function (Schrocksnadel et al., 2006; Strasser et al., 
2017). In the current study diagnoses of heart or vessel disease, hyper-
tension, cancer and diabetes, were registered, all of which are associated 
with inflammatory processes that may impact tryptophan metabolism 
(Cervenka et al., 2017; Strasser et al., 2017). Thirty-seven patients had 
one or more of these diagnoses, and had significantly higher baseline 
levels of Trp, Kyn, KA, HK, AA, HAA, QA and Pic compared to those 
without registered diagnosis of somatic disease. There was no baseline 
difference in neopterin concentrations between the two groups. After 
ECT, patients with no diagnosis of somatic disease had increased con-
centrations of Trp, HK and HAA, similar to the remitters discussed 
above. Patients with one or more such diagnoses had no significant 
changes in metabolites or ratios. 

Kidney function is one factor that could be affecting the kynurenine 
pathway. In the current study there was substantial positive correlation 
between baseline serum creatinine and pre- and post-treatment con-
centrations of Kyn, HK, KA, QA and KTR. This is to be expected since 
kynurenine pathway metabolites are eliminated through the kidneys, 
thus potentially accumulating in the case of reduced kidney function 
(Pawlak et al., 2003). Importantly, there were no significant correlations 
of baseline creatinine to changes in these metabolites. This suggests that 
kidney function, although related to the absolute levels of kynurenine 
pathway metabolites, does not affect their potential for change in this 
material. 

4.1.Strengths and limitations 

We recently published a systematic review on changes in tryptophan 
and kynurneines after ECT, in which the current study is included 
(Aarsland et al., 2022). There, we discuss a wide range of factors that 
may affect the results, including patient characteristics, ECT delivery 
method, medication, and study design. A strength of the current study is 
that we included a large panel of metabolites and ratios, as well as co-
enzymes riboflavin and PLP, neopterin, cotinine and creatinine. We 
investigated these metabolites in a relatively homogenous group of 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5. Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5.Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5.Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5. Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5. Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5.Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5.Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5.Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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patients with age 55 years or higher. Furthermore, all psychotropic 
medication, some of which can affect tryptophan metabolism (Badawy, 
2010), was either discontinued or kept stable during the whole treat-
ment. On the other hand, we did not have information on nutritional 
status, physical activity, or body mass index, and could therefore not 
evaluate the possible effect of these factors. However, since this is a 
longitudinal study, the role of these factors should be of less importance 
than in cross sectional studies given that these traits are stable 
throughout the study. Although all patients were considered to have late 
life depression, about half of them had their first depressive episode 
before the age of 55 years (early onset). Differences in etiology, co-
morbidity and treatment efficacy between early and late onset depres-
sion could impact kynurenine metabolism. There was considerable 
variation in timing of blood sample collection at baseline, with 11 
samples collected after the first ECT. However, from what we could see 
in sensitivity analyses without these 11 patients, this did not seem to 
have any significant effect on the direction or size of change in metab-
olites and ratios after ECT. The number of ECT sessions also varied be-
tween individuals, something that could bias the analyses of both 
kynurenines and inflammation markers. Ideally, the study should have 
included additional blood samples at a fixed number of ECT sessions 
(Aarsland et al., 2022). Neopterin was the only included measure of 
inflammation outside the kynurenine pathway, and a larger panel of 
inflammatory markers should preferably have been included. The 
sample size of the study was relatively low, especially when looking at 
subgroups of somatic disease. Furthermore, there was no available 
control group of healthy older adults, that could provide baseline con-
trol and inform on biological variation over time, nor a group of older 
patients with depression, treated with other treatment options than ECT 
to compare serum concentrations to before and after treatment. Such 
comparators could be very helpful when interpreting the kynurenine 
pathway metabolites in older patients with depression. 

5.Conclusion 

In this study of changes in kynurenine pathway metabolites after 
ECT, we did not find changes that suggest normalization of metabolite 
levels or ratios. On the contrary, reduced KA/HK in all patients and 
increased levels of HK and other metabolites in the main pathway 
branch in remitters, point to a reduction of the relative concentration of 
KA compared to neurotoxic HK and QA. The overall impression, how-
ever, is that large interindividual differences due to multiple uncon-
trolled sources of variance makes it difficult to isolate changes related to 
ECT and depression symptom relief. Inflammation is one such source of 
variability that could be related both to depression and the effect of ECT. 
When looking at patients with increased and reduced neopterin after 
ECT separately, we found more coherent changes in kynurenine 
pathway metabolites. Although effect modification by inflammation was 
expected, the substantial variation in neopterin change after ECT and 
close relationship to changes in kynurenine pathway metabolites illus-
trated the importance of including measures of inflammation and the 
need for further studies on the effect of ECT on tryptophan kynurenine 
metabolism. 
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Supplem
entary table 1

Increased neopterin after EC
T (n = 25)
R
educed neopterin after EC
T (n = 23)

N
o som
atic disease (n = 11)

O
ne or m
ore som
atic diseases (n = 37)

n

x ̃ 
(IQ
R
)

m
in
m
ax

n

x ̃ 
(IQ
R
)
m
in

m
ax

n

x ̃ 
(IQ
R
)
m
in
m
ax

n

x ̃ 
(IQ
R
)
m
in
m
ax

A
ge (years)

25

75
(14)

55

87

23

72
(11)

60

92

11

66
(7)

59

77

37

75
(13)

55

92

B
aseline M
A
D
R
S a

25

36
(10)

15

50

22

26.5
(15.5)

11

49

10

31.5
(14.8)

15

50

37

33
(13)

11

49

N
um
ber of EC
T sessions b

25

10
(6)

4

29

23

10
(9)

4

28

11

10
(3.5)

4

22

37

10
(8)

4

29

D
ays from
 from
 baseline blood sam
ple to first EC
T c

25

2
(5)

−12

30

23

2
(5)

−10

11

11

5
(8)

−6

11

37

2
(5)

−12

30

D
ays from
 last EC
T to blood sam
ple d

25

5
(5)

−9

15

23

5
(4.5)

1

16

11

5
(4)

0

8

37

5
(5)

−9

16

N
um
ber of previous episodes

24

2.5
(4.25)

0

16

12

1
(3.5)

0

7

10

0
(2)

0

9

37

3
(4)

0

16

A
ge at onset of depression (years)

25

57
(23.0)
18

85

23

57
(22.5)

23

87

11

58
(20.5)
33

77

37

57
(25.0)
18

87

Length of index episode (w
eeks)

25

6
(10)

1

84

21

6
(14)

1

144

10

6
(12)

1

24

36

6
(11.5)

1
144

B
aseline serum
 creatinine (µm
ol/L)

25

73
(19)

52

195

23

82
(24)

55

197

11

74
(21)

52
107

37

79
(24)

55
197

n

(%
)

n

(%
)

n

(%
)

n

(%
)

Fem
ale

17

(68)

13

(56.5)

6

(54.5)

24

(64.9)

N
on-sm
oker

19

(76)

19

(82.6)

10

(90.9)

28

(75.7)

N
ever alcohol e

17

(73.9)

14

(70)

5

(55.6)

26

(76.5)

R
em
itter

16

(64)

14

(60.9)

8

(72.7)

22

(59.5)

Late onset of depression f

13

(52)

13

(56.5)

5

(45.5)

21

(56.8)

M
D
D
 w
ith psychotic features

13

(52)

12

(52.2)

6

(54.5)

19

(51.4)

Previous treatm
ent resistance h

13

(52)

12

(52.2)

4

(36.4)

21

(56.8)

N
o m
edication

14

(56)

13

(56.5)

7

(63.6)

20

(54.1)

A
ntidepressants

11

(44)

4

(17.4)

2

(18.2)

13

(35.1)

O
nly antidepressants

9

(36)

4

(17.4)

2

(18.2)

11

(29.7)

A
ntipsychotics

0

(0)

6

(26.1)

2

(18.2)

4

(10.8)

O
nly antipsychotics

0

(0)

6

(26.1)

2

(18.2)

4

(10.8)

H
eart and vessel

8

(32)

9

(39.1)

0

(0)

17

(45.9)

H
ypertension

11

(44)

5

(21.7)

0

(0)

16

(43.2)

D
iabetes

2

(8)

1

(4.3)

0

(0)

3

(8.1)

Stroke

2

(8)

2

(8.7)

0

(0)

4

(10.8)

C
ancer

6

(24)

5

(21.7)

0

(0)

11

(29.7)

M
igrain

0

(0)

0

(0)

0

(0)

0

(0)

Parkinson’s disease

0

(0)

0

(0)

0

(0)

0

(0)

N
eurological disorder

0

(0)

0

(0)

0

(0)

0

(0)

a  For one patient, M
A
D
R
S could not be collected at baseline, and is replaced by M
A
D
R
S at tw
o w
eeks into the treatm
ent series. b  N
um
ber of EC
T sessions in the current treatm
ent series. c  For eleven patients, the baseline blood sam
ple w
as collected after 

the first EC
T, indicated by a negative num
ber of days for this variable. d  For one patient, the post EC
T blood sam
ple w
as collected before the last EC
T session (nine days). This patient received a total of 14 EC
T sessions over seven w
eeks.  e  D
ata on 

alcohol consum
ption w
as m
issing for five patients. f  First depressive episode at 55 years or older. h  Previous treatm
ent resistance w
as defined as at least tw
o failed trials of antidepressants in adquate doses. A
bbreviations: IQ
R
, inter quartile range; 

M
A
D
R
S, M
ontgom
ery and Å
sberg D
epression Scale; M
D
D
, m
ajor depression disorder; x ̃, m
edian.
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Supplementary table 2

Before ECT After ECT Percentage change Paired Wilcox

Variable Median (IQR) Median (IQR) Min. Median Max. p

Trp, µmol/L 63.3 (20.2) 66.6 (15.9) −27,9 1.50 89.3 0.24

Kyn, µmol/L 2 (0.75) 1.92 (0.59) -40.1 0.96 86.4 0.71

KA, nmol/L 52 (28.2) 48.7 (23.3) -48.0 2.72 79.4 0.81

HK, nmol/L 53.9 (37.0) 51.9 (29.3) -46.8 9.63 129 0.30

XA, nmol/L 10.7 (9.33) 12.2 (8.95) -75.7 16.1 413 0.12

AA, nmol/L 17.8 (4.75) 17.5 (5.50) -47.1 0.29 90.6 0.77

HAA, nmol/L 33.5 (17.5) 35.6 (25.7) -70.4 10.6 163 0.12

QA, nmol/L 512 (352) 489 (247) -54.6 -3.23 118 0.41

Pic, nmol/L 39.4 (23.8) 42.4 (23.5) -74.2 7.70 117 0.81

KTR, ratio 32.3 (15.7) 29.4 (13.7) -54.1 -2.51 41.6 0.48

KA/HK, ratio 9.91 (4.39) 9.44 (4.12) -48.4 -16.1 83.6 0.02

KA/QA, ratio 9.68 (3.67) 9.74 (3.04) -54.9 -2.70 179 0.70

PLP, nmol/L 22.8 (21.6) 22.8 (19.9) -59.9 -17.5 402 0.29

Riboflavin, nmol/L 22.0 (20.6) 20.2 (23.3) -76.9 -1.12 240 0.70

Neopterin, nmol/L 29.2 (17.2) 29.4 (21.2) -64.5 1.30 86.6 0.43
Median and interquartile range (IQR) for all patients (n = 48) at baseline and after ECT. p values are from paired

Wilcoxon signed rank test of change after ECT. Change is shown for each variable as smallest, median, and largest

percentage change. Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA,

xanthurenic acid; AA, anthranilic acid; HAA, 3-Hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR,

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplementary table 2

Before ECTAfter ECTPercentage changePaired Wilcox

VariableMedian(IQR)Median(IQR)Min.MedianMax.p

Trp, µmol/L63.3(20.2)66.6(15.9)−27,91.5089.30.24

Kyn, µmol/L2(0.75)1.92(0.59)-40.10.9686.40.71

KA, nmol/L52(28.2)48.7(23.3)-48.02.7279.40.81

HK, nmol/L53.9(37.0)51.9(29.3)-46.89.631290.30

XA, nmol/L10.7(9.33)12.2(8.95)-75.716.14130.12

AA, nmol/L17.8(4.75)17.5(5.50)-47.10.2990.60.77

HAA, nmol/L33.5(17.5)35.6(25.7)-70.410.61630.12

QA, nmol/L512(352)489(247)-54.6-3.231180.41

Pic, nmol/L39.4(23.8)42.4(23.5)-74.27.701170.81

KTR, ratio32.3(15.7)29.4(13.7)-54.1-2.5141.60.48

KA/HK, ratio9.91(4.39)9.44(4.12)-48.4-16.183.60.02

KA/QA, ratio9.68(3.67)9.74(3.04)-54.9-2.701790.70

PLP, nmol/L22.8(21.6)22.8(19.9)-59.9-17.54020.29

Riboflavin, nmol/L22.0(20.6)20.2(23.3)-76.9-1.122400.70

Neopterin, nmol/L29.2(17.2)29.4(21.2)-64.51.3086.60.43
Median and interquartile range (IQR) for all patients (n = 48) at baseline and after ECT. p values are from paired

Wilcoxon signed rank test of change after ECT. Change is shown for each variable as smallest, median, and largest

percentage change. Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA,

xanthurenic acid; AA, anthranilic acid; HAA, 3-Hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR,

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplementary table 2

Before ECTAfter ECTPercentage changePaired Wilcox

VariableMedian(IQR)Median(IQR)Min.MedianMax.p

Trp, µmol/L63.3(20.2)66.6(15.9)−27,91.5089.30.24

Kyn, µmol/L2(0.75)1.92(0.59)-40.10.9686.40.71

KA, nmol/L52(28.2)48.7(23.3)-48.02.7279.40.81

HK, nmol/L53.9(37.0)51.9(29.3)-46.89.631290.30

XA, nmol/L10.7(9.33)12.2(8.95)-75.716.14130.12

AA, nmol/L17.8(4.75)17.5(5.50)-47.10.2990.60.77

HAA, nmol/L33.5(17.5)35.6(25.7)-70.410.61630.12

QA, nmol/L512(352)489(247)-54.6-3.231180.41

Pic, nmol/L39.4(23.8)42.4(23.5)-74.27.701170.81

KTR, ratio32.3(15.7)29.4(13.7)-54.1-2.5141.60.48

KA/HK, ratio9.91(4.39)9.44(4.12)-48.4-16.183.60.02

KA/QA, ratio9.68(3.67)9.74(3.04)-54.9-2.701790.70

PLP, nmol/L22.8(21.6)22.8(19.9)-59.9-17.54020.29

Riboflavin, nmol/L22.0(20.6)20.2(23.3)-76.9-1.122400.70

Neopterin, nmol/L29.2(17.2)29.4(21.2)-64.51.3086.60.43
Median and interquartile range (IQR) for all patients (n = 48) at baseline and after ECT. p values are from paired

Wilcoxon signed rank test of change after ECT. Change is shown for each variable as smallest, median, and largest

percentage change. Abbreviations: Trp, tryptophan; Kyn, kynurenine; KA, kynurenic acid; HK, 3-hydroxykynurenine; XA,

xanthurenic acid; AA, anthranilic acid; HAA, 3-Hydroxyanthranilic acid; QA, quinolinic acid; Pic, picolinic acid; KTR,

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplementary table 2

Before ECT After ECT Percentage change Paired Wilcox

Variable Median (IQR) Median (IQR) Min. Median Max. p

Trp, µmol/L 63.3 (20.2) 66.6 (15.9) −27,9 1.50 89.3 0.24

Kyn, µmol/L 2 (0.75) 1.92 (0.59) -40.1 0.96 86.4 0.71

KA, nmol/L 52 (28.2) 48.7 (23.3) -48.0 2.72 79.4 0.81

HK, nmol/L 53.9 (37.0) 51.9 (29.3) -46.8 9.63 129 0.30
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KA/HK, ratio 9.91 (4.39) 9.44 (4.12) -48.4 -16.1 83.6 0.02
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Supplem
entary table 3

Participants w
ith increased neopterin after EC
T (n = 25)

Participants w
ith reduced neopterin after EC
T (n = 23)
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T
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fter EC
T

%
 change
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T
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fter EC
T
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 change

Variable
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edian
(IQ
R
)

M
edian
(IQ
R
)

M
edian
(IQ
R
)

p

M
edian
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R
)

M
edian
(IQ
R
)

M
edian
(IQ
R
)

p

Trp, µm
ol/L

67.7
(21.5)

67.7
(13.0)

-4.81
(28.4)

0.80
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(16.6)

66.2
(18.8)

6.78
(26.6)

0.048
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yn, µm
ol/L
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(0.57)

1.91
(0.56)
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0.14
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2.05
(0.68)

-8.79
(18.1)
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A
, nm
ol/L
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(28.9)
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N
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0.00

M
edian and interquartile range (IQ
R
) before and after EC
T, percentage change and p-value from
 paired W
ilcoxon signed rank test are show
n for patients w
ith increased neopterin and patients w
ith

reduced neopterin after EC
T. A
bbreviations: Trp, tryptophan; K
yn, kynurenine; K
A
, kynurenic acid; H
K
, 3-hydroxykynurenine; X
A
, xanthurenic acid; A
A
, anthranilic acid; H
A
A
, 3-H
ydroxyanthranilic

acid; Q
A
, quinolinic acid; Pic, picolinic acid; K
TR
, kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.
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M
edian and interquartile range (IQ
R
) before and after EC
T, percentage change and p-value from
 paired W
ilcoxon signed rank test are show
n for patients w
ith and w
ithout diagnoses of som
atic disease. The

last tw
o colum
ns contain back transform
ed estim
ates (exp(estim
tate)) and p values from
 com
parison of baseline values of the tw
o groups using linear regression adjusted for sex, age, sm
oking status and  

baseline serum
 creatinine. The estim
ate of the linear regression describes the som
atic disease group's concentration as percentage of the no som
atic disease group. A
bbreviations: Trp, tryptophan; K
yn, 

kynurenine; K
A
, kynurenic acid; H
K
, 3-hydroxykynurenine; X
A
, xanthurenic acid; A
A
, anthranilic acid; H
A
A
, 3-H
ydroxyanthranilic acid; Q
A
, quinolinic acid; Pic, picolinic acid; K
TR
, 

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplem
entary table 4

N
o som
atic disease (n = 11)

O
ne or m
ore som
atic diseases (n = 37)

B
aseline com
parison

B
efore EC
T

A
fter EC
T

%
 change

B
efore EC
T

A
fter EC
T

%
 change

Linear regression

Variable

M
edian
(IQ
R
)

M
edian
(IQ
R
)
M
edian
(IQ
R
)

p

M
edian
(IQ
R
)

M
edian
(IQ
R
)

M
edian
(IQ
R
)

p

exp(est)

p

Trp, µm
ol/L

62.8
(15.8)

68.6
(15.4)

10.2
(14.1)

0.002

63.7
(24.0)

66.4
(16.1)

-2.02
(31.3)

0.96

1.19

0.03

K
yn, µm
ol/L

1.46
(0.28)

1.64
(0.40)

12.7
(25.9)

0.11

2.15
(0.69)

2.07
(0.46)

-0.40
(13.9)

0.23

1.41

0.0001

K
A
, nm
ol/L

39.1
(18.4)

37.1
(18.0)

4.42
(36.9)

0.92

53.0
(29.0)

49.4
(30.2)

0.38
(44.0)

0.77

1.38

0.02

H
K
, nm
ol/L

34.0
(16.0)

42.6
(8.80)

15.6
(26.1)

0.02

60.1
(39.6)

56.5
(38.3)

1.85
(47.8)

0.85

1.66

0.001

X
A
, nm
ol/L

7.54
(9.01)

12.7
(5.54)

25.7
(81.0)

0.06

11.6
(8.05)

12.1
(9.10)

6.16
(64.9)

0.46

1.56

0.10

A
A
, nm
ol/L

16.0
(2.45)

16.8
(4.20)

5.30
(15.3)

0.10

18.3
(4.40)

17.9
(5.70)

-2.29
(28.1)

0.33

1.24

0.04

H
A
A
, nm
ol/L

26.8
(6.50)

34.6
(16.1)

31.6
(35.4)

0.01

37.8
(17.4)

36.0
(25.6)

3.87
(59.7)

0.59

1.56

0.01

Q
A
, nm
ol/L

370
(146)

453
(187)

0.44
(36.8)

0.52

552
(308)

502
(299)

-5.11
(25.9)

0.22

1.39

0.01

Pic, nm
ol/L

37.9
(21.2)

43.3
(38.0)

50.7
(82.7)

0.06

42.6
(24.0)

41.7
(18.9)

3.28
(60.0)

0.44

1.56

0.04

K
TR
, ratio

25.2
(5.90)

26.4
(8.98)

-4.21
(21.8)

0.77

34.1
(21.8)

30.7
(19.0)

-1.55
(21.8)

0.47

1.19

0.06

K
A
/H
K
, ratio

11.0
(2.64)

9.68
(4.05)

-15.9
(12.0)

0.05

9.67
(4.56)

9.42
(3.63)

-16.4
(37.0)

0.12

0.83

0.21

K
A
/Q
A
, ratio

10.3
(1.76)

8.77
(3.32)

-7.20
(25.7)

0.24

9.53
(4.95)

10.0
(3.12)

0.08
(39.1)

0.79

0.99

0.97

PLP, nm
ol/L

26.7
(34.2)

30.0
(10.9)

-19.4
(49.4)

0.58

18.3
(19.0)

20.3
(21.4)

-16.4
(45.5)

0.42

0.73

0.22

R
iboflavin, nm
ol/L

17.4
(7.60)

17.8
(11.4)

15.8
(27.9)

0.10

25.4
(25.0)

21.4
(21.3)

-5.23
(66.7)

0.24

1.35

0.35

N
eopterin, nm
ol/L

29.1
(10.8)

23.9
(12.6)

-4.00
(46.5)

1.00

29.5
(20.5)

34.8
(20.8)

1.41
(38.9)

0.35

0.94

0.66

M
edian and interquartile range (IQ
R
) before and after EC
T, percentage change and p-value from
 paired W
ilcoxon signed rank test are show
n for patients w
ith and w
ithout diagnoses of som
atic disease. The

last tw
o colum
ns contain back transform
ed estim
ates (exp(estim
tate)) and p values from
 com
parison of baseline values of the tw
o groups using linear regression adjusted for sex, age, sm
oking status and  

baseline serum
 creatinine. The estim
ate of the linear regression describes the som
atic disease group's concentration as percentage of the no som
atic disease group. A
bbreviations: Trp, tryptophan; K
yn, 

kynurenine; K
A
, kynurenic acid; H
K
, 3-hydroxykynurenine; X
A
, xanthurenic acid; A
A
, anthranilic acid; H
A
A
, 3-H
ydroxyanthranilic acid; Q
A
, quinolinic acid; Pic, picolinic acid; K
TR
, 

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplem
entary table 4

N
o som

atic disease (n = 11)
O

ne or m
ore som

atic diseases (n = 37)
B

aseline com
parison

B
efore EC

T
A

fter EC
T

%
 change

B
efore EC

T
A

fter EC
T

%
 change

Linear regression

Variable
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
exp(est)

p

Trp, µm
ol/L

62.8
(15.8)

68.6
(15.4)

10.2
(14.1)

0.002
63.7

(24.0)
66.4

(16.1)
-2.02

(31.3)
0.96

1.19
0.03

K
yn, µm

ol/L
1.46

(0.28)
1.64

(0.40)
12.7

(25.9)
0.11

2.15
(0.69)

2.07
(0.46)

-0.40
(13.9)

0.23
1.41

0.0001

K
A

, nm
ol/L

39.1
(18.4)

37.1
(18.0)

4.42
(36.9)

0.92
53.0

(29.0)
49.4

(30.2)
0.38

(44.0)
0.77

1.38
0.02

H
K

, nm
ol/L

34.0
(16.0)

42.6
(8.80)

15.6
(26.1)

0.02
60.1

(39.6)
56.5

(38.3)
1.85

(47.8)
0.85

1.66
0.001

X
A

, nm
ol/L

7.54
(9.01)

12.7
(5.54)

25.7
(81.0)

0.06
11.6

(8.05)
12.1

(9.10)
6.16

(64.9)
0.46

1.56
0.10

A
A

, nm
ol/L

16.0
(2.45)

16.8
(4.20)

5.30
(15.3)

0.10
18.3

(4.40)
17.9

(5.70)
-2.29

(28.1)
0.33

1.24
0.04

H
A

A
, nm

ol/L
26.8

(6.50)
34.6

(16.1)
31.6

(35.4)
0.01

37.8
(17.4)

36.0
(25.6)

3.87
(59.7)

0.59
1.56

0.01

Q
A

, nm
ol/L

370
(146)

453
(187)

0.44
(36.8)

0.52
552

(308)
502

(299)
-5.11

(25.9)
0.22

1.39
0.01

Pic, nm
ol/L

37.9
(21.2)

43.3
(38.0)

50.7
(82.7)

0.06
42.6

(24.0)
41.7

(18.9)
3.28

(60.0)
0.44

1.56
0.04

K
TR

, ratio
25.2

(5.90)
26.4

(8.98)
-4.21

(21.8)
0.77

34.1
(21.8)

30.7
(19.0)

-1.55
(21.8)

0.47
1.19

0.06

K
A

/H
K

, ratio
11.0

(2.64)
9.68

(4.05)
-15.9

(12.0)
0.05

9.67
(4.56)

9.42
(3.63)

-16.4
(37.0)

0.12
0.83

0.21

K
A

/Q
A

, ratio
10.3

(1.76)
8.77

(3.32)
-7.20

(25.7)
0.24

9.53
(4.95)

10.0
(3.12)

0.08
(39.1)

0.79
0.99

0.97

PLP, nm
ol/L

26.7
(34.2)

30.0
(10.9)

-19.4
(49.4)

0.58
18.3

(19.0)
20.3

(21.4)
-16.4

(45.5)
0.42

0.73
0.22

R
iboflavin, nm

ol/L
17.4

(7.60)
17.8

(11.4)
15.8

(27.9)
0.10

25.4
(25.0)

21.4
(21.3)

-5.23
(66.7)

0.24
1.35

0.35

N
eopterin, nm

ol/L
29.1

(10.8)
23.9

(12.6)
-4.00

(46.5)
1.00

29.5
(20.5)

34.8
(20.8)

1.41
(38.9)

0.35
0.94

0.66
M

edian and interquartile range (IQ
R

) before and after EC
T, percentage change and p-value from

 paired W
ilcoxon signed rank test are show

n for patients w
ith and w

ithout diagnoses of som
atic disease. The

last tw
o colum

ns contain back transform
ed estim

ates (exp(estim
tate)) and p values from

 com
parison of baseline values of the tw

o groups using linear regression adjusted for sex, age, sm
oking status and  

baseline serum
 creatinine. The estim

ate of the linear regression describes the som
atic disease group's concentration as percentage of the no som

atic disease group. A
bbreviations: Trp, tryptophan; K

yn, 

kynurenine; K
A

, kynurenic acid; H
K

, 3-hydroxykynurenine; X
A

, xanthurenic acid; A
A

, anthranilic acid; H
A

A
, 3-H

ydroxyanthranilic acid; Q
A

, quinolinic acid; Pic, picolinic acid; K
TR

, 

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplem
entary table 4

N
o som

atic disease (n = 11)
O

ne or m
ore som

atic diseases (n = 37)
B

aseline com
parison

B
efore EC

T
A

fter EC
T

%
 change

B
efore EC

T
A

fter EC
T

%
 change

Linear regression

Variable
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
exp(est)

p

Trp, µm
ol/L

62.8
(15.8)

68.6
(15.4)

10.2
(14.1)

0.002
63.7

(24.0)
66.4

(16.1)
-2.02

(31.3)
0.96

1.19
0.03

K
yn, µm

ol/L
1.46

(0.28)
1.64

(0.40)
12.7

(25.9)
0.11

2.15
(0.69)

2.07
(0.46)

-0.40
(13.9)

0.23
1.41

0.0001

K
A

, nm
ol/L

39.1
(18.4)

37.1
(18.0)

4.42
(36.9)

0.92
53.0

(29.0)
49.4

(30.2)
0.38

(44.0)
0.77

1.38
0.02

H
K

, nm
ol/L

34.0
(16.0)

42.6
(8.80)

15.6
(26.1)

0.02
60.1

(39.6)
56.5

(38.3)
1.85

(47.8)
0.85

1.66
0.001

X
A

, nm
ol/L

7.54
(9.01)

12.7
(5.54)

25.7
(81.0)

0.06
11.6

(8.05)
12.1

(9.10)
6.16

(64.9)
0.46

1.56
0.10

A
A

, nm
ol/L

16.0
(2.45)

16.8
(4.20)

5.30
(15.3)

0.10
18.3

(4.40)
17.9

(5.70)
-2.29

(28.1)
0.33

1.24
0.04

H
A

A
, nm

ol/L
26.8

(6.50)
34.6

(16.1)
31.6

(35.4)
0.01

37.8
(17.4)

36.0
(25.6)

3.87
(59.7)

0.59
1.56

0.01

Q
A

, nm
ol/L

370
(146)

453
(187)

0.44
(36.8)

0.52
552

(308)
502

(299)
-5.11

(25.9)
0.22

1.39
0.01

Pic, nm
ol/L

37.9
(21.2)

43.3
(38.0)

50.7
(82.7)

0.06
42.6

(24.0)
41.7

(18.9)
3.28

(60.0)
0.44

1.56
0.04

K
TR

, ratio
25.2

(5.90)
26.4

(8.98)
-4.21

(21.8)
0.77

34.1
(21.8)

30.7
(19.0)

-1.55
(21.8)

0.47
1.19

0.06

K
A

/H
K

, ratio
11.0

(2.64)
9.68

(4.05)
-15.9

(12.0)
0.05

9.67
(4.56)

9.42
(3.63)

-16.4
(37.0)

0.12
0.83

0.21

K
A

/Q
A

, ratio
10.3

(1.76)
8.77

(3.32)
-7.20

(25.7)
0.24

9.53
(4.95)

10.0
(3.12)

0.08
(39.1)

0.79
0.99

0.97

PLP, nm
ol/L

26.7
(34.2)

30.0
(10.9)

-19.4
(49.4)

0.58
18.3

(19.0)
20.3

(21.4)
-16.4

(45.5)
0.42

0.73
0.22

R
iboflavin, nm

ol/L
17.4

(7.60)
17.8

(11.4)
15.8

(27.9)
0.10

25.4
(25.0)

21.4
(21.3)

-5.23
(66.7)

0.24
1.35

0.35

N
eopterin, nm

ol/L
29.1

(10.8)
23.9

(12.6)
-4.00

(46.5)
1.00

29.5
(20.5)

34.8
(20.8)

1.41
(38.9)

0.35
0.94

0.66
M

edian and interquartile range (IQ
R

) before and after EC
T, percentage change and p-value from

 paired W
ilcoxon signed rank test are show

n for patients w
ith and w

ithout diagnoses of som
atic disease. The

last tw
o colum

ns contain back transform
ed estim

ates (exp(estim
tate)) and p values from

 com
parison of baseline values of the tw

o groups using linear regression adjusted for sex, age, sm
oking status and  

baseline serum
 creatinine. The estim

ate of the linear regression describes the som
atic disease group's concentration as percentage of the no som

atic disease group. A
bbreviations: Trp, tryptophan; K

yn, 

kynurenine; K
A

, kynurenic acid; H
K

, 3-hydroxykynurenine; X
A

, xanthurenic acid; A
A

, anthranilic acid; H
A

A
, 3-H

ydroxyanthranilic acid; Q
A

, quinolinic acid; Pic, picolinic acid; K
TR

, 

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplem
entary table 4

N
o som

atic disease (n = 11)
O

ne or m
ore som

atic diseases (n = 37)
B

aseline com
parison

B
efore EC

T
A

fter EC
T

%
 change

B
efore EC

T
A

fter EC
T

%
 change

Linear regression

Variable
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
exp(est)

p

Trp, µm
ol/L

62.8
(15.8)

68.6
(15.4)

10.2
(14.1)

0.002
63.7

(24.0)
66.4

(16.1)
-2.02

(31.3)
0.96

1.19
0.03

K
yn, µm

ol/L
1.46

(0.28)
1.64

(0.40)
12.7

(25.9)
0.11

2.15
(0.69)

2.07
(0.46)

-0.40
(13.9)

0.23
1.41

0.0001

K
A

, nm
ol/L

39.1
(18.4)

37.1
(18.0)

4.42
(36.9)

0.92
53.0

(29.0)
49.4

(30.2)
0.38

(44.0)
0.77

1.38
0.02

H
K

, nm
ol/L

34.0
(16.0)

42.6
(8.80)

15.6
(26.1)

0.02
60.1

(39.6)
56.5

(38.3)
1.85

(47.8)
0.85

1.66
0.001

X
A

, nm
ol/L

7.54
(9.01)

12.7
(5.54)

25.7
(81.0)

0.06
11.6

(8.05)
12.1

(9.10)
6.16

(64.9)
0.46

1.56
0.10

A
A

, nm
ol/L

16.0
(2.45)

16.8
(4.20)

5.30
(15.3)

0.10
18.3

(4.40)
17.9

(5.70)
-2.29

(28.1)
0.33

1.24
0.04

H
A

A
, nm

ol/L
26.8

(6.50)
34.6

(16.1)
31.6

(35.4)
0.01

37.8
(17.4)

36.0
(25.6)

3.87
(59.7)

0.59
1.56

0.01

Q
A

, nm
ol/L

370
(146)

453
(187)

0.44
(36.8)

0.52
552

(308)
502

(299)
-5.11

(25.9)
0.22

1.39
0.01

Pic, nm
ol/L

37.9
(21.2)

43.3
(38.0)

50.7
(82.7)

0.06
42.6

(24.0)
41.7

(18.9)
3.28

(60.0)
0.44

1.56
0.04

K
TR

, ratio
25.2

(5.90)
26.4

(8.98)
-4.21

(21.8)
0.77

34.1
(21.8)

30.7
(19.0)

-1.55
(21.8)

0.47
1.19

0.06

K
A

/H
K

, ratio
11.0

(2.64)
9.68

(4.05)
-15.9

(12.0)
0.05

9.67
(4.56)

9.42
(3.63)

-16.4
(37.0)

0.12
0.83

0.21

K
A

/Q
A

, ratio
10.3

(1.76)
8.77

(3.32)
-7.20

(25.7)
0.24

9.53
(4.95)

10.0
(3.12)

0.08
(39.1)

0.79
0.99

0.97

PLP, nm
ol/L

26.7
(34.2)

30.0
(10.9)

-19.4
(49.4)

0.58
18.3

(19.0)
20.3

(21.4)
-16.4

(45.5)
0.42

0.73
0.22

R
iboflavin, nm

ol/L
17.4

(7.60)
17.8

(11.4)
15.8

(27.9)
0.10

25.4
(25.0)

21.4
(21.3)

-5.23
(66.7)

0.24
1.35

0.35

N
eopterin, nm

ol/L
29.1

(10.8)
23.9

(12.6)
-4.00

(46.5)
1.00

29.5
(20.5)

34.8
(20.8)

1.41
(38.9)

0.35
0.94

0.66
M

edian and interquartile range (IQ
R

) before and after EC
T, percentage change and p-value from

 paired W
ilcoxon signed rank test are show

n for patients w
ith and w

ithout diagnoses of som
atic disease. The

last tw
o colum

ns contain back transform
ed estim

ates (exp(estim
tate)) and p values from

 com
parison of baseline values of the tw

o groups using linear regression adjusted for sex, age, sm
oking status and  

baseline serum
 creatinine. The estim

ate of the linear regression describes the som
atic disease group's concentration as percentage of the no som

atic disease group. A
bbreviations: Trp, tryptophan; K

yn, 

kynurenine; K
A

, kynurenic acid; H
K

, 3-hydroxykynurenine; X
A

, xanthurenic acid; A
A

, anthranilic acid; H
A

A
, 3-H

ydroxyanthranilic acid; Q
A

, quinolinic acid; Pic, picolinic acid; K
TR

, 

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.

Supplem
entary table 4

N
o som

atic disease (n = 11)
O

ne or m
ore som

atic diseases (n = 37)
B

aseline com
parison

B
efore EC

T
A

fter EC
T

%
 change

B
efore EC

T
A

fter EC
T

%
 change

Linear regression

Variable
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
M

edian
(IQ

R
)

M
edian

(IQ
R

)
M

edian
(IQ

R
)

p
exp(est)

p

Trp, µm
ol/L

62.8
(15.8)

68.6
(15.4)

10.2
(14.1)

0.002
63.7

(24.0)
66.4

(16.1)
-2.02

(31.3)
0.96

1.19
0.03

K
yn, µm

ol/L
1.46

(0.28)
1.64

(0.40)
12.7

(25.9)
0.11

2.15
(0.69)

2.07
(0.46)

-0.40
(13.9)

0.23
1.41

0.0001

K
A

, nm
ol/L

39.1
(18.4)

37.1
(18.0)

4.42
(36.9)

0.92
53.0

(29.0)
49.4

(30.2)
0.38

(44.0)
0.77

1.38
0.02

H
K

, nm
ol/L

34.0
(16.0)

42.6
(8.80)

15.6
(26.1)

0.02
60.1

(39.6)
56.5

(38.3)
1.85

(47.8)
0.85

1.66
0.001

X
A

, nm
ol/L

7.54
(9.01)

12.7
(5.54)

25.7
(81.0)

0.06
11.6

(8.05)
12.1

(9.10)
6.16

(64.9)
0.46

1.56
0.10

A
A

, nm
ol/L

16.0
(2.45)

16.8
(4.20)

5.30
(15.3)

0.10
18.3

(4.40)
17.9

(5.70)
-2.29

(28.1)
0.33

1.24
0.04

H
A

A
, nm

ol/L
26.8

(6.50)
34.6

(16.1)
31.6

(35.4)
0.01

37.8
(17.4)

36.0
(25.6)

3.87
(59.7)

0.59
1.56

0.01

Q
A

, nm
ol/L

370
(146)

453
(187)

0.44
(36.8)

0.52
552

(308)
502

(299)
-5.11

(25.9)
0.22

1.39
0.01

Pic, nm
ol/L

37.9
(21.2)

43.3
(38.0)

50.7
(82.7)

0.06
42.6

(24.0)
41.7

(18.9)
3.28

(60.0)
0.44

1.56
0.04

K
TR

, ratio
25.2

(5.90)
26.4

(8.98)
-4.21

(21.8)
0.77

34.1
(21.8)

30.7
(19.0)

-1.55
(21.8)

0.47
1.19

0.06

K
A

/H
K

, ratio
11.0

(2.64)
9.68

(4.05)
-15.9

(12.0)
0.05

9.67
(4.56)

9.42
(3.63)

-16.4
(37.0)

0.12
0.83

0.21

K
A

/Q
A

, ratio
10.3

(1.76)
8.77

(3.32)
-7.20

(25.7)
0.24

9.53
(4.95)

10.0
(3.12)

0.08
(39.1)

0.79
0.99

0.97

PLP, nm
ol/L

26.7
(34.2)

30.0
(10.9)

-19.4
(49.4)

0.58
18.3

(19.0)
20.3

(21.4)
-16.4

(45.5)
0.42

0.73
0.22

R
iboflavin, nm

ol/L
17.4

(7.60)
17.8

(11.4)
15.8

(27.9)
0.10

25.4
(25.0)

21.4
(21.3)

-5.23
(66.7)

0.24
1.35

0.35

N
eopterin, nm

ol/L
29.1

(10.8)
23.9

(12.6)
-4.00

(46.5)
1.00

29.5
(20.5)

34.8
(20.8)

1.41
(38.9)

0.35
0.94

0.66
M

edian and interquartile range (IQ
R

) before and after EC
T, percentage change and p-value from

 paired W
ilcoxon signed rank test are show

n for patients w
ith and w

ithout diagnoses of som
atic disease. The

last tw
o colum

ns contain back transform
ed estim

ates (exp(estim
tate)) and p values from

 com
parison of baseline values of the tw

o groups using linear regression adjusted for sex, age, sm
oking status and  

baseline serum
 creatinine. The estim

ate of the linear regression describes the som
atic disease group's concentration as percentage of the no som

atic disease group. A
bbreviations: Trp, tryptophan; K

yn, 

kynurenine; K
A

, kynurenic acid; H
K

, 3-hydroxykynurenine; X
A

, xanthurenic acid; A
A

, anthranilic acid; H
A

A
, 3-H

ydroxyanthranilic acid; Q
A

, quinolinic acid; Pic, picolinic acid; K
TR

, 

kynurenine-tryptophan-ratio; PLP, pyridoxal 5’phosphate.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Study IVStudyIV StudyIV

Study IV

Study IVStudyIV

StudyIV

StudyIV

StudyIV

IV



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Citation: Aarsland, T.I.M.;

Instanes, J.T.; Posserud, M.-B.R.;

Ulvik, A.; Kessler, U.; Haavik, J.

Changes in Tryptophan-Kynurenine

Metabolism in Patients with

Depression Undergoing ECT—A

Systematic Review. Pharmaceuticals

2022, 15, 1439. https://doi.org/

10.3390/ph15111439

Academic Editor:

Magdalena Staniszewska

Received: 30 September 2022

Accepted: 11 November 2022

Published: 19 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Review

Changes in Tryptophan-Kynurenine Metabolism in Patients

with Depression Undergoing ECT—A Systematic Review

Tore Ivar Malmei Aarsland
1,

* , Johanne Telnes Instanes
1
, Maj-Britt Rocio Posserud

2,3
, Arve Ulvik

4
,

Ute Kessler
2,3

and Jan Haavik
1

1 Department of Biomedicine, University of Bergen, 5020 Bergen, Norway
2 Department of Clinical Medicine, University of Bergen, 5020 Bergen, Norway
3 Division of Psychiatry, Haukeland University Hospital, 5021 Bergen, Norway
4 Bevital A/S, Laboratoriebygget, 5020 Bergen, Norway
* Correspondence: tore.aarsland@uib.no

Abstract: The kynurenine pathway of tryptophan (Trp) metabolism generates multiple biologically
active metabolites (kynurenines) that have been implicated in neuropsychiatric disorders. It has been
suggested that modulation of kynurenine metabolism could be involved in the therapeutic effect
of electroconvulsive therapy (ECT). We performed a systematic review with aims of summarizing
changes in Trp and/or kynurenines after ECT and assessing methodological issues. The inclusion
criterium was measures of Trp and/or kynurenines before and after ECT. Animal studies and studies
using Trp administration or Trp depletion were excluded. Embase, MEDLINE, PsycInfo and PubMed
were searched, most recently in July 2022. Outcomes were levels of Trp, kynurenines and ratios before
and after ECT. Data on factors affecting Trp metabolism and ECT were collected for interpretation
and discussion of the reported changes. We included 17 studies with repeated measures for a total
of 386 patients and 27 controls. Synthesis using vote counting based on the direction of effect
found no evidence of effect of ECT on any outcome variable. There were considerable variations in
design, patient characteristics and reported items. We suggest that future studies should include
larger samples, assess important covariates and determine between- and within-subject variability.
PROSPERO (CRD42020187003).

Keywords: electroconvulsive therapy; depression; tryptophan; kynurenine; quinolinic acid; inflam-
mation; kidney function; stress; age; comorbidity

1. Introduction

An increasing number of cross-sectional studies, intervention studies and meta-
analyses suggest that the kynurenine pathway of tryptophan (Trp) metabolism (Figure 1) is
involved in the pathophysiology of depression and other psychiatric disorders (reviewed
in [1–6]). The kynurenine pathway includes multiple metabolites (collectively known
as kynurenines), several of which have important properties related to cellular energy
(reviewed in [7,8]), glutamatergic signaling (reviewed in [9]), regulation of immune system
activity (reviewed in [10]) and production and scavenging of reactive oxygen species (re-
viewed in [11]). Correspondingly, the kynurenine pathway has been implicated in a wide
range of somatic and psychiatric conditions (reviewed in [2,12–14]).

Two main hypotheses link the Trp-kynurenine metabolism to depression (reviewed
in [15]). The original hypothesis focuses on brain serotonin production, which can be
limited by low levels of Trp, its essential precursor [16]. The kynurenine pathway is
the main metabolic pathway for Trp [17] and is even more active under inflammatory
conditions [8], which has been associated with depression [18–21]. Pathway activation
is often assessed by measuring the relative concentrations of Trp and kynurenine (Kyn),
the first stable metabolite of the pathway, i.e., the kynurenine-tryptophan ratio (KTR),
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ofelectroconvulsivetherapy(ECT).Weperformedasystematicreviewwithaimsofsummarizing
changesinTrpand/orkynureninesafterECTandassessingmethodologicalissues.Theinclusion
criteriumwasmeasuresofTrpand/orkynureninesbeforeandafterECT.Animalstudiesandstudies
usingTrpadministrationorTrpdepletionwereexcluded.Embase,MEDLINE,PsycInfoandPubMed
weresearched,mostrecentlyinJuly2022.OutcomeswerelevelsofTrp,kynureninesandratiosbefore
andafterECT.DataonfactorsaffectingTrpmetabolismandECTwerecollectedforinterpretation
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of386patientsand27controls.Synthesisusingvotecountingbasedonthedirectionofeffect
foundnoevidenceofeffectofECTonanyoutcomevariable.Therewereconsiderablevariationsin
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1.Introduction

Anincreasingnumberofcross-sectionalstudies,interventionstudiesandmeta-
analysessuggestthatthekynureninepathwayoftryptophan(Trp)metabolism(Figure1)is
involvedinthepathophysiologyofdepressionandotherpsychiatricdisorders(reviewed
in[1–6]).Thekynureninepathwayincludesmultiplemetabolites(collectivelyknown
askynurenines),severalofwhichhaveimportantpropertiesrelatedtocellularenergy
(reviewedin[7,8]),glutamatergicsignaling(reviewedin[9]),regulationofimmunesystem
activity(reviewedin[10])andproductionandscavengingofreactiveoxygenspecies(re-
viewedin[11]).Correspondingly,thekynureninepathwayhasbeenimplicatedinawide
rangeofsomaticandpsychiatricconditions(reviewedin[2,12–14]).

TwomainhypotheseslinktheTrp-kynureninemetabolismtodepression(reviewed
in[15]).Theoriginalhypothesisfocusesonbrainserotoninproduction,whichcanbe
limitedbylowlevelsofTrp,itsessentialprecursor[16].Thekynureninepathwayis
themainmetabolicpathwayforTrp[17]andisevenmoreactiveunderinflammatory
conditions[8],whichhasbeenassociatedwithdepression[18–21].Pathwayactivation
isoftenassessedbymeasuringtherelativeconcentrationsofTrpandkynurenine(Kyn),
thefirststablemetaboliteofthepathway,i.e.,thekynurenine-tryptophanratio(KTR),
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Abstract: The kynurenine pathway of tryptophan (Trp) metabolism generates multiple biologically
active metabolites (kynurenines) that have been implicated in neuropsychiatric disorders. It has been
suggested that modulation of kynurenine metabolism could be involved in the therapeutic effect
of electroconvulsive therapy (ECT). We performed a systematic review with aims of summarizing
changes in Trp and/or kynurenines after ECT and assessing methodological issues. The inclusion
criterium was measures of Trp and/or kynurenines before and after ECT. Animal studies and studies
using Trp administration or Trp depletion were excluded. Embase, MEDLINE, PsycInfo and PubMed
were searched, most recently in July 2022. Outcomes were levels of Trp, kynurenines and ratios before
and after ECT. Data on factors affecting Trp metabolism and ECT were collected for interpretation
and discussion of the reported changes. We included 17 studies with repeated measures for a total
of 386 patients and 27 controls. Synthesis using vote counting based on the direction of effect
found no evidence of effect of ECT on any outcome variable. There were considerable variations in
design, patient characteristics and reported items. We suggest that future studies should include
larger samples, assess important covariates and determine between- and within-subject variability.
PROSPERO (CRD42020187003).
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1. Introduction

An increasing number of cross-sectional studies, intervention studies and meta-
analyses suggest that the kynurenine pathway of tryptophan (Trp) metabolism (Figure 1) is
involved in the pathophysiology of depression and other psychiatric disorders (reviewed
in [1–6]). The kynurenine pathway includes multiple metabolites (collectively known
as kynurenines), several of which have important properties related to cellular energy
(reviewed in [7,8]), glutamatergic signaling (reviewed in [9]), regulation of immune system
activity (reviewed in [10]) and production and scavenging of reactive oxygen species (re-
viewed in [11]). Correspondingly, the kynurenine pathway has been implicated in a wide
range of somatic and psychiatric conditions (reviewed in [2,12–14]).

Two main hypotheses link the Trp-kynurenine metabolism to depression (reviewed
in [15]). The original hypothesis focuses on brain serotonin production, which can be
limited by low levels of Trp, its essential precursor [16]. The kynurenine pathway is
the main metabolic pathway for Trp [17] and is even more active under inflammatory
conditions [8], which has been associated with depression [18–21]. Pathway activation
is often assessed by measuring the relative concentrations of Trp and kynurenine (Kyn),
the first stable metabolite of the pathway, i.e., the kynurenine-tryptophan ratio (KTR),
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1.Introduction

Anincreasingnumberofcross-sectionalstudies,interventionstudiesandmeta-
analysessuggestthatthekynureninepathwayoftryptophan(Trp)metabolism(Figure1)is
involvedinthepathophysiologyofdepressionandotherpsychiatricdisorders(reviewed
in[1–6]).Thekynureninepathwayincludesmultiplemetabolites(collectivelyknown
askynurenines),severalofwhichhaveimportantpropertiesrelatedtocellularenergy
(reviewedin[7,8]),glutamatergicsignaling(reviewedin[9]),regulationofimmunesystem
activity(reviewedin[10])andproductionandscavengingofreactiveoxygenspecies(re-
viewedin[11]).Correspondingly,thekynureninepathwayhasbeenimplicatedinawide
rangeofsomaticandpsychiatricconditions(reviewedin[2,12–14]).

TwomainhypotheseslinktheTrp-kynureninemetabolismtodepression(reviewed
in[15]).Theoriginalhypothesisfocusesonbrainserotoninproduction,whichcanbe
limitedbylowlevelsofTrp,itsessentialprecursor[16].Thekynureninepathwayis
themainmetabolicpathwayforTrp[17]andisevenmoreactiveunderinflammatory
conditions[8],whichhasbeenassociatedwithdepression[18–21].Pathwayactivation
isoftenassessedbymeasuringtherelativeconcentrationsofTrpandkynurenine(Kyn),
thefirststablemetaboliteofthepathway,i.e.,thekynurenine-tryptophanratio(KTR),
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in[15]).Theoriginalhypothesisfocusesonbrainserotoninproduction,whichcanbe
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Abstract:Thekynureninepathwayoftryptophan(Trp)metabolismgeneratesmultiplebiologically
activemetabolites(kynurenines)thathavebeenimplicatedinneuropsychiatricdisorders.Ithasbeen
suggestedthatmodulationofkynureninemetabolismcouldbeinvolvedinthetherapeuticeffect
ofelectroconvulsivetherapy(ECT).Weperformedasystematicreviewwithaimsofsummarizing
changesinTrpand/orkynureninesafterECTandassessingmethodologicalissues.Theinclusion
criteriumwasmeasuresofTrpand/orkynureninesbeforeandafterECT.Animalstudiesandstudies
usingTrpadministrationorTrpdepletionwereexcluded.Embase,MEDLINE,PsycInfoandPubMed
weresearched,mostrecentlyinJuly2022.OutcomeswerelevelsofTrp,kynureninesandratiosbefore
andafterECT.DataonfactorsaffectingTrpmetabolismandECTwerecollectedforinterpretation
anddiscussionofthereportedchanges.Weincluded17studieswithrepeatedmeasuresforatotal
of386patientsand27controls.Synthesisusingvotecountingbasedonthedirectionofeffect
foundnoevidenceofeffectofECTonanyoutcomevariable.Therewereconsiderablevariationsin
design,patientcharacteristicsandreporteditems.Wesuggestthatfuturestudiesshouldinclude
largersamples,assessimportantcovariatesanddeterminebetween-andwithin-subjectvariability.
PROSPERO(CRD42020187003).
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1.Introduction

Anincreasingnumberofcross-sectionalstudies,interventionstudiesandmeta-
analysessuggestthatthekynureninepathwayoftryptophan(Trp)metabolism(Figure1)is
involvedinthepathophysiologyofdepressionandotherpsychiatricdisorders(reviewed
in[1–6]).Thekynureninepathwayincludesmultiplemetabolites(collectivelyknown
askynurenines),severalofwhichhaveimportantpropertiesrelatedtocellularenergy
(reviewedin[7,8]),glutamatergicsignaling(reviewedin[9]),regulationofimmunesystem
activity(reviewedin[10])andproductionandscavengingofreactiveoxygenspecies(re-
viewedin[11]).Correspondingly,thekynureninepathwayhasbeenimplicatedinawide
rangeofsomaticandpsychiatricconditions(reviewedin[2,12–14]).

TwomainhypotheseslinktheTrp-kynureninemetabolismtodepression(reviewed
in[15]).Theoriginalhypothesisfocusesonbrainserotoninproduction,whichcanbe
limitedbylowlevelsofTrp,itsessentialprecursor[16].Thekynureninepathwayis
themainmetabolicpathwayforTrp[17]andisevenmoreactiveunderinflammatory
conditions[8],whichhasbeenassociatedwithdepression[18–21].Pathwayactivation
isoftenassessedbymeasuringtherelativeconcentrationsofTrpandkynurenine(Kyn),
thefirststablemetaboliteofthepathway,i.e.,thekynurenine-tryptophanratio(KTR),
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together with levels of inflammatory markers. Depression has been hypothesized to be
related to suboptimal serotonin signaling [15], and low availability of Trp for serotonin
synthesis could potentially contribute to depression. Deficiency of Trp, for instance through
activation of the kynurenine pathway, has therefore been investigated as a potential cause
for reduced serotonin production in depression [22].

Figure 1. The kynurenine pathway of Trp metabolism. Abbreviations: Acetyl-CoA, acetyl coenzyme
A; ACMSD, aminocarboxymuconate semialdehyde decarboxylase; AA, anthranilic acid; AFMID,
arylformamidase; FAD, flavin adenine dinucleotide; CAA, competing amino acid; GTPCH, GTP
cyclohydrolase; HAA, 3-hydroxyanthranilic acid; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase;
HK, 3-hydroxykynurenine; IDO, indoleamine 2,3-dioxygenase; KA, kynurenic acid; KAT, kynurenine
aminotransferase; KMO, kynurenine monooxygenase; KTR, kynurenine-tryptophan ratio; Kyn,
kynurenine; KYNU, kynureninase; LAT1, L-type amino acid transporter; NEFA, non-esterified fatty
acid; NAD, nicotinamide adenine dinucleotide; Pic, picolinic acid; PLP, pyridoxal 50-phosphate;QA,
quinolinic acid; QPRT, quinolinate phosphoribosyltransferase; TDO, tryptophan 2,3-dioxygenase;
IFN-�, interferon gamma; Trp, tryptophan; TPH, tryptophan hydroxylase; XA, xanthurenic acid.

An alternative hypothesis suggests that alterations in concentrations of kynurenines
themselves could play a role in depression [22–25]. Here, the most focus has been placed
on the pathway’s neurotoxic potential and on three key pathway metabolites: kynurenic
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togetherwithlevelsofinflammatorymarkers.Depressionhasbeenhypothesizedtobe
relatedtosuboptimalserotoninsignaling[15],andlowavailabilityofTrpforserotonin
synthesiscouldpotentiallycontributetodepression.DeficiencyofTrp,forinstancethrough
activationofthekynureninepathway,hasthereforebeeninvestigatedasapotentialcause
forreducedserotoninproductionindepression[22].

Figure1.ThekynureninepathwayofTrpmetabolism.Abbreviations:Acetyl-CoA,acetylcoenzyme
A;ACMSD,aminocarboxymuconatesemialdehydedecarboxylase;AA,anthranilicacid;AFMID,
arylformamidase;FAD,flavinadeninedinucleotide;CAA,competingaminoacid;GTPCH,GTP
cyclohydrolase;HAA,3-hydroxyanthranilicacid;HAAO,3-hydroxyanthranilate3,4-dioxygenase;
HK,3-hydroxykynurenine;IDO,indoleamine2,3-dioxygenase;KA,kynurenicacid;KAT,kynurenine
aminotransferase;KMO,kynureninemonooxygenase;KTR,kynurenine-tryptophanratio;Kyn,
kynurenine;KYNU,kynureninase;LAT1,L-typeaminoacidtransporter;NEFA,non-esterifiedfatty
acid;NAD,nicotinamideadeninedinucleotide;Pic,picolinicacid;PLP,pyridoxal50-phosphate;QA,
quinolinicacid;QPRT,quinolinatephosphoribosyltransferase;TDO,tryptophan2,3-dioxygenase;
IFN-�,interferongamma;Trp,tryptophan;TPH,tryptophanhydroxylase;XA,xanthurenicacid.

Analternativehypothesissuggeststhatalterationsinconcentrationsofkynurenines
themselvescouldplayaroleindepression[22–25].Here,themostfocushasbeenplaced
onthepathway’sneurotoxicpotentialandonthreekeypathwaymetabolites:kynurenic
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together with levels of inflammatory markers. Depression has been hypothesized to be
related to suboptimal serotonin signaling [15], and low availability of Trp for serotonin
synthesis could potentially contribute to depression. Deficiency of Trp, for instance through
activation of the kynurenine pathway, has therefore been investigated as a potential cause
for reduced serotonin production in depression [22].

Figure 1. The kynurenine pathway of Trp metabolism. Abbreviations: Acetyl-CoA, acetyl coenzyme
A; ACMSD, aminocarboxymuconate semialdehyde decarboxylase; AA, anthranilic acid; AFMID,
arylformamidase; FAD, flavin adenine dinucleotide; CAA, competing amino acid; GTPCH, GTP
cyclohydrolase; HAA, 3-hydroxyanthranilic acid; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase;
HK, 3-hydroxykynurenine; IDO, indoleamine 2,3-dioxygenase; KA, kynurenic acid; KAT, kynurenine
aminotransferase; KMO, kynurenine monooxygenase; KTR, kynurenine-tryptophan ratio; Kyn,
kynurenine; KYNU, kynureninase; LAT1, L-type amino acid transporter; NEFA, non-esterified fatty
acid; NAD, nicotinamide adenine dinucleotide; Pic, picolinic acid; PLP, pyridoxal 50-phosphate;QA,
quinolinic acid; QPRT, quinolinate phosphoribosyltransferase; TDO, tryptophan 2,3-dioxygenase;
IFN-�, interferon gamma; Trp, tryptophan; TPH, tryptophan hydroxylase; XA, xanthurenic acid.

An alternative hypothesis suggests that alterations in concentrations of kynurenines
themselves could play a role in depression [22–25]. Here, the most focus has been placed
on the pathway’s neurotoxic potential and on three key pathway metabolites: kynurenic
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activationofthekynureninepathway,hasthereforebeeninvestigatedasapotentialcause
forreducedserotoninproductionindepression[22].
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acid (KA), 3-hydroxykynurenine (HK) and quinolinic acid (QA). KA is a pathway branch
product and an antagonist of the N-methyl-D-aspartate receptor (NMDAr) [26] that can
inhibit presynaptic glutamate release and disrupt excitatory synaptic function [27]. QA
exerts the opposite effect as an NMDAr agonist [26]. It is increased under inflammatory
conditions and may cause neurotoxicity through multiple mechanisms [28]. Similarly, HK
has been shown to have a neurotoxic potential, mainly as a free radical generator [29].
Thus, QA and HK are generally considered neurotoxic, while KA is considered neuropro-
tective [23]. The balance between the neuroprotective and neurotoxic effects of kynurenine
pathway metabolites has been considered in many studies of depression, by analyzing
levels of single metabolites and ratios such as KA to QA (KA/QA) and KA/HK. Sev-
eral meta-analyses have shown that patients with major depressive disorder and bipolar
depression have reduced neuroprotection compared to non-depressed individuals, with
comparatively lower levels of KA and lower KA/HK and KA/QA in the blood [1,4,30,31].
Therapeutic interventions have been postulated to normalize these metabolite levels and
restore a balance between their neuroactive effects [32].

Electroconvulsive therapy (ECT) is an effective treatment option for severe or treat-
ment resistant depressive episodes, with a relatively rapid onset of effect compared to
pharmacological therapy. The exact therapeutic mechanisms of action are still unknown,
and several studies have been performed to investigate the possible role of Trp and the
kynurenine pathway, including measures related to Trp availability and kynurenine path-
way activation, and the balance between neuroactive metabolites. While some studies have
reported an improved neuroprotective balance after ECT [33,34], other studies have not
been able to replicate these findings [35–37]. The reasons for this inconsistency are unclear.
There are multiple methodological challenges when analyzing changes in Trp metabolism
in relation to ECT. These include potential intermediary or confounding effects from a wide
range of factors such as inflammation, diet, medication and somatic disease [14,38,39].

In this systematic review, we wanted to summarize available results from studies
on ECT and Trp-kynurenine metabolism and to use this as context for a discussion of
methodology and the way forward. The aims of this review were to:
(1) summarize the findings of studies on changes in concentrations of Trp and kynurenines

after ECT;
(2) review important factors that could potentially affect the analyses of these metabolites

in relation to therapeutic outcome;
(3) consider the clinical role of measures of Trp and kynurenines;
(4) propose how future studies should be designed to meet methodological issues and

clarify the role of Trp metabolism in ECT.

2. Methods

2.1. Literature Search and Study Selection
2.1.1. Protocol

This systematic review was conducted following the guidelines presented in the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [40] and in Synthesis Without Meta-Analysis (SWiM) [41]. A review protocol was
submitted to the international prospective register of systematic reviews (PROSPERO)
(https://www.crd.york.ac.uk/prospero/) accessed on 5 May 2020, and published on 5 July
2020 (registration number CRD42020187003).

2.1.2. Eligibility Criteria
The inclusion criterium for this review was measurements of Trp and/or kynurenines

before and after ECT or description of change in these markers after ECT. There were no
restrictions on participant characteristics, report type or language integrated in the search,
except for in PubMed where animal studies were excluded. Thus, the search syntax was
structured with two parts: (1) terms related to Trp and the kynurenine pathway, and (2)
terms related to ECT. In the subsequent screening, the following reports were excluded:
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acid(KA),3-hydroxykynurenine(HK)andquinolinicacid(QA).KAisapathwaybranch
productandanantagonistoftheN-methyl-D-aspartatereceptor(NMDAr)[26]thatcan
inhibitpresynapticglutamatereleaseanddisruptexcitatorysynapticfunction[27].QA
exertstheoppositeeffectasanNMDAragonist[26].Itisincreasedunderinflammatory
conditionsandmaycauseneurotoxicitythroughmultiplemechanisms[28].Similarly,HK
hasbeenshowntohaveaneurotoxicpotential,mainlyasafreeradicalgenerator[29].
Thus,QAandHKaregenerallyconsideredneurotoxic,whileKAisconsideredneuropro-
tective[23].Thebalancebetweentheneuroprotectiveandneurotoxiceffectsofkynurenine
pathwaymetaboliteshasbeenconsideredinmanystudiesofdepression,byanalyzing
levelsofsinglemetabolitesandratiossuchasKAtoQA(KA/QA)andKA/HK.Sev-
eralmeta-analyseshaveshownthatpatientswithmajordepressivedisorderandbipolar
depressionhavereducedneuroprotectioncomparedtonon-depressedindividuals,with
comparativelylowerlevelsofKAandlowerKA/HKandKA/QAintheblood[1,4,30,31].
Therapeuticinterventionshavebeenpostulatedtonormalizethesemetabolitelevelsand
restoreabalancebetweentheirneuroactiveeffects[32].

Electroconvulsivetherapy(ECT)isaneffectivetreatmentoptionforsevereortreat-
mentresistantdepressiveepisodes,witharelativelyrapidonsetofeffectcomparedto
pharmacologicaltherapy.Theexacttherapeuticmechanismsofactionarestillunknown,
andseveralstudieshavebeenperformedtoinvestigatethepossibleroleofTrpandthe
kynureninepathway,includingmeasuresrelatedtoTrpavailabilityandkynureninepath-
wayactivation,andthebalancebetweenneuroactivemetabolites.Whilesomestudieshave
reportedanimprovedneuroprotectivebalanceafterECT[33,34],otherstudieshavenot
beenabletoreplicatethesefindings[35–37].Thereasonsforthisinconsistencyareunclear.
TherearemultiplemethodologicalchallengeswhenanalyzingchangesinTrpmetabolism
inrelationtoECT.Theseincludepotentialintermediaryorconfoundingeffectsfromawide
rangeoffactorssuchasinflammation,diet,medicationandsomaticdisease[14,38,39].
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acid (KA), 3-hydroxykynurenine (HK) and quinolinic acid (QA). KA is a pathway branch
product and an antagonist of the N-methyl-D-aspartate receptor (NMDAr) [26] that can
inhibit presynaptic glutamate release and disrupt excitatory synaptic function [27]. QA
exerts the opposite effect as an NMDAr agonist [26]. It is increased under inflammatory
conditions and may cause neurotoxicity through multiple mechanisms [28]. Similarly, HK
has been shown to have a neurotoxic potential, mainly as a free radical generator [29].
Thus, QA and HK are generally considered neurotoxic, while KA is considered neuropro-
tective [23]. The balance between the neuroprotective and neurotoxic effects of kynurenine
pathway metabolites has been considered in many studies of depression, by analyzing
levels of single metabolites and ratios such as KA to QA (KA/QA) and KA/HK. Sev-
eral meta-analyses have shown that patients with major depressive disorder and bipolar
depression have reduced neuroprotection compared to non-depressed individuals, with
comparatively lower levels of KA and lower KA/HK and KA/QA in the blood [1,4,30,31].
Therapeutic interventions have been postulated to normalize these metabolite levels and
restore a balance between their neuroactive effects [32].

Electroconvulsive therapy (ECT) is an effective treatment option for severe or treat-
ment resistant depressive episodes, with a relatively rapid onset of effect compared to
pharmacological therapy. The exact therapeutic mechanisms of action are still unknown,
and several studies have been performed to investigate the possible role of Trp and the
kynurenine pathway, including measures related to Trp availability and kynurenine path-
way activation, and the balance between neuroactive metabolites. While some studies have
reported an improved neuroprotective balance after ECT [33,34], other studies have not
been able to replicate these findings [35–37]. The reasons for this inconsistency are unclear.
There are multiple methodological challenges when analyzing changes in Trp metabolism
in relation to ECT. These include potential intermediary or confounding effects from a wide
range of factors such as inflammation, diet, medication and somatic disease [14,38,39].

In this systematic review, we wanted to summarize available results from studies
on ECT and Trp-kynurenine metabolism and to use this as context for a discussion of
methodology and the way forward. The aims of this review were to:
(1) summarize the findings of studies on changes in concentrations of Trp and kynurenines

after ECT;
(2) review important factors that could potentially affect the analyses of these metabolites

in relation to therapeutic outcome;
(3) consider the clinical role of measures of Trp and kynurenines;
(4) propose how future studies should be designed to meet methodological issues and

clarify the role of Trp metabolism in ECT.

2. Methods

2.1. Literature Search and Study Selection
2.1.1. Protocol

This systematic review was conducted following the guidelines presented in the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [40] and in Synthesis Without Meta-Analysis (SWiM) [41]. A review protocol was
submitted to the international prospective register of systematic reviews (PROSPERO)
(https://www.crd.york.ac.uk/prospero/) accessed on 5 May 2020, and published on 5 July
2020 (registration number CRD42020187003).

2.1.2. Eligibility Criteria
The inclusion criterium for this review was measurements of Trp and/or kynurenines

before and after ECT or description of change in these markers after ECT. There were no
restrictions on participant characteristics, report type or language integrated in the search,
except for in PubMed where animal studies were excluded. Thus, the search syntax was
structured with two parts: (1) terms related to Trp and the kynurenine pathway, and (2)
terms related to ECT. In the subsequent screening, the following reports were excluded:
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and several studies have been performed to investigate the possible role of Trp and the
kynurenine pathway, including measures related to Trp availability and kynurenine path-
way activation, and the balance between neuroactive metabolites. While some studies have
reported an improved neuroprotective balance after ECT [33,34], other studies have not
been able to replicate these findings [35–37]. The reasons for this inconsistency are unclear.
There are multiple methodological challenges when analyzing changes in Trp metabolism
in relation to ECT. These include potential intermediary or confounding effects from a wide
range of factors such as inflammation, diet, medication and somatic disease [14,38,39].
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This systematic review was conducted following the guidelines presented in the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [40] and in Synthesis Without Meta-Analysis (SWiM) [41]. A review protocol was
submitted to the international prospective register of systematic reviews (PROSPERO)
(https://www.crd.york.ac.uk/prospero/) accessed on 5 May 2020, and published on 5 July
2020 (registration number CRD42020187003).

2.1.2. Eligibility Criteria
The inclusion criterium for this review was measurements of Trp and/or kynurenines

before and after ECT or description of change in these markers after ECT. There were no
restrictions on participant characteristics, report type or language integrated in the search,
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acid(KA),3-hydroxykynurenine(HK)andquinolinicacid(QA).KAisapathwaybranch
productandanantagonistoftheN-methyl-D-aspartatereceptor(NMDAr)[26]thatcan
inhibitpresynapticglutamatereleaseanddisruptexcitatorysynapticfunction[27].QA
exertstheoppositeeffectasanNMDAragonist[26].Itisincreasedunderinflammatory
conditionsandmaycauseneurotoxicitythroughmultiplemechanisms[28].Similarly,HK
hasbeenshowntohaveaneurotoxicpotential,mainlyasafreeradicalgenerator[29].
Thus,QAandHKaregenerallyconsideredneurotoxic,whileKAisconsideredneuropro-
tective[23].Thebalancebetweentheneuroprotectiveandneurotoxiceffectsofkynurenine
pathwaymetaboliteshasbeenconsideredinmanystudiesofdepression,byanalyzing
levelsofsinglemetabolitesandratiossuchasKAtoQA(KA/QA)andKA/HK.Sev-
eralmeta-analyseshaveshownthatpatientswithmajordepressivedisorderandbipolar
depressionhavereducedneuroprotectioncomparedtonon-depressedindividuals,with
comparativelylowerlevelsofKAandlowerKA/HKandKA/QAintheblood[1,4,30,31].
Therapeuticinterventionshavebeenpostulatedtonormalizethesemetabolitelevelsand
restoreabalancebetweentheirneuroactiveeffects[32].

Electroconvulsivetherapy(ECT)isaneffectivetreatmentoptionforsevereortreat-
mentresistantdepressiveepisodes,witharelativelyrapidonsetofeffectcomparedto
pharmacologicaltherapy.Theexacttherapeuticmechanismsofactionarestillunknown,
andseveralstudieshavebeenperformedtoinvestigatethepossibleroleofTrpandthe
kynureninepathway,includingmeasuresrelatedtoTrpavailabilityandkynureninepath-
wayactivation,andthebalancebetweenneuroactivemetabolites.Whilesomestudieshave
reportedanimprovedneuroprotectivebalanceafterECT[33,34],otherstudieshavenot
beenabletoreplicatethesefindings[35–37].Thereasonsforthisinconsistencyareunclear.
TherearemultiplemethodologicalchallengeswhenanalyzingchangesinTrpmetabolism
inrelationtoECT.Theseincludepotentialintermediaryorconfoundingeffectsfromawide
rangeoffactorssuchasinflammation,diet,medicationandsomaticdisease[14,38,39].

Inthissystematicreview,wewantedtosummarizeavailableresultsfromstudies
onECTandTrp-kynureninemetabolismandtousethisascontextforadiscussionof
methodologyandthewayforward.Theaimsofthisreviewwereto:
(1)summarizethefindingsofstudiesonchangesinconcentrationsofTrpandkynurenines

afterECT;
(2)reviewimportantfactorsthatcouldpotentiallyaffecttheanalysesofthesemetabolites

inrelationtotherapeuticoutcome;
(3)considertheclinicalroleofmeasuresofTrpandkynurenines;
(4)proposehowfuturestudiesshouldbedesignedtomeetmethodologicalissuesand

clarifytheroleofTrpmetabolisminECT.

2.Methods

2.1.LiteratureSearchandStudySelection
2.1.1.Protocol

Thissystematicreviewwasconductedfollowingtheguidelinespresentedinthe
PreferredReportingItemsforSystematicReviewsandMeta-Analyses(PRISMA)state-
ment[40]andinSynthesisWithoutMeta-Analysis(SWiM)[41].Areviewprotocolwas
submittedtotheinternationalprospectiveregisterofsystematicreviews(PROSPERO)
(https://www.crd.york.ac.uk/prospero/)accessedon5May2020,andpublishedon5July
2020(registrationnumberCRD42020187003).

2.1.2.EligibilityCriteria
TheinclusioncriteriumforthisreviewwasmeasurementsofTrpand/orkynurenines

beforeandafterECTordescriptionofchangeinthesemarkersafterECT.Therewereno
restrictionsonparticipantcharacteristics,reporttypeorlanguageintegratedinthesearch,
exceptforinPubMedwhereanimalstudieswereexcluded.Thus,thesearchsyntaxwas
structuredwithtwoparts:(1)termsrelatedtoTrpandthekynureninepathway,and(2)
termsrelatedtoECT.Inthesubsequentscreening,thefollowingreportswereexcluded:
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structuredwithtwoparts:(1)termsrelatedtoTrpandthekynureninepathway,and(2)
termsrelatedtoECT.Inthesubsequentscreening,thefollowingreportswereexcluded:
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animal studies, letters, conference abstracts, case reports, commentaries or reviews and
reports of studies using Trp administration or Trp depletion, unless the study also included
a patient group that received ECT alone or with placebo.

2.1.3. Information Sources
The systematic literature search was developed by TIMA, UK and JTI. It was conducted

by TIMA on 3 June 2020, in four databases: (1) Embase 1974 to 2 June 2020, (2) Ovid
MEDLINE and Epub Ahead of Print, In-Process & Other Non-Indexed Citations and Daily
1946 to 2 June 2020, (3) APA PsycInfo 1806 to May Week 4 2020 and (4) PubMed (up to
3 June 2020). The search used free text and index terms for Trp-kynurenine metabolism
and ECT in titles and abstracts. See Supplementary document for full search syntax. An
additional systematic literature search was conducted by TIMA on 15 June 2022, in (1)
Embase 1974 to 19 July 2022, (2) Ovid MEDLINE and Epub Ahead of Print, In-Process,
In-Data-Review & Other Non-Indexed Citations and Daily 1946 to 19 July 2022, (3) APA
PsycInfo 1806 to July Week 2 2022 and (4) PubMed. Here, the searches were limited to
years 2020–2022 for the first three databases and 4 June 2020–20 July 2022 for PubMed. In
addition, reference lists in included studies were scanned for relevant studies potentially
not found through the systematic literature search.

2.1.4. Study Selection
All records collected from the original systematic search were screened by UK and

TIMA independently, based on title and abstract. Records collected in the additional search
were screened by TIMA. Studies that fulfilled one or more exclusion criteria were excluded.
For remaining studies, the full text was retrieved. The full text was also retrieved for
records where title and abstract did not provide enough information to determine eligibility.
Full-text reports that met the inclusion criterium, and none of the exclusion criteria, were
considered eligible and included in the review. Disagreement regarding study eligibility
was resolved through discussion (UK, TIMA).

2.2. Data Collection
The data collection was performed by TIMA. Each study’s aims, inclusion and exclu-

sion criteria, outcome variables, analyses methods, main results, discussion points and
conclusions were recorded for the purpose of study presentation.

For the first review aim (changes in concentrations of Trp and kynurenines after
ECT), the following data were collected as primary outcomes: measures of Trp, Kyn,
KA, anthranilic acid (AA), HK, xanthurenic acid (XA), 3-hydroxyanthranilic acid (HAA),
picolinic acid (Pic) and QA, and of metabolite ratios KTR, KA/Kyn, KA/HK, KA/QA,
XA/HK, PA/QA and QA/Kyn. These could be concentrations at any timepoint before,
during or after ECT, or measures of change from before ECT to after ECT.

To address the third aim (assessment of the clinical potential of Trp and kynurenine
measures), concentrations of these markers were also collected as primary outcomes for
control groups at baseline and follow up when available. Associated summary statistics
and p-values from analyses of change were also collected. For three studies [33,34,36],
concentrations of the primary outcome variables were not present in the report. For two of
these studies [34,36], these data were provided by the authors after written request. For the
third study, the authors were contacted but could not provide the concentrations [33].

To meet the second aim of this study (effect modifiers and confounders), a wide
range of pre-selected data items that could be relevant for baseline levels and analyzes
of changes in Trp and kynurenines after ECT were extracted from each of the included
studies. Such factors include known determinants of blood levels of Trp and kynurenines,
predictors of treatment outcome and potential confounders affecting both aspects of the
treatment and the outcome measure. This aspect of the review substituted the “study risk
of bias assessment” described in the PRISMA 2020 checklist, with the purpose of providing
points for discussion rather than assigning weights to each study in the context of a
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animalstudies,letters,conferenceabstracts,casereports,commentariesorreviewsand
reportsofstudiesusingTrpadministrationorTrpdepletion,unlessthestudyalsoincluded
apatientgroupthatreceivedECTaloneorwithplacebo.

2.1.3.InformationSources
ThesystematicliteraturesearchwasdevelopedbyTIMA,UKandJTI.Itwasconducted

byTIMAon3June2020,infourdatabases:(1)Embase1974to2June2020,(2)Ovid
MEDLINEandEpubAheadofPrint,In-Process&OtherNon-IndexedCitationsandDaily
1946to2June2020,(3)APAPsycInfo1806toMayWeek42020and(4)PubMed(upto
3June2020).ThesearchusedfreetextandindextermsforTrp-kynureninemetabolism
andECTintitlesandabstracts.SeeSupplementarydocumentforfullsearchsyntax.An
additionalsystematicliteraturesearchwasconductedbyTIMAon15June2022,in(1)
Embase1974to19July2022,(2)OvidMEDLINEandEpubAheadofPrint,In-Process,
In-Data-Review&OtherNon-IndexedCitationsandDaily1946to19July2022,(3)APA
PsycInfo1806toJulyWeek22022and(4)PubMed.Here,thesearcheswerelimitedto
years2020–2022forthefirstthreedatabasesand4June2020–20July2022forPubMed.In
addition,referencelistsinincludedstudieswerescannedforrelevantstudiespotentially
notfoundthroughthesystematicliteraturesearch.

2.1.4.StudySelection
AllrecordscollectedfromtheoriginalsystematicsearchwerescreenedbyUKand

TIMAindependently,basedontitleandabstract.Recordscollectedintheadditionalsearch
werescreenedbyTIMA.Studiesthatfulfilledoneormoreexclusioncriteriawereexcluded.
Forremainingstudies,thefulltextwasretrieved.Thefulltextwasalsoretrievedfor
recordswheretitleandabstractdidnotprovideenoughinformationtodetermineeligibility.
Full-textreportsthatmettheinclusioncriterium,andnoneoftheexclusioncriteria,were
consideredeligibleandincludedinthereview.Disagreementregardingstudyeligibility
wasresolvedthroughdiscussion(UK,TIMA).

2.2.DataCollection
ThedatacollectionwasperformedbyTIMA.Eachstudy’saims,inclusionandexclu-

sioncriteria,outcomevariables,analysesmethods,mainresults,discussionpointsand
conclusionswererecordedforthepurposeofstudypresentation.

Forthefirstreviewaim(changesinconcentrationsofTrpandkynureninesafter
ECT),thefollowingdatawerecollectedasprimaryoutcomes:measuresofTrp,Kyn,
KA,anthranilicacid(AA),HK,xanthurenicacid(XA),3-hydroxyanthranilicacid(HAA),
picolinicacid(Pic)andQA,andofmetaboliteratiosKTR,KA/Kyn,KA/HK,KA/QA,
XA/HK,PA/QAandQA/Kyn.Thesecouldbeconcentrationsatanytimepointbefore,
duringorafterECT,ormeasuresofchangefrombeforeECTtoafterECT.

Toaddressthethirdaim(assessmentoftheclinicalpotentialofTrpandkynurenine
measures),concentrationsofthesemarkerswerealsocollectedasprimaryoutcomesfor
controlgroupsatbaselineandfollowupwhenavailable.Associatedsummarystatistics
andp-valuesfromanalysesofchangewerealsocollected.Forthreestudies[33,34,36],
concentrationsoftheprimaryoutcomevariableswerenotpresentinthereport.Fortwoof
thesestudies[34,36],thesedatawereprovidedbytheauthorsafterwrittenrequest.Forthe
thirdstudy,theauthorswerecontactedbutcouldnotprovidetheconcentrations[33].

Tomeetthesecondaimofthisstudy(effectmodifiersandconfounders),awide
rangeofpre-selecteddataitemsthatcouldberelevantforbaselinelevelsandanalyzes
ofchangesinTrpandkynureninesafterECTwereextractedfromeachoftheincluded
studies.SuchfactorsincludeknowndeterminantsofbloodlevelsofTrpandkynurenines,
predictorsoftreatmentoutcomeandpotentialconfoundersaffectingbothaspectsofthe
treatmentandtheoutcomemeasure.Thisaspectofthereviewsubstitutedthe“studyrisk
ofbiasassessment”describedinthePRISMA2020checklist,withthepurposeofproviding
pointsfordiscussionratherthanassigningweightstoeachstudyinthecontextofa
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animalstudies,letters,conferenceabstracts,casereports,commentariesorreviewsand
reportsofstudiesusingTrpadministrationorTrpdepletion,unlessthestudyalsoincluded
apatientgroupthatreceivedECTaloneorwithplacebo.

2.1.3.InformationSources
ThesystematicliteraturesearchwasdevelopedbyTIMA,UKandJTI.Itwasconducted

byTIMAon3June2020,infourdatabases:(1)Embase1974to2June2020,(2)Ovid
MEDLINEandEpubAheadofPrint,In-Process&OtherNon-IndexedCitationsandDaily
1946to2June2020,(3)APAPsycInfo1806toMayWeek42020and(4)PubMed(upto
3June2020).ThesearchusedfreetextandindextermsforTrp-kynureninemetabolism
andECTintitlesandabstracts.SeeSupplementarydocumentforfullsearchsyntax.An
additionalsystematicliteraturesearchwasconductedbyTIMAon15June2022,in(1)
Embase1974to19July2022,(2)OvidMEDLINEandEpubAheadofPrint,In-Process,
In-Data-Review&OtherNon-IndexedCitationsandDaily1946to19July2022,(3)APA
PsycInfo1806toJulyWeek22022and(4)PubMed.Here,thesearcheswerelimitedto
years2020–2022forthefirstthreedatabasesand4June2020–20July2022forPubMed.In
addition,referencelistsinincludedstudieswerescannedforrelevantstudiespotentially
notfoundthroughthesystematicliteraturesearch.

2.1.4.StudySelection
AllrecordscollectedfromtheoriginalsystematicsearchwerescreenedbyUKand

TIMAindependently,basedontitleandabstract.Recordscollectedintheadditionalsearch
werescreenedbyTIMA.Studiesthatfulfilledoneormoreexclusioncriteriawereexcluded.
Forremainingstudies,thefulltextwasretrieved.Thefulltextwasalsoretrievedfor
recordswheretitleandabstractdidnotprovideenoughinformationtodetermineeligibility.
Full-textreportsthatmettheinclusioncriterium,andnoneoftheexclusioncriteria,were
consideredeligibleandincludedinthereview.Disagreementregardingstudyeligibility
wasresolvedthroughdiscussion(UK,TIMA).

2.2.DataCollection
ThedatacollectionwasperformedbyTIMA.Eachstudy’saims,inclusionandexclu-

sioncriteria,outcomevariables,analysesmethods,mainresults,discussionpointsand
conclusionswererecordedforthepurposeofstudypresentation.

Forthefirstreviewaim(changesinconcentrationsofTrpandkynureninesafter
ECT),thefollowingdatawerecollectedasprimaryoutcomes:measuresofTrp,Kyn,
KA,anthranilicacid(AA),HK,xanthurenicacid(XA),3-hydroxyanthranilicacid(HAA),
picolinicacid(Pic)andQA,andofmetaboliteratiosKTR,KA/Kyn,KA/HK,KA/QA,
XA/HK,PA/QAandQA/Kyn.Thesecouldbeconcentrationsatanytimepointbefore,
duringorafterECT,ormeasuresofchangefrombeforeECTtoafterECT.

Toaddressthethirdaim(assessmentoftheclinicalpotentialofTrpandkynurenine
measures),concentrationsofthesemarkerswerealsocollectedasprimaryoutcomesfor
controlgroupsatbaselineandfollowupwhenavailable.Associatedsummarystatistics
andp-valuesfromanalysesofchangewerealsocollected.Forthreestudies[33,34,36],
concentrationsoftheprimaryoutcomevariableswerenotpresentinthereport.Fortwoof
thesestudies[34,36],thesedatawereprovidedbytheauthorsafterwrittenrequest.Forthe
thirdstudy,theauthorswerecontactedbutcouldnotprovidetheconcentrations[33].

Tomeetthesecondaimofthisstudy(effectmodifiersandconfounders),awide
rangeofpre-selecteddataitemsthatcouldberelevantforbaselinelevelsandanalyzes
ofchangesinTrpandkynureninesafterECTwereextractedfromeachoftheincluded
studies.SuchfactorsincludeknowndeterminantsofbloodlevelsofTrpandkynurenines,
predictorsoftreatmentoutcomeandpotentialconfoundersaffectingbothaspectsofthe
treatmentandtheoutcomemeasure.Thisaspectofthereviewsubstitutedthe“studyrisk
ofbiasassessment”describedinthePRISMA2020checklist,withthepurposeofproviding
pointsfordiscussionratherthanassigningweightstoeachstudyinthecontextofa
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animal studies, letters, conference abstracts, case reports, commentaries or reviews and
reports of studies using Trp administration or Trp depletion, unless the study also included
a patient group that received ECT alone or with placebo.

2.1.3. Information Sources
The systematic literature search was developed by TIMA, UK and JTI. It was conducted

by TIMA on 3 June 2020, in four databases: (1) Embase 1974 to 2 June 2020, (2) Ovid
MEDLINE and Epub Ahead of Print, In-Process & Other Non-Indexed Citations and Daily
1946 to 2 June 2020, (3) APA PsycInfo 1806 to May Week 4 2020 and (4) PubMed (up to
3 June 2020). The search used free text and index terms for Trp-kynurenine metabolism
and ECT in titles and abstracts. See Supplementary document for full search syntax. An
additional systematic literature search was conducted by TIMA on 15 June 2022, in (1)
Embase 1974 to 19 July 2022, (2) Ovid MEDLINE and Epub Ahead of Print, In-Process,
In-Data-Review & Other Non-Indexed Citations and Daily 1946 to 19 July 2022, (3) APA
PsycInfo 1806 to July Week 2 2022 and (4) PubMed. Here, the searches were limited to
years 2020–2022 for the first three databases and 4 June 2020–20 July 2022 for PubMed. In
addition, reference lists in included studies were scanned for relevant studies potentially
not found through the systematic literature search.

2.1.4. Study Selection
All records collected from the original systematic search were screened by UK and

TIMA independently, based on title and abstract. Records collected in the additional search
were screened by TIMA. Studies that fulfilled one or more exclusion criteria were excluded.
For remaining studies, the full text was retrieved. The full text was also retrieved for
records where title and abstract did not provide enough information to determine eligibility.
Full-text reports that met the inclusion criterium, and none of the exclusion criteria, were
considered eligible and included in the review. Disagreement regarding study eligibility
was resolved through discussion (UK, TIMA).

2.2. Data Collection
The data collection was performed by TIMA. Each study’s aims, inclusion and exclu-

sion criteria, outcome variables, analyses methods, main results, discussion points and
conclusions were recorded for the purpose of study presentation.

For the first review aim (changes in concentrations of Trp and kynurenines after
ECT), the following data were collected as primary outcomes: measures of Trp, Kyn,
KA, anthranilic acid (AA), HK, xanthurenic acid (XA), 3-hydroxyanthranilic acid (HAA),
picolinic acid (Pic) and QA, and of metabolite ratios KTR, KA/Kyn, KA/HK, KA/QA,
XA/HK, PA/QA and QA/Kyn. These could be concentrations at any timepoint before,
during or after ECT, or measures of change from before ECT to after ECT.

To address the third aim (assessment of the clinical potential of Trp and kynurenine
measures), concentrations of these markers were also collected as primary outcomes for
control groups at baseline and follow up when available. Associated summary statistics
and p-values from analyses of change were also collected. For three studies [33,34,36],
concentrations of the primary outcome variables were not present in the report. For two of
these studies [34,36], these data were provided by the authors after written request. For the
third study, the authors were contacted but could not provide the concentrations [33].

To meet the second aim of this study (effect modifiers and confounders), a wide
range of pre-selected data items that could be relevant for baseline levels and analyzes
of changes in Trp and kynurenines after ECT were extracted from each of the included
studies. Such factors include known determinants of blood levels of Trp and kynurenines,
predictors of treatment outcome and potential confounders affecting both aspects of the
treatment and the outcome measure. This aspect of the review substituted the “study risk
of bias assessment” described in the PRISMA 2020 checklist, with the purpose of providing
points for discussion rather than assigning weights to each study in the context of a
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animal studies, letters, conference abstracts, case reports, commentaries or reviews and
reports of studies using Trp administration or Trp depletion, unless the study also included
a patient group that received ECT alone or with placebo.

2.1.3. Information Sources
The systematic literature search was developed by TIMA, UK and JTI. It was conducted

by TIMA on 3 June 2020, in four databases: (1) Embase 1974 to 2 June 2020, (2) Ovid
MEDLINE and Epub Ahead of Print, In-Process & Other Non-Indexed Citations and Daily
1946 to 2 June 2020, (3) APA PsycInfo 1806 to May Week 4 2020 and (4) PubMed (up to
3 June 2020). The search used free text and index terms for Trp-kynurenine metabolism
and ECT in titles and abstracts. See Supplementary document for full search syntax. An
additional systematic literature search was conducted by TIMA on 15 June 2022, in (1)
Embase 1974 to 19 July 2022, (2) Ovid MEDLINE and Epub Ahead of Print, In-Process,
In-Data-Review & Other Non-Indexed Citations and Daily 1946 to 19 July 2022, (3) APA
PsycInfo 1806 to July Week 2 2022 and (4) PubMed. Here, the searches were limited to
years 2020–2022 for the first three databases and 4 June 2020–20 July 2022 for PubMed. In
addition, reference lists in included studies were scanned for relevant studies potentially
not found through the systematic literature search.

2.1.4. Study Selection
All records collected from the original systematic search were screened by UK and

TIMA independently, based on title and abstract. Records collected in the additional search
were screened by TIMA. Studies that fulfilled one or more exclusion criteria were excluded.
For remaining studies, the full text was retrieved. The full text was also retrieved for
records where title and abstract did not provide enough information to determine eligibility.
Full-text reports that met the inclusion criterium, and none of the exclusion criteria, were
considered eligible and included in the review. Disagreement regarding study eligibility
was resolved through discussion (UK, TIMA).

2.2. Data Collection
The data collection was performed by TIMA. Each study’s aims, inclusion and exclu-

sion criteria, outcome variables, analyses methods, main results, discussion points and
conclusions were recorded for the purpose of study presentation.

For the first review aim (changes in concentrations of Trp and kynurenines after
ECT), the following data were collected as primary outcomes: measures of Trp, Kyn,
KA, anthranilic acid (AA), HK, xanthurenic acid (XA), 3-hydroxyanthranilic acid (HAA),
picolinic acid (Pic) and QA, and of metabolite ratios KTR, KA/Kyn, KA/HK, KA/QA,
XA/HK, PA/QA and QA/Kyn. These could be concentrations at any timepoint before,
during or after ECT, or measures of change from before ECT to after ECT.

To address the third aim (assessment of the clinical potential of Trp and kynurenine
measures), concentrations of these markers were also collected as primary outcomes for
control groups at baseline and follow up when available. Associated summary statistics
and p-values from analyses of change were also collected. For three studies [33,34,36],
concentrations of the primary outcome variables were not present in the report. For two of
these studies [34,36], these data were provided by the authors after written request. For the
third study, the authors were contacted but could not provide the concentrations [33].

To meet the second aim of this study (effect modifiers and confounders), a wide
range of pre-selected data items that could be relevant for baseline levels and analyzes
of changes in Trp and kynurenines after ECT were extracted from each of the included
studies. Such factors include known determinants of blood levels of Trp and kynurenines,
predictors of treatment outcome and potential confounders affecting both aspects of the
treatment and the outcome measure. This aspect of the review substituted the “study risk
of bias assessment” described in the PRISMA 2020 checklist, with the purpose of providing
points for discussion rather than assigning weights to each study in the context of a
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animalstudies,letters,conferenceabstracts,casereports,commentariesorreviewsand
reportsofstudiesusingTrpadministrationorTrpdepletion,unlessthestudyalsoincluded
apatientgroupthatreceivedECTaloneorwithplacebo.

2.1.3.InformationSources
ThesystematicliteraturesearchwasdevelopedbyTIMA,UKandJTI.Itwasconducted

byTIMAon3June2020,infourdatabases:(1)Embase1974to2June2020,(2)Ovid
MEDLINEandEpubAheadofPrint,In-Process&OtherNon-IndexedCitationsandDaily
1946to2June2020,(3)APAPsycInfo1806toMayWeek42020and(4)PubMed(upto
3June2020).ThesearchusedfreetextandindextermsforTrp-kynureninemetabolism
andECTintitlesandabstracts.SeeSupplementarydocumentforfullsearchsyntax.An
additionalsystematicliteraturesearchwasconductedbyTIMAon15June2022,in(1)
Embase1974to19July2022,(2)OvidMEDLINEandEpubAheadofPrint,In-Process,
In-Data-Review&OtherNon-IndexedCitationsandDaily1946to19July2022,(3)APA
PsycInfo1806toJulyWeek22022and(4)PubMed.Here,thesearcheswerelimitedto
years2020–2022forthefirstthreedatabasesand4June2020–20July2022forPubMed.In
addition,referencelistsinincludedstudieswerescannedforrelevantstudiespotentially
notfoundthroughthesystematicliteraturesearch.

2.1.4.StudySelection
AllrecordscollectedfromtheoriginalsystematicsearchwerescreenedbyUKand

TIMAindependently,basedontitleandabstract.Recordscollectedintheadditionalsearch
werescreenedbyTIMA.Studiesthatfulfilledoneormoreexclusioncriteriawereexcluded.
Forremainingstudies,thefulltextwasretrieved.Thefulltextwasalsoretrievedfor
recordswheretitleandabstractdidnotprovideenoughinformationtodetermineeligibility.
Full-textreportsthatmettheinclusioncriterium,andnoneoftheexclusioncriteria,were
consideredeligibleandincludedinthereview.Disagreementregardingstudyeligibility
wasresolvedthroughdiscussion(UK,TIMA).

2.2.DataCollection
ThedatacollectionwasperformedbyTIMA.Eachstudy’saims,inclusionandexclu-

sioncriteria,outcomevariables,analysesmethods,mainresults,discussionpointsand
conclusionswererecordedforthepurposeofstudypresentation.

Forthefirstreviewaim(changesinconcentrationsofTrpandkynureninesafter
ECT),thefollowingdatawerecollectedasprimaryoutcomes:measuresofTrp,Kyn,
KA,anthranilicacid(AA),HK,xanthurenicacid(XA),3-hydroxyanthranilicacid(HAA),
picolinicacid(Pic)andQA,andofmetaboliteratiosKTR,KA/Kyn,KA/HK,KA/QA,
XA/HK,PA/QAandQA/Kyn.Thesecouldbeconcentrationsatanytimepointbefore,
duringorafterECT,ormeasuresofchangefrombeforeECTtoafterECT.

Toaddressthethirdaim(assessmentoftheclinicalpotentialofTrpandkynurenine
measures),concentrationsofthesemarkerswerealsocollectedasprimaryoutcomesfor
controlgroupsatbaselineandfollowupwhenavailable.Associatedsummarystatistics
andp-valuesfromanalysesofchangewerealsocollected.Forthreestudies[33,34,36],
concentrationsoftheprimaryoutcomevariableswerenotpresentinthereport.Fortwoof
thesestudies[34,36],thesedatawereprovidedbytheauthorsafterwrittenrequest.Forthe
thirdstudy,theauthorswerecontactedbutcouldnotprovidetheconcentrations[33].

Tomeetthesecondaimofthisstudy(effectmodifiersandconfounders),awide
rangeofpre-selecteddataitemsthatcouldberelevantforbaselinelevelsandanalyzes
ofchangesinTrpandkynureninesafterECTwereextractedfromeachoftheincluded
studies.SuchfactorsincludeknowndeterminantsofbloodlevelsofTrpandkynurenines,
predictorsoftreatmentoutcomeandpotentialconfoundersaffectingbothaspectsofthe
treatmentandtheoutcomemeasure.Thisaspectofthereviewsubstitutedthe“studyrisk
ofbiasassessment”describedinthePRISMA2020checklist,withthepurposeofproviding
pointsfordiscussionratherthanassigningweightstoeachstudyinthecontextofa
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animalstudies,letters,conferenceabstracts,casereports,commentariesorreviewsand
reportsofstudiesusingTrpadministrationorTrpdepletion,unlessthestudyalsoincluded
apatientgroupthatreceivedECTaloneorwithplacebo.

2.1.3.InformationSources
ThesystematicliteraturesearchwasdevelopedbyTIMA,UKandJTI.Itwasconducted

byTIMAon3June2020,infourdatabases:(1)Embase1974to2June2020,(2)Ovid
MEDLINEandEpubAheadofPrint,In-Process&OtherNon-IndexedCitationsandDaily
1946to2June2020,(3)APAPsycInfo1806toMayWeek42020and(4)PubMed(upto
3June2020).ThesearchusedfreetextandindextermsforTrp-kynureninemetabolism
andECTintitlesandabstracts.SeeSupplementarydocumentforfullsearchsyntax.An
additionalsystematicliteraturesearchwasconductedbyTIMAon15June2022,in(1)
Embase1974to19July2022,(2)OvidMEDLINEandEpubAheadofPrint,In-Process,
In-Data-Review&OtherNon-IndexedCitationsandDaily1946to19July2022,(3)APA
PsycInfo1806toJulyWeek22022and(4)PubMed.Here,thesearcheswerelimitedto
years2020–2022forthefirstthreedatabasesand4June2020–20July2022forPubMed.In
addition,referencelistsinincludedstudieswerescannedforrelevantstudiespotentially
notfoundthroughthesystematicliteraturesearch.

2.1.4.StudySelection
AllrecordscollectedfromtheoriginalsystematicsearchwerescreenedbyUKand

TIMAindependently,basedontitleandabstract.Recordscollectedintheadditionalsearch
werescreenedbyTIMA.Studiesthatfulfilledoneormoreexclusioncriteriawereexcluded.
Forremainingstudies,thefulltextwasretrieved.Thefulltextwasalsoretrievedfor
recordswheretitleandabstractdidnotprovideenoughinformationtodetermineeligibility.
Full-textreportsthatmettheinclusioncriterium,andnoneoftheexclusioncriteria,were
consideredeligibleandincludedinthereview.Disagreementregardingstudyeligibility
wasresolvedthroughdiscussion(UK,TIMA).

2.2.DataCollection
ThedatacollectionwasperformedbyTIMA.Eachstudy’saims,inclusionandexclu-

sioncriteria,outcomevariables,analysesmethods,mainresults,discussionpointsand
conclusionswererecordedforthepurposeofstudypresentation.

Forthefirstreviewaim(changesinconcentrationsofTrpandkynureninesafter
ECT),thefollowingdatawerecollectedasprimaryoutcomes:measuresofTrp,Kyn,
KA,anthranilicacid(AA),HK,xanthurenicacid(XA),3-hydroxyanthranilicacid(HAA),
picolinicacid(Pic)andQA,andofmetaboliteratiosKTR,KA/Kyn,KA/HK,KA/QA,
XA/HK,PA/QAandQA/Kyn.Thesecouldbeconcentrationsatanytimepointbefore,
duringorafterECT,ormeasuresofchangefrombeforeECTtoafterECT.

Toaddressthethirdaim(assessmentoftheclinicalpotentialofTrpandkynurenine
measures),concentrationsofthesemarkerswerealsocollectedasprimaryoutcomesfor
controlgroupsatbaselineandfollowupwhenavailable.Associatedsummarystatistics
andp-valuesfromanalysesofchangewerealsocollected.Forthreestudies[33,34,36],
concentrationsoftheprimaryoutcomevariableswerenotpresentinthereport.Fortwoof
thesestudies[34,36],thesedatawereprovidedbytheauthorsafterwrittenrequest.Forthe
thirdstudy,theauthorswerecontactedbutcouldnotprovidetheconcentrations[33].

Tomeetthesecondaimofthisstudy(effectmodifiersandconfounders),awide
rangeofpre-selecteddataitemsthatcouldberelevantforbaselinelevelsandanalyzes
ofchangesinTrpandkynureninesafterECTwereextractedfromeachoftheincluded
studies.SuchfactorsincludeknowndeterminantsofbloodlevelsofTrpandkynurenines,
predictorsoftreatmentoutcomeandpotentialconfoundersaffectingbothaspectsofthe
treatmentandtheoutcomemeasure.Thisaspectofthereviewsubstitutedthe“studyrisk
ofbiasassessment”describedinthePRISMA2020checklist,withthepurposeofproviding
pointsfordiscussionratherthanassigningweightstoeachstudyinthecontextofa
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animalstudies,letters,conferenceabstracts,casereports,commentariesorreviewsand
reportsofstudiesusingTrpadministrationorTrpdepletion,unlessthestudyalsoincluded
apatientgroupthatreceivedECTaloneorwithplacebo.

2.1.3.InformationSources
ThesystematicliteraturesearchwasdevelopedbyTIMA,UKandJTI.Itwasconducted

byTIMAon3June2020,infourdatabases:(1)Embase1974to2June2020,(2)Ovid
MEDLINEandEpubAheadofPrint,In-Process&OtherNon-IndexedCitationsandDaily
1946to2June2020,(3)APAPsycInfo1806toMayWeek42020and(4)PubMed(upto
3June2020).ThesearchusedfreetextandindextermsforTrp-kynureninemetabolism
andECTintitlesandabstracts.SeeSupplementarydocumentforfullsearchsyntax.An
additionalsystematicliteraturesearchwasconductedbyTIMAon15June2022,in(1)
Embase1974to19July2022,(2)OvidMEDLINEandEpubAheadofPrint,In-Process,
In-Data-Review&OtherNon-IndexedCitationsandDaily1946to19July2022,(3)APA
PsycInfo1806toJulyWeek22022and(4)PubMed.Here,thesearcheswerelimitedto
years2020–2022forthefirstthreedatabasesand4June2020–20July2022forPubMed.In
addition,referencelistsinincludedstudieswerescannedforrelevantstudiespotentially
notfoundthroughthesystematicliteraturesearch.

2.1.4.StudySelection
AllrecordscollectedfromtheoriginalsystematicsearchwerescreenedbyUKand

TIMAindependently,basedontitleandabstract.Recordscollectedintheadditionalsearch
werescreenedbyTIMA.Studiesthatfulfilledoneormoreexclusioncriteriawereexcluded.
Forremainingstudies,thefulltextwasretrieved.Thefulltextwasalsoretrievedfor
recordswheretitleandabstractdidnotprovideenoughinformationtodetermineeligibility.
Full-textreportsthatmettheinclusioncriterium,andnoneoftheexclusioncriteria,were
consideredeligibleandincludedinthereview.Disagreementregardingstudyeligibility
wasresolvedthroughdiscussion(UK,TIMA).

2.2.DataCollection
ThedatacollectionwasperformedbyTIMA.Eachstudy’saims,inclusionandexclu-

sioncriteria,outcomevariables,analysesmethods,mainresults,discussionpointsand
conclusionswererecordedforthepurposeofstudypresentation.

Forthefirstreviewaim(changesinconcentrationsofTrpandkynureninesafter
ECT),thefollowingdatawerecollectedasprimaryoutcomes:measuresofTrp,Kyn,
KA,anthranilicacid(AA),HK,xanthurenicacid(XA),3-hydroxyanthranilicacid(HAA),
picolinicacid(Pic)andQA,andofmetaboliteratiosKTR,KA/Kyn,KA/HK,KA/QA,
XA/HK,PA/QAandQA/Kyn.Thesecouldbeconcentrationsatanytimepointbefore,
duringorafterECT,ormeasuresofchangefrombeforeECTtoafterECT.

Toaddressthethirdaim(assessmentoftheclinicalpotentialofTrpandkynurenine
measures),concentrationsofthesemarkerswerealsocollectedasprimaryoutcomesfor
controlgroupsatbaselineandfollowupwhenavailable.Associatedsummarystatistics
andp-valuesfromanalysesofchangewerealsocollected.Forthreestudies[33,34,36],
concentrationsoftheprimaryoutcomevariableswerenotpresentinthereport.Fortwoof
thesestudies[34,36],thesedatawereprovidedbytheauthorsafterwrittenrequest.Forthe
thirdstudy,theauthorswerecontactedbutcouldnotprovidetheconcentrations[33].

Tomeetthesecondaimofthisstudy(effectmodifiersandconfounders),awide
rangeofpre-selecteddataitemsthatcouldberelevantforbaselinelevelsandanalyzes
ofchangesinTrpandkynureninesafterECTwereextractedfromeachoftheincluded
studies.SuchfactorsincludeknowndeterminantsofbloodlevelsofTrpandkynurenines,
predictorsoftreatmentoutcomeandpotentialconfoundersaffectingbothaspectsofthe
treatmentandtheoutcomemeasure.Thisaspectofthereviewsubstitutedthe“studyrisk
ofbiasassessment”describedinthePRISMA2020checklist,withthepurposeofproviding
pointsfordiscussionratherthanassigningweightstoeachstudyinthecontextofa
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meta-analysis. Thus, from each included study we extracted data on factors related to Trp-
kynurenine metabolism (inflammation, age, kidney function, BMI, sex, nutrition, fasting, B
vitamin status, stress, alcohol consumption, smoking, non-esterified fatty acids (NEFAs),
large neutral amino acids/competing amino acids (CAAs), glucose, medication and liver
function), patient characteristics (depression characteristics, medication and comorbidity),
and intervention and study design (clinical measures, ECT details, anesthesia, sample
timepoints, and evaluation of treatment response or remission).

2.3. Synthesis and Presentation
2.3.1. Grouping

The included studies were categorized first by treatment design (series or single ECT),
secondly by primary outcome (kynurenines or Trp) and thirdly by year of publication. This
grouping was used for all tables and figures.

2.3.2. Effect Measures
When available, unadjusted mean or median concentrations before and after ECT

were used to calculate percentage change (100⇥([post]�[pre])/[pre]) for each primary
outcome variable for each study. This was also performed for concentration changes in
control groups with repeated measures. To enable direct comparison, all concentrations
were presented as µmol/L and nmol/L.

2.3.3. Synthesis
Vote counting based on the direction of effect is a method that can be used to check

if there is any evidence of an effect [42]. This was performed using the Exact Binomial
Test in RStudio (binom.test) [43]. For primary outcomes reported in five or more studies
(the minimal number of outcomes necessary for finding a p-value below 0.05), the number
of studies reporting increased concentration was divided by the total number of studies
reporting this outcome variable. The test null hypothesis was that two possibilities of
increase and decrease were equally likely.

2.3.4. Data Presentation Methods
All levels of Trp and kynurenine pathway metabolites and ratios before and after ECT

were collected in a table. The calculated percentage change in these markers after ECT for
patients and controls from all included studies were gathered in a table and color coded by
direction and the reported statistical significance. Baseline concentrations of the collected
primary outcome variables were collected in a figure for comparison of studies in relation
to the third review aim.

3. Results

3.1. Databases, Search Structure and Study Selection
The first systematic search identified 657 records (Figure 2). Of these, 182 were

duplicates, and a total of 474 records were screened. After exclusion of 439 records based on
the information available in title and abstract, full-text reports were sought for 35 records.
Four of these could not be retrieved [44–47]. Fifteen more were excluded: four articles were
letters, commentaries or reviews [48–51]; eight publications were reports of original studies,
but did not have post treatment measures, did not use ECT, used treatment that involved
Trp administration or Trp depletion, or did not measure Trp or kynurenines [52–59]; three
articles were reports of eligible studies (same as D’Elia 1977b and Olajossy 2017) but did
not provide additional information relevant to this review [60–62].
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meta-analysis. Thus, from each included study we extracted data on factors related to Trp-
kynurenine metabolism (inflammation, age, kidney function, BMI, sex, nutrition, fasting, B
vitamin status, stress, alcohol consumption, smoking, non-esterified fatty acids (NEFAs),
large neutral amino acids/competing amino acids (CAAs), glucose, medication and liver
function), patient characteristics (depression characteristics, medication and comorbidity),
and intervention and study design (clinical measures, ECT details, anesthesia, sample
timepoints, and evaluation of treatment response or remission).

2.3. Synthesis and Presentation
2.3.1. Grouping

The included studies were categorized first by treatment design (series or single ECT),
secondly by primary outcome (kynurenines or Trp) and thirdly by year of publication. This
grouping was used for all tables and figures.

2.3.2. Effect Measures
When available, unadjusted mean or median concentrations before and after ECT

were used to calculate percentage change (100⇥([post]�[pre])/[pre]) for each primary
outcome variable for each study. This was also performed for concentration changes in
control groups with repeated measures. To enable direct comparison, all concentrations
were presented as µmol/L and nmol/L.

2.3.3. Synthesis
Vote counting based on the direction of effect is a method that can be used to check

if there is any evidence of an effect [42]. This was performed using the Exact Binomial
Test in RStudio (binom.test) [43]. For primary outcomes reported in five or more studies
(the minimal number of outcomes necessary for finding a p-value below 0.05), the number
of studies reporting increased concentration was divided by the total number of studies
reporting this outcome variable. The test null hypothesis was that two possibilities of
increase and decrease were equally likely.

2.3.4. Data Presentation Methods
All levels of Trp and kynurenine pathway metabolites and ratios before and after ECT

were collected in a table. The calculated percentage change in these markers after ECT for
patients and controls from all included studies were gathered in a table and color coded by
direction and the reported statistical significance. Baseline concentrations of the collected
primary outcome variables were collected in a figure for comparison of studies in relation
to the third review aim.

3. Results

3.1. Databases, Search Structure and Study Selection
The first systematic search identified 657 records (Figure 2). Of these, 182 were

duplicates, and a total of 474 records were screened. After exclusion of 439 records based on
the information available in title and abstract, full-text reports were sought for 35 records.
Four of these could not be retrieved [44–47]. Fifteen more were excluded: four articles were
letters, commentaries or reviews [48–51]; eight publications were reports of original studies,
but did not have post treatment measures, did not use ECT, used treatment that involved
Trp administration or Trp depletion, or did not measure Trp or kynurenines [52–59]; three
articles were reports of eligible studies (same as D’Elia 1977b and Olajossy 2017) but did
not provide additional information relevant to this review [60–62].
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Figure 2. PRISMA 2020 flow diagram for new systematic reviews, adapted from Page et al. (2020) [40]
under the terms of the Creative Commons Attribution License. * No automation tools were used.

The second systematic search from July 2022 provided 36 records (Figure 2). Thirteen
duplicates were removed, including two records that were present in the original search [37,56].
The remaining 23 records were screened and excluded based on title and abstract. Thus, no
studies or reports were included from this search.

Outside of the systematic searches, one record was found from scanning reference
lists from other included reports and was assessed for eligibility [63]. Additionally, a study
report in submission was also eligible for inclusion [64].

3.2. Included Studies
Nineteen reports of seventeen studies were included [33–37,63–76]. Previously unpub-

lished follow-up measures for 12 controls in Aarsland 2019 were also included. Together,
these studies contained repeated measures or analyses of change in Trp or kynurenines
for 386 patients with depression treated with ECT and 27 controls. The studies are pre-
sented in detail in Figure 3, and Supplementary Table S1 shows all collected biomarker
concentrations (primary outcome variables).

3.3. Baseline Concentrations and Changes in Levels of Tryptophan, Kynurenines and Ratios
after ECT

Baseline concentrations of Trp and kynurenines for patients and controls are presented
in Figure 4.

Percentage change after ECT of Trp, kynurenines and kynurenine pathway ratios are
shown in Figure 5. Free Trp, total Trp, Kyn, KA and KTR were available in an adequate
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duplicates were removed, including two records that were present in the original search [37,56].
The remaining 23 records were screened and excluded based on title and abstract. Thus, no
studies or reports were included from this search.

Outside of the systematic searches, one record was found from scanning reference
lists from other included reports and was assessed for eligibility [63]. Additionally, a study
report in submission was also eligible for inclusion [64].
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Theremaining23recordswerescreenedandexcludedbasedontitleandabstract.Thus,no
studiesorreportswereincludedfromthissearch.
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thesestudiescontainedrepeatedmeasuresoranalysesofchangeinTrporkynurenines
for386patientswithdepressiontreatedwithECTand27controls.Thestudiesarepre-
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afterECT
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inFigure4.

PercentagechangeafterECTofTrp,kynureninesandkynureninepathwayratiosare
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Figure 4. Baseline concentrations of Trp and kynurenines in patients and controls for each study.
The size of each symbol represents the number of measured samples. The vertical position of the
symbols within each biomarkers box corresponds with the order of the studies in the legend. See
Supplementary Table S1 for detailed information on all collected outcome concentrations. References:
Guloksuz (2015) [33], Schwieler (2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan (2020) [37],
Aarsland (2022) [64], Coppen (1973) [63], Abrams (1976) [65], D’Elia (1977) [66], Kirkegaard (1978) [68],
Whalley (1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73], Sawa (1981) [72], Mokhtar (1997) [69],
Palmio (2005) [71].

Free Trp was measured before and after ECT in seven studies. Setting statistical signif-
icance aside, five out of seven studies reported increased concentrations of free Trp after
ECT. Vote counting based on these effect directions did not reject the null hypothesis that
increase and decrease in free Trp after ECT were equally likely (71.4% cases of increase
(95% confidence interval (95%CI): 29.1% to 96.3%), p = 0.45). For total Trp, seven stud-
ies found increased concentration while ten studies found decreased concentration after
ECT, and as with free Trp, the null hypothesis was not rejected (35.3% cases of increase
(95%CI: 18.4% to 67.1%), p = 0.41). Seven studies investigated concentrations of one or more
kynurenines before and after a series of ECT. Kyn was measured in six of these studies,
four of which found increased concentrations after ECT (66.7% cases of increase (95%CI:
22.3 to 95.7), p = 0.69). KA was the only metabolite measured in all seven studies, one
of which investigated change in three patient groups separately. It was increased in five
out of nine analyses (55.6% cases of increase (95%CI: 21.2% to 86.3%), p = 1). Finally, KTR
increased after ECT in three studies and decreased in three others (50% cases of increase
(95%CI: 11.8% to 88.2%), p = 1.00). Thus, there was no overall evidence of an effect of ECT
on levels of Trp, Kyn, KA or KTR.
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iesfoundincreasedconcentrationwhiletenstudiesfounddecreasedconcentrationafter
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Figure 4. Baseline concentrations of Trp and kynurenines in patients and controls for each study.
The size of each symbol represents the number of measured samples. The vertical position of the
symbols within each biomarkers box corresponds with the order of the studies in the legend. See
Supplementary Table S1 for detailed information on all collected outcome concentrations. References:
Guloksuz (2015) [33], Schwieler (2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan (2020) [37],
Aarsland (2022) [64], Coppen (1973) [63], Abrams (1976) [65], D’Elia (1977) [66], Kirkegaard (1978) [68],
Whalley (1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73], Sawa (1981) [72], Mokhtar (1997) [69],
Palmio (2005) [71].

Free Trp was measured before and after ECT in seven studies. Setting statistical signif-
icance aside, five out of seven studies reported increased concentrations of free Trp after
ECT. Vote counting based on these effect directions did not reject the null hypothesis that
increase and decrease in free Trp after ECT were equally likely (71.4% cases of increase
(95% confidence interval (95%CI): 29.1% to 96.3%), p = 0.45). For total Trp, seven stud-
ies found increased concentration while ten studies found decreased concentration after
ECT, and as with free Trp, the null hypothesis was not rejected (35.3% cases of increase
(95%CI: 18.4% to 67.1%), p = 0.41). Seven studies investigated concentrations of one or more
kynurenines before and after a series of ECT. Kyn was measured in six of these studies,
four of which found increased concentrations after ECT (66.7% cases of increase (95%CI:
22.3 to 95.7), p = 0.69). KA was the only metabolite measured in all seven studies, one
of which investigated change in three patient groups separately. It was increased in five
out of nine analyses (55.6% cases of increase (95%CI: 21.2% to 86.3%), p = 1). Finally, KTR
increased after ECT in three studies and decreased in three others (50% cases of increase
(95%CI: 11.8% to 88.2%), p = 1.00). Thus, there was no overall evidence of an effect of ECT
on levels of Trp, Kyn, KA or KTR.
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Free Trp was measured before and after ECT in seven studies. Setting statistical signif-
icance aside, five out of seven studies reported increased concentrations of free Trp after
ECT. Vote counting based on these effect directions did not reject the null hypothesis that
increase and decrease in free Trp after ECT were equally likely (71.4% cases of increase
(95% confidence interval (95%CI): 29.1% to 96.3%), p = 0.45). For total Trp, seven stud-
ies found increased concentration while ten studies found decreased concentration after
ECT, and as with free Trp, the null hypothesis was not rejected (35.3% cases of increase
(95%CI: 18.4% to 67.1%), p = 0.41). Seven studies investigated concentrations of one or more
kynurenines before and after a series of ECT. Kyn was measured in six of these studies,
four of which found increased concentrations after ECT (66.7% cases of increase (95%CI:
22.3 to 95.7), p = 0.69). KA was the only metabolite measured in all seven studies, one
of which investigated change in three patient groups separately. It was increased in five
out of nine analyses (55.6% cases of increase (95%CI: 21.2% to 86.3%), p = 1). Finally, KTR
increased after ECT in three studies and decreased in three others (50% cases of increase
(95%CI: 11.8% to 88.2%), p = 1.00). Thus, there was no overall evidence of an effect of ECT
on levels of Trp, Kyn, KA or KTR.
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FreeTrpwasmeasuredbeforeandafterECTinsevenstudies.Settingstatisticalsignif-
icanceaside,fiveoutofsevenstudiesreportedincreasedconcentrationsoffreeTrpafter
ECT.Votecountingbasedontheseeffectdirectionsdidnotrejectthenullhypothesisthat
increaseanddecreaseinfreeTrpafterECTwereequallylikely(71.4%casesofincrease
(95%confidenceinterval(95%CI):29.1%to96.3%),p=0.45).FortotalTrp,sevenstud-
iesfoundincreasedconcentrationwhiletenstudiesfounddecreasedconcentrationafter
ECT,andaswithfreeTrp,thenullhypothesiswasnotrejected(35.3%casesofincrease
(95%CI:18.4%to67.1%),p=0.41).Sevenstudiesinvestigatedconcentrationsofoneormore
kynureninesbeforeandafteraseriesofECT.Kynwasmeasuredinsixofthesestudies,
fourofwhichfoundincreasedconcentrationsafterECT(66.7%casesofincrease(95%CI:
22.3to95.7),p=0.69).KAwastheonlymetabolitemeasuredinallsevenstudies,one
ofwhichinvestigatedchangeinthreepatientgroupsseparately.Itwasincreasedinfive
outofnineanalyses(55.6%casesofincrease(95%CI:21.2%to86.3%),p=1).Finally,KTR
increasedafterECTinthreestudiesanddecreasedinthreeothers(50%casesofincrease
(95%CI:11.8%to88.2%),p=1.00).Thus,therewasnooverallevidenceofaneffectofECT
onlevelsofTrp,Kyn,KAorKTR.
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ECT,andaswithfreeTrp,thenullhypothesiswasnotrejected(35.3%casesofincrease
(95%CI:18.4%to67.1%),p=0.41).Sevenstudiesinvestigatedconcentrationsofoneormore
kynureninesbeforeandafteraseriesofECT.Kynwasmeasuredinsixofthesestudies,
fourofwhichfoundincreasedconcentrationsafterECT(66.7%casesofincrease(95%CI:
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ofwhichinvestigatedchangeinthreepatientgroupsseparately.Itwasincreasedinfive
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QA/  
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Schwieler  
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Allen  
(2018)

18 8.22 8.89 1.63 10.1 9.74

Aarsland  
(2019) 21 7.14 2.06 1.36 27.0 5.16 47.9 17.4 28.6 12.5 3.13 6.69 11.0 7.87 5.52 26.5

Ryan  
(2020)

94 3.79 9.21 6.48 8.52 7.18 10.2 13.4 5.41 6.87 4.48 2.25 1.22 1.42

Aarsland  
(2022)

48 1.50 0.96 2.72 9.63 0.29 10.6 16.1 7.70 3.23 2.51 16.1 2.70
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(2017)
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11 2 8.33

32 3 13.3
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(1976) 4 6 21.1
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24 3.15

Kirkegaard  
(1978) 10 2.30 15.1

Whalley  
(1980)

9 0.00 12.9

Hoekstra  
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20 9.01
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15 23.4 5 4.38 5

Whalley  
(1980)
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Mokhtar  
(1997)

10 6.25 9 27.6 9

Palmio  
(2005)

10 34.5 10
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Kyn 
pathway

Aarsland  
(2019) 11

12 7.15 5.03 15.4 9.93 18.9 20.4 1.29 6.10 5.50 1.70 12.4 4.97 10.2 6.86 11.0
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Whalley  
(1980) 12

11 14.3 13.1

Mokhtar  
(1997) 13

4 5.05 22.2

Legend

Decrease  
p <  0.05

Decrease  
p >  0.05

No 
change

Increase   
p >  0.05

Increase   
p <  0.05

Figure 5. Percentage change in tryptophan, kynurenines and ratios after ECT. Percentage change
was calculated based on concentrations before and after ECT collected from the included studies,
except for Ryan (2020) [37] and Aarsland (2022) [64], where changes in percentage were collected
from the reports. See Supplementary Table S1 for a detailed overview of the collected outcomes from
each of the reviewed studies. The question marks indicate that the size of change was unknown due
to missing data on concentrations. Comments on participant diagnosis, sample type, and sample
timing: 1 schizoaffective disorder, 2 depression in bipolar disorder, 3 recurrent depressive disorder;
4 cerebrospinal fluid samples; samples collected 5 15 min after ECT, 6 10 min after first ECT, 7 1 min
after ECT, 8 5 min after ECT, 9 60 min after ECT, 10 2 h after ECT, 11 with eight weeks between, 12
after recovery from anesthesia, and 13 15 min after start of surgery. Abbreviations: AA, anthranilic
acid; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine;
KA, kynurenic acid; KTR, kynurenine-tryptophan-ratio; Kyn, kynurenine; Pic, picolinic acid; QA,
quinolinic acid; Trp, tryptophan; XA, xanthurenic acid. References: Guloksuz (2015) [33], Schwieler
(2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan (2020) [37], Aarsland (2022) [64], Olajossy
(2017) [70], Coppen (1973) [63], Abrams (1976) [65], D’Elia (1977) [66], Kirkegaard (1978) [68], Whalley
(1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73], Sawa (1981) [72], Mokhtar (1997) [69], Palmio
(2005) [71].

The three studies that included the largest panel of kynurenines all found trends of
increase in HK, AA, HAA, XA and Pic. A fourth study also found increased HK and
reduced HAA after ECT. However, neither of these kynurenines, nor QA or any of the
pathway ratios, were reported in a sufficient number of studies to perform a vote counting.

Three studies had repeated measures from controls (Figure 5). In Whalley et al., eleven
patients undergoing cystoscopy served as controls and had significant reduction in total Trp
after anesthesia [74]. In Mokhtar et al., four anesthesia controls had significant reduction
in total Trp 15 min after start of surgery [69]. In Aarsland et al., healthy controls (n = 12),
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Figure5.Percentagechangeintryptophan,kynureninesandratiosafterECT.Percentagechange
wascalculatedbasedonconcentrationsbeforeandafterECTcollectedfromtheincludedstudies,
exceptforRyan(2020)[37]andAarsland(2022)[64],wherechangesinpercentagewerecollected
fromthereports.SeeSupplementaryTableS1foradetailedoverviewofthecollectedoutcomesfrom
eachofthereviewedstudies.Thequestionmarksindicatethatthesizeofchangewasunknowndue
tomissingdataonconcentrations.Commentsonparticipantdiagnosis,sampletype,andsample
timing:1schizoaffectivedisorder,2depressioninbipolardisorder,3recurrentdepressivedisorder;
4cerebrospinalfluidsamples;samplescollected515minafterECT,610minafterfirstECT,71min
afterECT,85minafterECT,960minafterECT,102hafterECT,11witheightweeksbetween,12
afterrecoveryfromanesthesia,and1315minafterstartofsurgery.Abbreviations:AA,anthranilic
acid;ECT,electroconvulsivetherapy;HAA,3-hydroxyanthranilicacid;HK,3-hydroxykynurenine;
KA,kynurenicacid;KTR,kynurenine-tryptophan-ratio;Kyn,kynurenine;Pic,picolinicacid;QA,
quinolinicacid;Trp,tryptophan;XA,xanthurenicacid.References:Guloksuz(2015)[33],Schwieler
(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan(2020)[37],Aarsland(2022)[64],Olajossy
(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia(1977)[66],Kirkegaard(1978)[68],Whalley
(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],Sawa(1981)[72],Mokhtar(1997)[69],Palmio
(2005)[71].

Thethreestudiesthatincludedthelargestpanelofkynureninesallfoundtrendsof
increaseinHK,AA,HAA,XAandPic.AfourthstudyalsofoundincreasedHKand
reducedHAAafterECT.However,neitherofthesekynurenines,norQAoranyofthe
pathwayratios,werereportedinasufficientnumberofstudiestoperformavotecounting.

Threestudieshadrepeatedmeasuresfromcontrols(Figure5).InWhalleyetal.,eleven
patientsundergoingcystoscopyservedascontrolsandhadsignificantreductionintotalTrp
afteranesthesia[74].InMokhtaretal.,fouranesthesiacontrolshadsignificantreduction
intotalTrp15minafterstartofsurgery[69].InAarslandetal.,healthycontrols(n=12),
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Figure5.Percentagechangeintryptophan,kynureninesandratiosafterECT.Percentagechange
wascalculatedbasedonconcentrationsbeforeandafterECTcollectedfromtheincludedstudies,
exceptforRyan(2020)[37]andAarsland(2022)[64],wherechangesinpercentagewerecollected
fromthereports.SeeSupplementaryTableS1foradetailedoverviewofthecollectedoutcomesfrom
eachofthereviewedstudies.Thequestionmarksindicatethatthesizeofchangewasunknowndue
tomissingdataonconcentrations.Commentsonparticipantdiagnosis,sampletype,andsample
timing:1schizoaffectivedisorder,2depressioninbipolardisorder,3recurrentdepressivedisorder;
4cerebrospinalfluidsamples;samplescollected515minafterECT,610minafterfirstECT,71min
afterECT,85minafterECT,960minafterECT,102hafterECT,11witheightweeksbetween,12
afterrecoveryfromanesthesia,and1315minafterstartofsurgery.Abbreviations:AA,anthranilic
acid;ECT,electroconvulsivetherapy;HAA,3-hydroxyanthranilicacid;HK,3-hydroxykynurenine;
KA,kynurenicacid;KTR,kynurenine-tryptophan-ratio;Kyn,kynurenine;Pic,picolinicacid;QA,
quinolinicacid;Trp,tryptophan;XA,xanthurenicacid.References:Guloksuz(2015)[33],Schwieler
(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan(2020)[37],Aarsland(2022)[64],Olajossy
(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia(1977)[66],Kirkegaard(1978)[68],Whalley
(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],Sawa(1981)[72],Mokhtar(1997)[69],Palmio
(2005)[71].

Thethreestudiesthatincludedthelargestpanelofkynureninesallfoundtrendsof
increaseinHK,AA,HAA,XAandPic.AfourthstudyalsofoundincreasedHKand
reducedHAAafterECT.However,neitherofthesekynurenines,norQAoranyofthe
pathwayratios,werereportedinasufficientnumberofstudiestoperformavotecounting.

Threestudieshadrepeatedmeasuresfromcontrols(Figure5).InWhalleyetal.,eleven
patientsundergoingcystoscopyservedascontrolsandhadsignificantreductionintotalTrp
afteranesthesia[74].InMokhtaretal.,fouranesthesiacontrolshadsignificantreduction
intotalTrp15minafterstartofsurgery[69].InAarslandetal.,healthycontrols(n=12),
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Figure 5. Percentage change in tryptophan, kynurenines and ratios after ECT. Percentage change
was calculated based on concentrations before and after ECT collected from the included studies,
except for Ryan (2020) [37] and Aarsland (2022) [64], where changes in percentage were collected
from the reports. See Supplementary Table S1 for a detailed overview of the collected outcomes from
each of the reviewed studies. The question marks indicate that the size of change was unknown due
to missing data on concentrations. Comments on participant diagnosis, sample type, and sample
timing: 1 schizoaffective disorder, 2 depression in bipolar disorder, 3 recurrent depressive disorder;
4 cerebrospinal fluid samples; samples collected 5 15 min after ECT, 6 10 min after first ECT, 7 1 min
after ECT, 8 5 min after ECT, 9 60 min after ECT, 10 2 h after ECT, 11 with eight weeks between, 12
after recovery from anesthesia, and 13 15 min after start of surgery. Abbreviations: AA, anthranilic
acid; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine;
KA, kynurenic acid; KTR, kynurenine-tryptophan-ratio; Kyn, kynurenine; Pic, picolinic acid; QA,
quinolinic acid; Trp, tryptophan; XA, xanthurenic acid. References: Guloksuz (2015) [33], Schwieler
(2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan (2020) [37], Aarsland (2022) [64], Olajossy
(2017) [70], Coppen (1973) [63], Abrams (1976) [65], D’Elia (1977) [66], Kirkegaard (1978) [68], Whalley
(1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73], Sawa (1981) [72], Mokhtar (1997) [69], Palmio
(2005) [71].

The three studies that included the largest panel of kynurenines all found trends of
increase in HK, AA, HAA, XA and Pic. A fourth study also found increased HK and
reduced HAA after ECT. However, neither of these kynurenines, nor QA or any of the
pathway ratios, were reported in a sufficient number of studies to perform a vote counting.

Three studies had repeated measures from controls (Figure 5). In Whalley et al., eleven
patients undergoing cystoscopy served as controls and had significant reduction in total Trp
after anesthesia [74]. In Mokhtar et al., four anesthesia controls had significant reduction
in total Trp 15 min after start of surgery [69]. In Aarsland et al., healthy controls (n = 12),
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Figure 5. Percentage change in tryptophan, kynurenines and ratios after ECT. Percentage change
was calculated based on concentrations before and after ECT collected from the included studies,
except for Ryan (2020) [37] and Aarsland (2022) [64], where changes in percentage were collected
from the reports. See Supplementary Table S1 for a detailed overview of the collected outcomes from
each of the reviewed studies. The question marks indicate that the size of change was unknown due
to missing data on concentrations. Comments on participant diagnosis, sample type, and sample
timing: 1 schizoaffective disorder, 2 depression in bipolar disorder, 3 recurrent depressive disorder;
4 cerebrospinal fluid samples; samples collected 5 15 min after ECT, 6 10 min after first ECT, 7 1 min
after ECT, 8 5 min after ECT, 9 60 min after ECT, 10 2 h after ECT, 11 with eight weeks between, 12
after recovery from anesthesia, and 13 15 min after start of surgery. Abbreviations: AA, anthranilic
acid; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine;
KA, kynurenic acid; KTR, kynurenine-tryptophan-ratio; Kyn, kynurenine; Pic, picolinic acid; QA,
quinolinic acid; Trp, tryptophan; XA, xanthurenic acid. References: Guloksuz (2015) [33], Schwieler
(2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan (2020) [37], Aarsland (2022) [64], Olajossy
(2017) [70], Coppen (1973) [63], Abrams (1976) [65], D’Elia (1977) [66], Kirkegaard (1978) [68], Whalley
(1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73], Sawa (1981) [72], Mokhtar (1997) [69], Palmio
(2005) [71].

The three studies that included the largest panel of kynurenines all found trends of
increase in HK, AA, HAA, XA and Pic. A fourth study also found increased HK and
reduced HAA after ECT. However, neither of these kynurenines, nor QA or any of the
pathway ratios, were reported in a sufficient number of studies to perform a vote counting.

Three studies had repeated measures from controls (Figure 5). In Whalley et al., eleven
patients undergoing cystoscopy served as controls and had significant reduction in total Trp
after anesthesia [74]. In Mokhtar et al., four anesthesia controls had significant reduction
in total Trp 15 min after start of surgery [69]. In Aarsland et al., healthy controls (n = 12),
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Figure5.Percentagechangeintryptophan,kynureninesandratiosafterECT.Percentagechange
wascalculatedbasedonconcentrationsbeforeandafterECTcollectedfromtheincludedstudies,
exceptforRyan(2020)[37]andAarsland(2022)[64],wherechangesinpercentagewerecollected
fromthereports.SeeSupplementaryTableS1foradetailedoverviewofthecollectedoutcomesfrom
eachofthereviewedstudies.Thequestionmarksindicatethatthesizeofchangewasunknowndue
tomissingdataonconcentrations.Commentsonparticipantdiagnosis,sampletype,andsample
timing:1schizoaffectivedisorder,2depressioninbipolardisorder,3recurrentdepressivedisorder;
4cerebrospinalfluidsamples;samplescollected515minafterECT,610minafterfirstECT,71min
afterECT,85minafterECT,960minafterECT,102hafterECT,11witheightweeksbetween,12
afterrecoveryfromanesthesia,and1315minafterstartofsurgery.Abbreviations:AA,anthranilic
acid;ECT,electroconvulsivetherapy;HAA,3-hydroxyanthranilicacid;HK,3-hydroxykynurenine;
KA,kynurenicacid;KTR,kynurenine-tryptophan-ratio;Kyn,kynurenine;Pic,picolinicacid;QA,
quinolinicacid;Trp,tryptophan;XA,xanthurenicacid.References:Guloksuz(2015)[33],Schwieler
(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan(2020)[37],Aarsland(2022)[64],Olajossy
(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia(1977)[66],Kirkegaard(1978)[68],Whalley
(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],Sawa(1981)[72],Mokhtar(1997)[69],Palmio
(2005)[71].

Thethreestudiesthatincludedthelargestpanelofkynureninesallfoundtrendsof
increaseinHK,AA,HAA,XAandPic.AfourthstudyalsofoundincreasedHKand
reducedHAAafterECT.However,neitherofthesekynurenines,norQAoranyofthe
pathwayratios,werereportedinasufficientnumberofstudiestoperformavotecounting.

Threestudieshadrepeatedmeasuresfromcontrols(Figure5).InWhalleyetal.,eleven
patientsundergoingcystoscopyservedascontrolsandhadsignificantreductionintotalTrp
afteranesthesia[74].InMokhtaretal.,fouranesthesiacontrolshadsignificantreduction
intotalTrp15minafterstartofsurgery[69].InAarslandetal.,healthycontrols(n=12),
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Figure5.Percentagechangeintryptophan,kynureninesandratiosafterECT.Percentagechange
wascalculatedbasedonconcentrationsbeforeandafterECTcollectedfromtheincludedstudies,
exceptforRyan(2020)[37]andAarsland(2022)[64],wherechangesinpercentagewerecollected
fromthereports.SeeSupplementaryTableS1foradetailedoverviewofthecollectedoutcomesfrom
eachofthereviewedstudies.Thequestionmarksindicatethatthesizeofchangewasunknowndue
tomissingdataonconcentrations.Commentsonparticipantdiagnosis,sampletype,andsample
timing:1schizoaffectivedisorder,2depressioninbipolardisorder,3recurrentdepressivedisorder;
4cerebrospinalfluidsamples;samplescollected515minafterECT,610minafterfirstECT,71min
afterECT,85minafterECT,960minafterECT,102hafterECT,11witheightweeksbetween,12
afterrecoveryfromanesthesia,and1315minafterstartofsurgery.Abbreviations:AA,anthranilic
acid;ECT,electroconvulsivetherapy;HAA,3-hydroxyanthranilicacid;HK,3-hydroxykynurenine;
KA,kynurenicacid;KTR,kynurenine-tryptophan-ratio;Kyn,kynurenine;Pic,picolinicacid;QA,
quinolinicacid;Trp,tryptophan;XA,xanthurenicacid.References:Guloksuz(2015)[33],Schwieler
(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan(2020)[37],Aarsland(2022)[64],Olajossy
(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia(1977)[66],Kirkegaard(1978)[68],Whalley
(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],Sawa(1981)[72],Mokhtar(1997)[69],Palmio
(2005)[71].

Thethreestudiesthatincludedthelargestpanelofkynureninesallfoundtrendsof
increaseinHK,AA,HAA,XAandPic.AfourthstudyalsofoundincreasedHKand
reducedHAAafterECT.However,neitherofthesekynurenines,norQAoranyofthe
pathwayratios,werereportedinasufficientnumberofstudiestoperformavotecounting.

Threestudieshadrepeatedmeasuresfromcontrols(Figure5).InWhalleyetal.,eleven
patientsundergoingcystoscopyservedascontrolsandhadsignificantreductionintotalTrp
afteranesthesia[74].InMokhtaretal.,fouranesthesiacontrolshadsignificantreduction
intotalTrp15minafterstartofsurgery[69].InAarslandetal.,healthycontrols(n=12),
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Figure5.Percentagechangeintryptophan,kynureninesandratiosafterECT.Percentagechange
wascalculatedbasedonconcentrationsbeforeandafterECTcollectedfromtheincludedstudies,
exceptforRyan(2020)[37]andAarsland(2022)[64],wherechangesinpercentagewerecollected
fromthereports.SeeSupplementaryTableS1foradetailedoverviewofthecollectedoutcomesfrom
eachofthereviewedstudies.Thequestionmarksindicatethatthesizeofchangewasunknowndue
tomissingdataonconcentrations.Commentsonparticipantdiagnosis,sampletype,andsample
timing:1schizoaffectivedisorder,2depressioninbipolardisorder,3recurrentdepressivedisorder;
4cerebrospinalfluidsamples;samplescollected515minafterECT,610minafterfirstECT,71min
afterECT,85minafterECT,960minafterECT,102hafterECT,11witheightweeksbetween,12
afterrecoveryfromanesthesia,and1315minafterstartofsurgery.Abbreviations:AA,anthranilic
acid;ECT,electroconvulsivetherapy;HAA,3-hydroxyanthranilicacid;HK,3-hydroxykynurenine;
KA,kynurenicacid;KTR,kynurenine-tryptophan-ratio;Kyn,kynurenine;Pic,picolinicacid;QA,
quinolinicacid;Trp,tryptophan;XA,xanthurenicacid.References:Guloksuz(2015)[33],Schwieler
(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan(2020)[37],Aarsland(2022)[64],Olajossy
(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia(1977)[66],Kirkegaard(1978)[68],Whalley
(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],Sawa(1981)[72],Mokhtar(1997)[69],Palmio
(2005)[71].

Thethreestudiesthatincludedthelargestpanelofkynureninesallfoundtrendsof
increaseinHK,AA,HAA,XAandPic.AfourthstudyalsofoundincreasedHKand
reducedHAAafterECT.However,neitherofthesekynurenines,norQAoranyofthe
pathwayratios,werereportedinasufficientnumberofstudiestoperformavotecounting.

Threestudieshadrepeatedmeasuresfromcontrols(Figure5).InWhalleyetal.,eleven
patientsundergoingcystoscopyservedascontrolsandhadsignificantreductionintotalTrp
afteranesthesia[74].InMokhtaretal.,fouranesthesiacontrolshadsignificantreduction
intotalTrp15minafterstartofsurgery[69].InAarslandetal.,healthycontrols(n=12),
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Figure5.Percentagechangeintryptophan,kynureninesandratiosafterECT.Percentagechange
wascalculatedbasedonconcentrationsbeforeandafterECTcollectedfromtheincludedstudies,
exceptforRyan(2020)[37]andAarsland(2022)[64],wherechangesinpercentagewerecollected
fromthereports.SeeSupplementaryTableS1foradetailedoverviewofthecollectedoutcomesfrom
eachofthereviewedstudies.Thequestionmarksindicatethatthesizeofchangewasunknowndue
tomissingdataonconcentrations.Commentsonparticipantdiagnosis,sampletype,andsample
timing:1schizoaffectivedisorder,2depressioninbipolardisorder,3recurrentdepressivedisorder;
4cerebrospinalfluidsamples;samplescollected515minafterECT,610minafterfirstECT,71min
afterECT,85minafterECT,960minafterECT,102hafterECT,11witheightweeksbetween,12
afterrecoveryfromanesthesia,and1315minafterstartofsurgery.Abbreviations:AA,anthranilic
acid;ECT,electroconvulsivetherapy;HAA,3-hydroxyanthranilicacid;HK,3-hydroxykynurenine;
KA,kynurenicacid;KTR,kynurenine-tryptophan-ratio;Kyn,kynurenine;Pic,picolinicacid;QA,
quinolinicacid;Trp,tryptophan;XA,xanthurenicacid.References:Guloksuz(2015)[33],Schwieler
(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan(2020)[37],Aarsland(2022)[64],Olajossy
(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia(1977)[66],Kirkegaard(1978)[68],Whalley
(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],Sawa(1981)[72],Mokhtar(1997)[69],Palmio
(2005)[71].

Thethreestudiesthatincludedthelargestpanelofkynureninesallfoundtrendsof
increaseinHK,AA,HAA,XAandPic.AfourthstudyalsofoundincreasedHKand
reducedHAAafterECT.However,neitherofthesekynurenines,norQAoranyofthe
pathwayratios,werereportedinasufficientnumberofstudiestoperformavotecounting.

Threestudieshadrepeatedmeasuresfromcontrols(Figure5).InWhalleyetal.,eleven
patientsundergoingcystoscopyservedascontrolsandhadsignificantreductionintotalTrp
afteranesthesia[74].InMokhtaretal.,fouranesthesiacontrolshadsignificantreduction
intotalTrp15minafterstartofsurgery[69].InAarslandetal.,healthycontrols(n=12),
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with no intervention, had significant reduction in Kyn, KA and AA in follow-up samples
collected eight weeks after baseline [35].

3.4. Factors That Can Affect Analyses of Tryptophan and Kynurenines
Figure 6 (simplified version, see Section 4.2.2) and Supplementary Table S2 (detailed

version) show a summary of factors known to be associated with either Trp-kynurenine
metabolism, ECT response, or both and that were extracted from the included studies. The
tables were limited to include factors reported in at least one of the reviewed studies. Dec-
laration and investigations of these factors as possible mediators or confounders differed
widely, with most studies only considering a few.
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Figure 6. Simplified overview of the review studies’ declaration and handling of factors that can
affect analyses of tryptophan and kynurenines in the context of ECT. The table is limited to factors that
have been included in at least one of the reviewed studies. See Supplementary Table S2 for a detailed
version with more information about the reported data for each study. Abbreviations: BMI, body mass
index; CAA, competing amino acid; ECT, electroconvulsive therapy; NEFA, non-esterified fatty acid.
References: Guloksuz (2015) [33], Schwieler (2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan
(2020) [37], Aarsland (2022) [64], Olajossy (2017) [70], Coppen (1973) [63], Abrams (1976) [65], D’Elia
(1977) [66], Kirkegaard (1978) [68], Whalley (1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73],
Sawa (1981) [72], Mokhtar (1997) [69], Palmio (2005) [71].

4. Discussion

4.1. Effect of ECT on Tryptophan, Kynurenines and Ratios
In this systematic review, the primary aim was to summarize changes in Trp and

kynurenines and their ratios after ECT for patients with depression. We identified 17
studies that were eligible for inclusion. Sixteen of these reported measures of total Trp,
seven reported measures of KA, four reported measures of QA, and three studies reported
measures of a large panel of kynurenines and ratios. Vote counting based on direction of
effect found no evidence for an effect of ECT on the levels of free Trp, total Trp, Kyn, KA or
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withnointervention,hadsignificantreductioninKyn,KAandAAinfollow-upsamples
collectedeightweeksafterbaseline[35].

3.4.FactorsThatCanAffectAnalysesofTryptophanandKynurenines
Figure6(simplifiedversion,seeSection4.2.2)andSupplementaryTableS2(detailed

version)showasummaryoffactorsknowntobeassociatedwitheitherTrp-kynurenine
metabolism,ECTresponse,orbothandthatwereextractedfromtheincludedstudies.The
tableswerelimitedtoincludefactorsreportedinatleastoneofthereviewedstudies.Dec-
larationandinvestigationsofthesefactorsaspossiblemediatorsorconfoundersdiffered
widely,withmoststudiesonlyconsideringafew.

 

Factors that can affect tryptophan and kynureninesPatient characteristicsIntervention and study design

In
fla
m
m
at
io
n

A
ge

K
id
ne
y

fu
nc
tio
n

BM
I

Se
x

B 
vi
ta
m
in
s

A
lc
oh
ol
 a
nd

to
ba
cc
o

St
re
ss

N
EF
A

Li
ve
r 

fu
nc
tio
n

N
ut
ri
tio
n

C
A
A

G
lu
co
se

Depression 
characteristicsComorbidity

Psycotropic 
medication

EC
T 

de
ta
ils

N
um
be
r o
f

EC
T 
se
ss
io
ns
 

A
ne
st
he
tic
s 
an
d

m
us
cl
er
el
ax
an
ts
 

Fa
st
in
g

Sa
m
pl
e 
tim
e

af
te
r l
as
t E
C
T 

Re
sp
on
se

Author  
(year)n

D
ia
gn
os
is

Se
ve
ri
ty

O
th
er

Ps
yc
hi
at
ri
c

So
m
at
ic

D
ur
in
g

EC
T

C
ha
ng
es

Guloksuz  
(2015)

19

Schwieler  
(2016)

19

Allen  
(2018)

18

Aarsland  
(2019)

21

Ryan  
(2020)

94

Aarsland  
(2022)

49

Olajossy  
(2017)

50

Coppen  
(1973)

6

Abrams  
(1976)

6

D'Elia  
(1977)

24

Kirkegaard   
(1978)

10

Whalley  
(1980)

18

Hoekstra  
(2001)

20

Stelmasiak  
(1974)

18

Sawa  
(1981)

9

Mokhtar  
(1997)

10

Palmio  
(2005)

10

Measure at baseline / declaredAnalyses of change after ECT / used as covariable or for stratification in sub-analysesIncluded as covariable in main analyses

Not measured / not declared / not consideredNot relevant for the study in question

Figure6.Simplifiedoverviewofthereviewstudies’declarationandhandlingoffactorsthatcan
affectanalysesoftryptophanandkynureninesinthecontextofECT.Thetableislimitedtofactorsthat
havebeenincludedinatleastoneofthereviewedstudies.SeeSupplementaryTableS2foradetailed
versionwithmoreinformationaboutthereporteddataforeachstudy.Abbreviations:BMI,bodymass
index;CAA,competingaminoacid;ECT,electroconvulsivetherapy;NEFA,non-esterifiedfattyacid.
References:Guloksuz(2015)[33],Schwieler(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan
(2020)[37],Aarsland(2022)[64],Olajossy(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia
(1977)[66],Kirkegaard(1978)[68],Whalley(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],
Sawa(1981)[72],Mokhtar(1997)[69],Palmio(2005)[71].

4.Discussion

4.1.EffectofECTonTryptophan,KynureninesandRatios
Inthissystematicreview,theprimaryaimwastosummarizechangesinTrpand

kynureninesandtheirratiosafterECTforpatientswithdepression.Weidentified17
studiesthatwereeligibleforinclusion.SixteenofthesereportedmeasuresoftotalTrp,
sevenreportedmeasuresofKA,fourreportedmeasuresofQA,andthreestudiesreported
measuresofalargepanelofkynureninesandratios.Votecountingbasedondirectionof
effectfoundnoevidenceforaneffectofECTonthelevelsoffreeTrp,totalTrp,Kyn,KAor
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withnointervention,hadsignificantreductioninKyn,KAandAAinfollow-upsamples
collectedeightweeksafterbaseline[35].

3.4.FactorsThatCanAffectAnalysesofTryptophanandKynurenines
Figure6(simplifiedversion,seeSection4.2.2)andSupplementaryTableS2(detailed

version)showasummaryoffactorsknowntobeassociatedwitheitherTrp-kynurenine
metabolism,ECTresponse,orbothandthatwereextractedfromtheincludedstudies.The
tableswerelimitedtoincludefactorsreportedinatleastoneofthereviewedstudies.Dec-
larationandinvestigationsofthesefactorsaspossiblemediatorsorconfoundersdiffered
widely,withmoststudiesonlyconsideringafew.
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Figure6.Simplifiedoverviewofthereviewstudies’declarationandhandlingoffactorsthatcan
affectanalysesoftryptophanandkynureninesinthecontextofECT.Thetableislimitedtofactorsthat
havebeenincludedinatleastoneofthereviewedstudies.SeeSupplementaryTableS2foradetailed
versionwithmoreinformationaboutthereporteddataforeachstudy.Abbreviations:BMI,bodymass
index;CAA,competingaminoacid;ECT,electroconvulsivetherapy;NEFA,non-esterifiedfattyacid.
References:Guloksuz(2015)[33],Schwieler(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan
(2020)[37],Aarsland(2022)[64],Olajossy(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia
(1977)[66],Kirkegaard(1978)[68],Whalley(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],
Sawa(1981)[72],Mokhtar(1997)[69],Palmio(2005)[71].

4.Discussion

4.1.EffectofECTonTryptophan,KynureninesandRatios
Inthissystematicreview,theprimaryaimwastosummarizechangesinTrpand

kynureninesandtheirratiosafterECTforpatientswithdepression.Weidentified17
studiesthatwereeligibleforinclusion.SixteenofthesereportedmeasuresoftotalTrp,
sevenreportedmeasuresofKA,fourreportedmeasuresofQA,andthreestudiesreported
measuresofalargepanelofkynureninesandratios.Votecountingbasedondirectionof
effectfoundnoevidenceforaneffectofECTonthelevelsoffreeTrp,totalTrp,Kyn,KAor
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with no intervention, had significant reduction in Kyn, KA and AA in follow-up samples
collected eight weeks after baseline [35].

3.4. Factors That Can Affect Analyses of Tryptophan and Kynurenines
Figure 6 (simplified version, see Section 4.2.2) and Supplementary Table S2 (detailed

version) show a summary of factors known to be associated with either Trp-kynurenine
metabolism, ECT response, or both and that were extracted from the included studies. The
tables were limited to include factors reported in at least one of the reviewed studies. Dec-
laration and investigations of these factors as possible mediators or confounders differed
widely, with most studies only considering a few.
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Figure 6. Simplified overview of the review studies’ declaration and handling of factors that can
affect analyses of tryptophan and kynurenines in the context of ECT. The table is limited to factors that
have been included in at least one of the reviewed studies. See Supplementary Table S2 for a detailed
version with more information about the reported data for each study. Abbreviations: BMI, body mass
index; CAA, competing amino acid; ECT, electroconvulsive therapy; NEFA, non-esterified fatty acid.
References: Guloksuz (2015) [33], Schwieler (2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan
(2020) [37], Aarsland (2022) [64], Olajossy (2017) [70], Coppen (1973) [63], Abrams (1976) [65], D’Elia
(1977) [66], Kirkegaard (1978) [68], Whalley (1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73],
Sawa (1981) [72], Mokhtar (1997) [69], Palmio (2005) [71].

4. Discussion

4.1. Effect of ECT on Tryptophan, Kynurenines and Ratios
In this systematic review, the primary aim was to summarize changes in Trp and

kynurenines and their ratios after ECT for patients with depression. We identified 17
studies that were eligible for inclusion. Sixteen of these reported measures of total Trp,
seven reported measures of KA, four reported measures of QA, and three studies reported
measures of a large panel of kynurenines and ratios. Vote counting based on direction of
effect found no evidence for an effect of ECT on the levels of free Trp, total Trp, Kyn, KA or
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with no intervention, had significant reduction in Kyn, KA and AA in follow-up samples
collected eight weeks after baseline [35].

3.4. Factors That Can Affect Analyses of Tryptophan and Kynurenines
Figure 6 (simplified version, see Section 4.2.2) and Supplementary Table S2 (detailed

version) show a summary of factors known to be associated with either Trp-kynurenine
metabolism, ECT response, or both and that were extracted from the included studies. The
tables were limited to include factors reported in at least one of the reviewed studies. Dec-
laration and investigations of these factors as possible mediators or confounders differed
widely, with most studies only considering a few.
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Figure 6. Simplified overview of the review studies’ declaration and handling of factors that can
affect analyses of tryptophan and kynurenines in the context of ECT. The table is limited to factors that
have been included in at least one of the reviewed studies. See Supplementary Table S2 for a detailed
version with more information about the reported data for each study. Abbreviations: BMI, body mass
index; CAA, competing amino acid; ECT, electroconvulsive therapy; NEFA, non-esterified fatty acid.
References: Guloksuz (2015) [33], Schwieler (2016) [34], Allen (2018) [36], Aarsland (2019) [35], Ryan
(2020) [37], Aarsland (2022) [64], Olajossy (2017) [70], Coppen (1973) [63], Abrams (1976) [65], D’Elia
(1977) [66], Kirkegaard (1978) [68], Whalley (1980) [74], Hoekstra (2001) [67], Stelmasiak (1974) [73],
Sawa (1981) [72], Mokhtar (1997) [69], Palmio (2005) [71].

4. Discussion

4.1. Effect of ECT on Tryptophan, Kynurenines and Ratios
In this systematic review, the primary aim was to summarize changes in Trp and

kynurenines and their ratios after ECT for patients with depression. We identified 17
studies that were eligible for inclusion. Sixteen of these reported measures of total Trp,
seven reported measures of KA, four reported measures of QA, and three studies reported
measures of a large panel of kynurenines and ratios. Vote counting based on direction of
effect found no evidence for an effect of ECT on the levels of free Trp, total Trp, Kyn, KA or
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withnointervention,hadsignificantreductioninKyn,KAandAAinfollow-upsamples
collectedeightweeksafterbaseline[35].

3.4.FactorsThatCanAffectAnalysesofTryptophanandKynurenines
Figure6(simplifiedversion,seeSection4.2.2)andSupplementaryTableS2(detailed

version)showasummaryoffactorsknowntobeassociatedwitheitherTrp-kynurenine
metabolism,ECTresponse,orbothandthatwereextractedfromtheincludedstudies.The
tableswerelimitedtoincludefactorsreportedinatleastoneofthereviewedstudies.Dec-
larationandinvestigationsofthesefactorsaspossiblemediatorsorconfoundersdiffered
widely,withmoststudiesonlyconsideringafew.
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Figure6.Simplifiedoverviewofthereviewstudies’declarationandhandlingoffactorsthatcan
affectanalysesoftryptophanandkynureninesinthecontextofECT.Thetableislimitedtofactorsthat
havebeenincludedinatleastoneofthereviewedstudies.SeeSupplementaryTableS2foradetailed
versionwithmoreinformationaboutthereporteddataforeachstudy.Abbreviations:BMI,bodymass
index;CAA,competingaminoacid;ECT,electroconvulsivetherapy;NEFA,non-esterifiedfattyacid.
References:Guloksuz(2015)[33],Schwieler(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan
(2020)[37],Aarsland(2022)[64],Olajossy(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia
(1977)[66],Kirkegaard(1978)[68],Whalley(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],
Sawa(1981)[72],Mokhtar(1997)[69],Palmio(2005)[71].

4.Discussion

4.1.EffectofECTonTryptophan,KynureninesandRatios
Inthissystematicreview,theprimaryaimwastosummarizechangesinTrpand

kynureninesandtheirratiosafterECTforpatientswithdepression.Weidentified17
studiesthatwereeligibleforinclusion.SixteenofthesereportedmeasuresoftotalTrp,
sevenreportedmeasuresofKA,fourreportedmeasuresofQA,andthreestudiesreported
measuresofalargepanelofkynureninesandratios.Votecountingbasedondirectionof
effectfoundnoevidenceforaneffectofECTonthelevelsoffreeTrp,totalTrp,Kyn,KAor
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withnointervention,hadsignificantreductioninKyn,KAandAAinfollow-upsamples
collectedeightweeksafterbaseline[35].

3.4.FactorsThatCanAffectAnalysesofTryptophanandKynurenines
Figure6(simplifiedversion,seeSection4.2.2)andSupplementaryTableS2(detailed

version)showasummaryoffactorsknowntobeassociatedwitheitherTrp-kynurenine
metabolism,ECTresponse,orbothandthatwereextractedfromtheincludedstudies.The
tableswerelimitedtoincludefactorsreportedinatleastoneofthereviewedstudies.Dec-
larationandinvestigationsofthesefactorsaspossiblemediatorsorconfoundersdiffered
widely,withmoststudiesonlyconsideringafew.
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Figure6.Simplifiedoverviewofthereviewstudies’declarationandhandlingoffactorsthatcan
affectanalysesoftryptophanandkynureninesinthecontextofECT.Thetableislimitedtofactorsthat
havebeenincludedinatleastoneofthereviewedstudies.SeeSupplementaryTableS2foradetailed
versionwithmoreinformationaboutthereporteddataforeachstudy.Abbreviations:BMI,bodymass
index;CAA,competingaminoacid;ECT,electroconvulsivetherapy;NEFA,non-esterifiedfattyacid.
References:Guloksuz(2015)[33],Schwieler(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan
(2020)[37],Aarsland(2022)[64],Olajossy(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia
(1977)[66],Kirkegaard(1978)[68],Whalley(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],
Sawa(1981)[72],Mokhtar(1997)[69],Palmio(2005)[71].

4.Discussion

4.1.EffectofECTonTryptophan,KynureninesandRatios
Inthissystematicreview,theprimaryaimwastosummarizechangesinTrpand

kynureninesandtheirratiosafterECTforpatientswithdepression.Weidentified17
studiesthatwereeligibleforinclusion.SixteenofthesereportedmeasuresoftotalTrp,
sevenreportedmeasuresofKA,fourreportedmeasuresofQA,andthreestudiesreported
measuresofalargepanelofkynureninesandratios.Votecountingbasedondirectionof
effectfoundnoevidenceforaneffectofECTonthelevelsoffreeTrp,totalTrp,Kyn,KAor
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withnointervention,hadsignificantreductioninKyn,KAandAAinfollow-upsamples
collectedeightweeksafterbaseline[35].

3.4.FactorsThatCanAffectAnalysesofTryptophanandKynurenines
Figure6(simplifiedversion,seeSection4.2.2)andSupplementaryTableS2(detailed

version)showasummaryoffactorsknowntobeassociatedwitheitherTrp-kynurenine
metabolism,ECTresponse,orbothandthatwereextractedfromtheincludedstudies.The
tableswerelimitedtoincludefactorsreportedinatleastoneofthereviewedstudies.Dec-
larationandinvestigationsofthesefactorsaspossiblemediatorsorconfoundersdiffered
widely,withmoststudiesonlyconsideringafew.

 

Factors that can affect tryptophan and kynureninesPatient characteristicsIntervention and study design

Inflam
m

ation

A
ge

K
idney

function

BM
I

Sex

B vitam
ins

A
lcohol and
tobacco

Stress

N
EFA

Liver 
function

N
utrition

C
A

A

G
lucose

Depression 
characteristicsComorbidity

Psycotropic 
medication

EC
T 

details

N
um

ber of
EC

T sessions 

A
nesthetics and

m
usclerelaxants 

Fasting

Sam
ple tim

e
after last EC

T 

Response

Author  
(year)n

D
iagnosis

Severity

O
ther

Psychiatric

Som
atic

D
uring

EC
T

C
hanges

Guloksuz  
(2015)

19

Schwieler  
(2016)

19

Allen  
(2018)

18

Aarsland  
(2019)

21

Ryan  
(2020)

94

Aarsland  
(2022)

49

Olajossy  
(2017)

50

Coppen  
(1973)

6

Abrams  
(1976)

6

D'Elia  
(1977)

24

Kirkegaard   
(1978)

10

Whalley  
(1980)

18

Hoekstra  
(2001)

20

Stelmasiak  
(1974)

18

Sawa  
(1981)

9

Mokhtar  
(1997)

10

Palmio  
(2005)

10

Measure at baseline / declaredAnalyses of change after ECT / used as covariable or for stratification in sub-analysesIncluded as covariable in main analyses

Not measured / not declared / not consideredNot relevant for the study in question

Figure6.Simplifiedoverviewofthereviewstudies’declarationandhandlingoffactorsthatcan
affectanalysesoftryptophanandkynureninesinthecontextofECT.Thetableislimitedtofactorsthat
havebeenincludedinatleastoneofthereviewedstudies.SeeSupplementaryTableS2foradetailed
versionwithmoreinformationaboutthereporteddataforeachstudy.Abbreviations:BMI,bodymass
index;CAA,competingaminoacid;ECT,electroconvulsivetherapy;NEFA,non-esterifiedfattyacid.
References:Guloksuz(2015)[33],Schwieler(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan
(2020)[37],Aarsland(2022)[64],Olajossy(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia
(1977)[66],Kirkegaard(1978)[68],Whalley(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],
Sawa(1981)[72],Mokhtar(1997)[69],Palmio(2005)[71].

4.Discussion

4.1.EffectofECTonTryptophan,KynureninesandRatios
Inthissystematicreview,theprimaryaimwastosummarizechangesinTrpand

kynureninesandtheirratiosafterECTforpatientswithdepression.Weidentified17
studiesthatwereeligibleforinclusion.SixteenofthesereportedmeasuresoftotalTrp,
sevenreportedmeasuresofKA,fourreportedmeasuresofQA,andthreestudiesreported
measuresofalargepanelofkynureninesandratios.Votecountingbasedondirectionof
effectfoundnoevidenceforaneffectofECTonthelevelsoffreeTrp,totalTrp,Kyn,KAor
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withnointervention,hadsignificantreductioninKyn,KAandAAinfollow-upsamples
collectedeightweeksafterbaseline[35].

3.4.FactorsThatCanAffectAnalysesofTryptophanandKynurenines
Figure6(simplifiedversion,seeSection4.2.2)andSupplementaryTableS2(detailed

version)showasummaryoffactorsknowntobeassociatedwitheitherTrp-kynurenine
metabolism,ECTresponse,orbothandthatwereextractedfromtheincludedstudies.The
tableswerelimitedtoincludefactorsreportedinatleastoneofthereviewedstudies.Dec-
larationandinvestigationsofthesefactorsaspossiblemediatorsorconfoundersdiffered
widely,withmoststudiesonlyconsideringafew.
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Figure6.Simplifiedoverviewofthereviewstudies’declarationandhandlingoffactorsthatcan
affectanalysesoftryptophanandkynureninesinthecontextofECT.Thetableislimitedtofactorsthat
havebeenincludedinatleastoneofthereviewedstudies.SeeSupplementaryTableS2foradetailed
versionwithmoreinformationaboutthereporteddataforeachstudy.Abbreviations:BMI,bodymass
index;CAA,competingaminoacid;ECT,electroconvulsivetherapy;NEFA,non-esterifiedfattyacid.
References:Guloksuz(2015)[33],Schwieler(2016)[34],Allen(2018)[36],Aarsland(2019)[35],Ryan
(2020)[37],Aarsland(2022)[64],Olajossy(2017)[70],Coppen(1973)[63],Abrams(1976)[65],D’Elia
(1977)[66],Kirkegaard(1978)[68],Whalley(1980)[74],Hoekstra(2001)[67],Stelmasiak(1974)[73],
Sawa(1981)[72],Mokhtar(1997)[69],Palmio(2005)[71].

4.Discussion

4.1.EffectofECTonTryptophan,KynureninesandRatios
Inthissystematicreview,theprimaryaimwastosummarizechangesinTrpand

kynureninesandtheirratiosafterECTforpatientswithdepression.Weidentified17
studiesthatwereeligibleforinclusion.SixteenofthesereportedmeasuresoftotalTrp,
sevenreportedmeasuresofKA,fourreportedmeasuresofQA,andthreestudiesreported
measuresofalargepanelofkynureninesandratios.Votecountingbasedondirectionof
effectfoundnoevidenceforaneffectofECTonthelevelsoffreeTrp,totalTrp,Kyn,KAor
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KTR. Three studies with a large panel of kynurenines all found trends of increase in HK,
AA, HAA, XA and Pic, but these were too few for synthesis.

As described in the introduction, Trp availability, which is tightly associated with
kynurenine pathway activation, and the balance between neuroactive kynurenines are
two main aspects of Trp-kynurenine metabolism in relation to depression, and both were
addressed by the reviewed studies. Pathway activation and balance have been suggested
to be related, as inflammation induced activation of the pathway potentially causes a larger
increase in HK and QA relative to the side-branch metabolite KA [2,77,78].

Considering Trp availability, our synthesis did not provide evidence of an effect of
ECT on free Trp or total Trp. Measures of free Trp have been important for investigations of
the role of Trp availability for cerebral serotonin production in depression. Increase in free
Trp suggests that more Trp is available for metabolism [39], potentially facilitating more
serotonin production that could contribute to depression symptom relief. Dependent on
the cause of the increase in free Trp, various concomitant changes could be expected in total
Trp. If due to strong Trp displacement from albumin, increased utilization of Trp could be
reflected as a reduction in total Trp concentration [39]. Conversely, if the increase in free
Trp was due to inhibition of Trp metabolizing enzymes, total Trp would also be expected to
increase [39]. In the current review, three out of five studies with numerically increased
free Trp after ECT also found numerically reduced total Trp after ECT. However, only one
of three studies with significant increase in free Trp after ECT found significantly reduced
total Trp. None of these studies on free Trp included kynurenines, so kynurenine pathway
activation as a possible explanation for decreased Trp was not elucidated there. Instead,
these studies investigated the possible role of other factors that could affect the balance
of free and total Trp, including free fatty acids [69,72,73], competing amino acids [69,71],
albumin concentration [68] and anesthesia [72–74], though without any conclusive results.

Kynurenine pathway activation was assessed in the six studies that included both Trp
and kynurenines. As with free and total Trp, the results were inconsistent. The only study
that found a significant decrease in total Trp after ECT also found a significant decrease in
Kyn and QA, with a stable KTR [34], suggestive of an overall reduction in levels of Trp and
kynurenines after ECT. In contrast, the single study that found significant increases in Trp
after ECT also found significant increase in Kyn and HK, with a stable KTR [37], indicating
a general increase in the availability of Trp. KTR was significantly altered after ECT in only
one study (Guloksuz 2015). Here, it was increased, indicating increased pathway activity,
with corresponding but non-significant increase in Kyn and decrease in Trp [33]. The most
conspicuous pattern of change, however, was the trend of increased levels of HK, AA,
HAA, XA and Pic in the three studies investigating a large panel of kynurenines, including
the study with the most participants (94 patients with depression and 57 controls) [37].
Here, Trp was increased in two studies [37,64] and reduced in the third [35], and it is
unclear if the apparent pathway activation was a consequence of increased Trp availability
or, on the contrary, a reason for Trp decrease. As will be discussed further below, this
aspect of analyses of change in kynurenine pathway activation could be elucidated through
measures of factors affecting pathway enzymes, most importantly inflammatory markers,
but potentially also glucocorticoids and vitamin B6 status. Ryan and colleagues found a
significant decrease in TNF-↵ after ECT, suggesting reduced inflammation after ECT [37].
This is often associated with reduced kynurenine pathway activity and, therefore, seemingly
inconsistent with the general trend of increase in pathway metabolites in this study. In the
study of Schwieler and colleagues, several cytokines were measured, but none of them were
changed significantly after ECT [34]. In two other studies, changes in the inflammatory
marker neopterin coincided with changes in kynurenines, suggesting a role of altered
cellular Th1-immune activation after ECT [35,64].

Markers related to the balance between neuroactive effects of kynurenines were
available in seven studies. With a stable concentration of KA, and a significant reduction
in QA and QA/KA, Schwieler 2016 pointed to a possible increased neuroprotection after
ECT. Similarly, Guloksuz found increased KA, KA/Kyn and KA/QA after ECT, together
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KTR.ThreestudieswithalargepanelofkynureninesallfoundtrendsofincreaseinHK,
AA,HAA,XAandPic,buttheseweretoofewforsynthesis.

Asdescribedintheintroduction,Trpavailability,whichistightlyassociatedwith
kynureninepathwayactivation,andthebalancebetweenneuroactivekynureninesare
twomainaspectsofTrp-kynureninemetabolisminrelationtodepression,andbothwere
addressedbythereviewedstudies.Pathwayactivationandbalancehavebeensuggested
toberelated,asinflammationinducedactivationofthepathwaypotentiallycausesalarger
increaseinHKandQArelativetotheside-branchmetaboliteKA[2,77,78].

ConsideringTrpavailability,oursynthesisdidnotprovideevidenceofaneffectof
ECTonfreeTrportotalTrp.MeasuresoffreeTrphavebeenimportantforinvestigationsof
theroleofTrpavailabilityforcerebralserotoninproductionindepression.Increaseinfree
TrpsuggeststhatmoreTrpisavailableformetabolism[39],potentiallyfacilitatingmore
serotoninproductionthatcouldcontributetodepressionsymptomrelief.Dependenton
thecauseoftheincreaseinfreeTrp,variousconcomitantchangescouldbeexpectedintotal
Trp.IfduetostrongTrpdisplacementfromalbumin,increasedutilizationofTrpcouldbe
reflectedasareductionintotalTrpconcentration[39].Conversely,iftheincreaseinfree
TrpwasduetoinhibitionofTrpmetabolizingenzymes,totalTrpwouldalsobeexpectedto
increase[39].Inthecurrentreview,threeoutoffivestudieswithnumericallyincreased
freeTrpafterECTalsofoundnumericallyreducedtotalTrpafterECT.However,onlyone
ofthreestudieswithsignificantincreaseinfreeTrpafterECTfoundsignificantlyreduced
totalTrp.NoneofthesestudiesonfreeTrpincludedkynurenines,sokynureninepathway
activationasapossibleexplanationfordecreasedTrpwasnotelucidatedthere.Instead,
thesestudiesinvestigatedthepossibleroleofotherfactorsthatcouldaffectthebalance
offreeandtotalTrp,includingfreefattyacids[69,72,73],competingaminoacids[69,71],
albuminconcentration[68]andanesthesia[72–74],thoughwithoutanyconclusiveresults.

KynureninepathwayactivationwasassessedinthesixstudiesthatincludedbothTrp
andkynurenines.AswithfreeandtotalTrp,theresultswereinconsistent.Theonlystudy
thatfoundasignificantdecreaseintotalTrpafterECTalsofoundasignificantdecreasein
KynandQA,withastableKTR[34],suggestiveofanoverallreductioninlevelsofTrpand
kynureninesafterECT.Incontrast,thesinglestudythatfoundsignificantincreasesinTrp
afterECTalsofoundsignificantincreaseinKynandHK,withastableKTR[37],indicating
ageneralincreaseintheavailabilityofTrp.KTRwassignificantlyalteredafterECTinonly
onestudy(Guloksuz2015).Here,itwasincreased,indicatingincreasedpathwayactivity,
withcorrespondingbutnon-significantincreaseinKynanddecreaseinTrp[33].Themost
conspicuouspatternofchange,however,wasthetrendofincreasedlevelsofHK,AA,
HAA,XAandPicinthethreestudiesinvestigatingalargepanelofkynurenines,including
thestudywiththemostparticipants(94patientswithdepressionand57controls)[37].
Here,Trpwasincreasedintwostudies[37,64]andreducedinthethird[35],anditis
uncleariftheapparentpathwayactivationwasaconsequenceofincreasedTrpavailability
or,onthecontrary,areasonforTrpdecrease.Aswillbediscussedfurtherbelow,this
aspectofanalysesofchangeinkynureninepathwayactivationcouldbeelucidatedthrough
measuresoffactorsaffectingpathwayenzymes,mostimportantlyinflammatorymarkers,
butpotentiallyalsoglucocorticoidsandvitaminB6status.Ryanandcolleaguesfounda
significantdecreaseinTNF-↵afterECT,suggestingreducedinflammationafterECT[37].
Thisisoftenassociatedwithreducedkynureninepathwayactivityand,therefore,seemingly
inconsistentwiththegeneraltrendofincreaseinpathwaymetabolitesinthisstudy.Inthe
studyofSchwielerandcolleagues,severalcytokinesweremeasured,butnoneofthemwere
changedsignificantlyafterECT[34].Intwootherstudies,changesintheinflammatory
markerneopterincoincidedwithchangesinkynurenines,suggestingaroleofaltered
cellularTh1-immuneactivationafterECT[35,64].

Markersrelatedtothebalancebetweenneuroactiveeffectsofkynurenineswere
availableinsevenstudies.WithastableconcentrationofKA,andasignificantreduction
inQAandQA/KA,Schwieler2016pointedtoapossibleincreasedneuroprotectionafter
ECT.Similarly,GuloksuzfoundincreasedKA,KA/KynandKA/QAafterECT,together
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afterECTalsofoundsignificantincreaseinKynandHK,withastableKTR[37],indicating
ageneralincreaseintheavailabilityofTrp.KTRwassignificantlyalteredafterECTinonly
onestudy(Guloksuz2015).Here,itwasincreased,indicatingincreasedpathwayactivity,
withcorrespondingbutnon-significantincreaseinKynanddecreaseinTrp[33].Themost
conspicuouspatternofchange,however,wasthetrendofincreasedlevelsofHK,AA,
HAA,XAandPicinthethreestudiesinvestigatingalargepanelofkynurenines,including
thestudywiththemostparticipants(94patientswithdepressionand57controls)[37].
Here,Trpwasincreasedintwostudies[37,64]andreducedinthethird[35],anditis
uncleariftheapparentpathwayactivationwasaconsequenceofincreasedTrpavailability
or,onthecontrary,areasonforTrpdecrease.Aswillbediscussedfurtherbelow,this
aspectofanalysesofchangeinkynureninepathwayactivationcouldbeelucidatedthrough
measuresoffactorsaffectingpathwayenzymes,mostimportantlyinflammatorymarkers,
butpotentiallyalsoglucocorticoidsandvitaminB6status.Ryanandcolleaguesfounda
significantdecreaseinTNF-↵afterECT,suggestingreducedinflammationafterECT[37].
Thisisoftenassociatedwithreducedkynureninepathwayactivityand,therefore,seemingly
inconsistentwiththegeneraltrendofincreaseinpathwaymetabolitesinthisstudy.Inthe
studyofSchwielerandcolleagues,severalcytokinesweremeasured,butnoneofthemwere
changedsignificantlyafterECT[34].Intwootherstudies,changesintheinflammatory
markerneopterincoincidedwithchangesinkynurenines,suggestingaroleofaltered
cellularTh1-immuneactivationafterECT[35,64].

Markersrelatedtothebalancebetweenneuroactiveeffectsofkynurenineswere
availableinsevenstudies.WithastableconcentrationofKA,andasignificantreduction
inQAandQA/KA,Schwieler2016pointedtoapossibleincreasedneuroprotectionafter
ECT.Similarly,GuloksuzfoundincreasedKA,KA/KynandKA/QAafterECT,together
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KTR. Three studies with a large panel of kynurenines all found trends of increase in HK,
AA, HAA, XA and Pic, but these were too few for synthesis.

As described in the introduction, Trp availability, which is tightly associated with
kynurenine pathway activation, and the balance between neuroactive kynurenines are
two main aspects of Trp-kynurenine metabolism in relation to depression, and both were
addressed by the reviewed studies. Pathway activation and balance have been suggested
to be related, as inflammation induced activation of the pathway potentially causes a larger
increase in HK and QA relative to the side-branch metabolite KA [2,77,78].

Considering Trp availability, our synthesis did not provide evidence of an effect of
ECT on free Trp or total Trp. Measures of free Trp have been important for investigations of
the role of Trp availability for cerebral serotonin production in depression. Increase in free
Trp suggests that more Trp is available for metabolism [39], potentially facilitating more
serotonin production that could contribute to depression symptom relief. Dependent on
the cause of the increase in free Trp, various concomitant changes could be expected in total
Trp. If due to strong Trp displacement from albumin, increased utilization of Trp could be
reflected as a reduction in total Trp concentration [39]. Conversely, if the increase in free
Trp was due to inhibition of Trp metabolizing enzymes, total Trp would also be expected to
increase [39]. In the current review, three out of five studies with numerically increased
free Trp after ECT also found numerically reduced total Trp after ECT. However, only one
of three studies with significant increase in free Trp after ECT found significantly reduced
total Trp. None of these studies on free Trp included kynurenines, so kynurenine pathway
activation as a possible explanation for decreased Trp was not elucidated there. Instead,
these studies investigated the possible role of other factors that could affect the balance
of free and total Trp, including free fatty acids [69,72,73], competing amino acids [69,71],
albumin concentration [68] and anesthesia [72–74], though without any conclusive results.

Kynurenine pathway activation was assessed in the six studies that included both Trp
and kynurenines. As with free and total Trp, the results were inconsistent. The only study
that found a significant decrease in total Trp after ECT also found a significant decrease in
Kyn and QA, with a stable KTR [34], suggestive of an overall reduction in levels of Trp and
kynurenines after ECT. In contrast, the single study that found significant increases in Trp
after ECT also found significant increase in Kyn and HK, with a stable KTR [37], indicating
a general increase in the availability of Trp. KTR was significantly altered after ECT in only
one study (Guloksuz 2015). Here, it was increased, indicating increased pathway activity,
with corresponding but non-significant increase in Kyn and decrease in Trp [33]. The most
conspicuous pattern of change, however, was the trend of increased levels of HK, AA,
HAA, XA and Pic in the three studies investigating a large panel of kynurenines, including
the study with the most participants (94 patients with depression and 57 controls) [37].
Here, Trp was increased in two studies [37,64] and reduced in the third [35], and it is
unclear if the apparent pathway activation was a consequence of increased Trp availability
or, on the contrary, a reason for Trp decrease. As will be discussed further below, this
aspect of analyses of change in kynurenine pathway activation could be elucidated through
measures of factors affecting pathway enzymes, most importantly inflammatory markers,
but potentially also glucocorticoids and vitamin B6 status. Ryan and colleagues found a
significant decrease in TNF-↵ after ECT, suggesting reduced inflammation after ECT [37].
This is often associated with reduced kynurenine pathway activity and, therefore, seemingly
inconsistent with the general trend of increase in pathway metabolites in this study. In the
study of Schwieler and colleagues, several cytokines were measured, but none of them were
changed significantly after ECT [34]. In two other studies, changes in the inflammatory
marker neopterin coincided with changes in kynurenines, suggesting a role of altered
cellular Th1-immune activation after ECT [35,64].

Markers related to the balance between neuroactive effects of kynurenines were
available in seven studies. With a stable concentration of KA, and a significant reduction
in QA and QA/KA, Schwieler 2016 pointed to a possible increased neuroprotection after
ECT. Similarly, Guloksuz found increased KA, KA/Kyn and KA/QA after ECT, together

Pharmaceuticals 2022, 15, 1439 12 of 29

KTR. Three studies with a large panel of kynurenines all found trends of increase in HK,
AA, HAA, XA and Pic, but these were too few for synthesis.

As described in the introduction, Trp availability, which is tightly associated with
kynurenine pathway activation, and the balance between neuroactive kynurenines are
two main aspects of Trp-kynurenine metabolism in relation to depression, and both were
addressed by the reviewed studies. Pathway activation and balance have been suggested
to be related, as inflammation induced activation of the pathway potentially causes a larger
increase in HK and QA relative to the side-branch metabolite KA [2,77,78].

Considering Trp availability, our synthesis did not provide evidence of an effect of
ECT on free Trp or total Trp. Measures of free Trp have been important for investigations of
the role of Trp availability for cerebral serotonin production in depression. Increase in free
Trp suggests that more Trp is available for metabolism [39], potentially facilitating more
serotonin production that could contribute to depression symptom relief. Dependent on
the cause of the increase in free Trp, various concomitant changes could be expected in total
Trp. If due to strong Trp displacement from albumin, increased utilization of Trp could be
reflected as a reduction in total Trp concentration [39]. Conversely, if the increase in free
Trp was due to inhibition of Trp metabolizing enzymes, total Trp would also be expected to
increase [39]. In the current review, three out of five studies with numerically increased
free Trp after ECT also found numerically reduced total Trp after ECT. However, only one
of three studies with significant increase in free Trp after ECT found significantly reduced
total Trp. None of these studies on free Trp included kynurenines, so kynurenine pathway
activation as a possible explanation for decreased Trp was not elucidated there. Instead,
these studies investigated the possible role of other factors that could affect the balance
of free and total Trp, including free fatty acids [69,72,73], competing amino acids [69,71],
albumin concentration [68] and anesthesia [72–74], though without any conclusive results.

Kynurenine pathway activation was assessed in the six studies that included both Trp
and kynurenines. As with free and total Trp, the results were inconsistent. The only study
that found a significant decrease in total Trp after ECT also found a significant decrease in
Kyn and QA, with a stable KTR [34], suggestive of an overall reduction in levels of Trp and
kynurenines after ECT. In contrast, the single study that found significant increases in Trp
after ECT also found significant increase in Kyn and HK, with a stable KTR [37], indicating
a general increase in the availability of Trp. KTR was significantly altered after ECT in only
one study (Guloksuz 2015). Here, it was increased, indicating increased pathway activity,
with corresponding but non-significant increase in Kyn and decrease in Trp [33]. The most
conspicuous pattern of change, however, was the trend of increased levels of HK, AA,
HAA, XA and Pic in the three studies investigating a large panel of kynurenines, including
the study with the most participants (94 patients with depression and 57 controls) [37].
Here, Trp was increased in two studies [37,64] and reduced in the third [35], and it is
unclear if the apparent pathway activation was a consequence of increased Trp availability
or, on the contrary, a reason for Trp decrease. As will be discussed further below, this
aspect of analyses of change in kynurenine pathway activation could be elucidated through
measures of factors affecting pathway enzymes, most importantly inflammatory markers,
but potentially also glucocorticoids and vitamin B6 status. Ryan and colleagues found a
significant decrease in TNF-↵ after ECT, suggesting reduced inflammation after ECT [37].
This is often associated with reduced kynurenine pathway activity and, therefore, seemingly
inconsistent with the general trend of increase in pathway metabolites in this study. In the
study of Schwieler and colleagues, several cytokines were measured, but none of them were
changed significantly after ECT [34]. In two other studies, changes in the inflammatory
marker neopterin coincided with changes in kynurenines, suggesting a role of altered
cellular Th1-immune activation after ECT [35,64].

Markers related to the balance between neuroactive effects of kynurenines were
available in seven studies. With a stable concentration of KA, and a significant reduction
in QA and QA/KA, Schwieler 2016 pointed to a possible increased neuroprotection after
ECT. Similarly, Guloksuz found increased KA, KA/Kyn and KA/QA after ECT, together
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KTR.ThreestudieswithalargepanelofkynureninesallfoundtrendsofincreaseinHK,
AA,HAA,XAandPic,buttheseweretoofewforsynthesis.

Asdescribedintheintroduction,Trpavailability,whichistightlyassociatedwith
kynureninepathwayactivation,andthebalancebetweenneuroactivekynureninesare
twomainaspectsofTrp-kynureninemetabolisminrelationtodepression,andbothwere
addressedbythereviewedstudies.Pathwayactivationandbalancehavebeensuggested
toberelated,asinflammationinducedactivationofthepathwaypotentiallycausesalarger
increaseinHKandQArelativetotheside-branchmetaboliteKA[2,77,78].

ConsideringTrpavailability,oursynthesisdidnotprovideevidenceofaneffectof
ECTonfreeTrportotalTrp.MeasuresoffreeTrphavebeenimportantforinvestigationsof
theroleofTrpavailabilityforcerebralserotoninproductionindepression.Increaseinfree
TrpsuggeststhatmoreTrpisavailableformetabolism[39],potentiallyfacilitatingmore
serotoninproductionthatcouldcontributetodepressionsymptomrelief.Dependenton
thecauseoftheincreaseinfreeTrp,variousconcomitantchangescouldbeexpectedintotal
Trp.IfduetostrongTrpdisplacementfromalbumin,increasedutilizationofTrpcouldbe
reflectedasareductionintotalTrpconcentration[39].Conversely,iftheincreaseinfree
TrpwasduetoinhibitionofTrpmetabolizingenzymes,totalTrpwouldalsobeexpectedto
increase[39].Inthecurrentreview,threeoutoffivestudieswithnumericallyincreased
freeTrpafterECTalsofoundnumericallyreducedtotalTrpafterECT.However,onlyone
ofthreestudieswithsignificantincreaseinfreeTrpafterECTfoundsignificantlyreduced
totalTrp.NoneofthesestudiesonfreeTrpincludedkynurenines,sokynureninepathway
activationasapossibleexplanationfordecreasedTrpwasnotelucidatedthere.Instead,
thesestudiesinvestigatedthepossibleroleofotherfactorsthatcouldaffectthebalance
offreeandtotalTrp,includingfreefattyacids[69,72,73],competingaminoacids[69,71],
albuminconcentration[68]andanesthesia[72–74],thoughwithoutanyconclusiveresults.

KynureninepathwayactivationwasassessedinthesixstudiesthatincludedbothTrp
andkynurenines.AswithfreeandtotalTrp,theresultswereinconsistent.Theonlystudy
thatfoundasignificantdecreaseintotalTrpafterECTalsofoundasignificantdecreasein
KynandQA,withastableKTR[34],suggestiveofanoverallreductioninlevelsofTrpand
kynureninesafterECT.Incontrast,thesinglestudythatfoundsignificantincreasesinTrp
afterECTalsofoundsignificantincreaseinKynandHK,withastableKTR[37],indicating
ageneralincreaseintheavailabilityofTrp.KTRwassignificantlyalteredafterECTinonly
onestudy(Guloksuz2015).Here,itwasincreased,indicatingincreasedpathwayactivity,
withcorrespondingbutnon-significantincreaseinKynanddecreaseinTrp[33].Themost
conspicuouspatternofchange,however,wasthetrendofincreasedlevelsofHK,AA,
HAA,XAandPicinthethreestudiesinvestigatingalargepanelofkynurenines,including
thestudywiththemostparticipants(94patientswithdepressionand57controls)[37].
Here,Trpwasincreasedintwostudies[37,64]andreducedinthethird[35],anditis
uncleariftheapparentpathwayactivationwasaconsequenceofincreasedTrpavailability
or,onthecontrary,areasonforTrpdecrease.Aswillbediscussedfurtherbelow,this
aspectofanalysesofchangeinkynureninepathwayactivationcouldbeelucidatedthrough
measuresoffactorsaffectingpathwayenzymes,mostimportantlyinflammatorymarkers,
butpotentiallyalsoglucocorticoidsandvitaminB6status.Ryanandcolleaguesfounda
significantdecreaseinTNF-↵afterECT,suggestingreducedinflammationafterECT[37].
Thisisoftenassociatedwithreducedkynureninepathwayactivityand,therefore,seemingly
inconsistentwiththegeneraltrendofincreaseinpathwaymetabolitesinthisstudy.Inthe
studyofSchwielerandcolleagues,severalcytokinesweremeasured,butnoneofthemwere
changedsignificantlyafterECT[34].Intwootherstudies,changesintheinflammatory
markerneopterincoincidedwithchangesinkynurenines,suggestingaroleofaltered
cellularTh1-immuneactivationafterECT[35,64].

Markersrelatedtothebalancebetweenneuroactiveeffectsofkynurenineswere
availableinsevenstudies.WithastableconcentrationofKA,andasignificantreduction
inQAandQA/KA,Schwieler2016pointedtoapossibleincreasedneuroprotectionafter
ECT.Similarly,GuloksuzfoundincreasedKA,KA/KynandKA/QAafterECT,together
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aspectofanalysesofchangeinkynureninepathwayactivationcouldbeelucidatedthrough
measuresoffactorsaffectingpathwayenzymes,mostimportantlyinflammatorymarkers,
butpotentiallyalsoglucocorticoidsandvitaminB6status.Ryanandcolleaguesfounda
significantdecreaseinTNF-↵afterECT,suggestingreducedinflammationafterECT[37].
Thisisoftenassociatedwithreducedkynureninepathwayactivityand,therefore,seemingly
inconsistentwiththegeneraltrendofincreaseinpathwaymetabolitesinthisstudy.Inthe
studyofSchwielerandcolleagues,severalcytokinesweremeasured,butnoneofthemwere
changedsignificantlyafterECT[34].Intwootherstudies,changesintheinflammatory
markerneopterincoincidedwithchangesinkynurenines,suggestingaroleofaltered
cellularTh1-immuneactivationafterECT[35,64].

Markersrelatedtothebalancebetweenneuroactiveeffectsofkynurenineswere
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inQAandQA/KA,Schwieler2016pointedtoapossibleincreasedneuroprotectionafter
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Here,Trpwasincreasedintwostudies[37,64]andreducedinthethird[35],anditis
uncleariftheapparentpathwayactivationwasaconsequenceofincreasedTrpavailability
or,onthecontrary,areasonforTrpdecrease.Aswillbediscussedfurtherbelow,this
aspectofanalysesofchangeinkynureninepathwayactivationcouldbeelucidatedthrough
measuresoffactorsaffectingpathwayenzymes,mostimportantlyinflammatorymarkers,
butpotentiallyalsoglucocorticoidsandvitaminB6status.Ryanandcolleaguesfounda
significantdecreaseinTNF-↵afterECT,suggestingreducedinflammationafterECT[37].
Thisisoftenassociatedwithreducedkynureninepathwayactivityand,therefore,seemingly
inconsistentwiththegeneraltrendofincreaseinpathwaymetabolitesinthisstudy.Inthe
studyofSchwielerandcolleagues,severalcytokinesweremeasured,butnoneofthemwere
changedsignificantlyafterECT[34].Intwootherstudies,changesintheinflammatory
markerneopterincoincidedwithchangesinkynurenines,suggestingaroleofaltered
cellularTh1-immuneactivationafterECT[35,64].

Markersrelatedtothebalancebetweenneuroactiveeffectsofkynurenineswere
availableinsevenstudies.WithastableconcentrationofKA,andasignificantreduction
inQAandQA/KA,Schwieler2016pointedtoapossibleincreasedneuroprotectionafter
ECT.Similarly,GuloksuzfoundincreasedKA,KA/KynandKA/QAafterECT,together
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KTR.ThreestudieswithalargepanelofkynureninesallfoundtrendsofincreaseinHK,
AA,HAA,XAandPic,buttheseweretoofewforsynthesis.

Asdescribedintheintroduction,Trpavailability,whichistightlyassociatedwith
kynureninepathwayactivation,andthebalancebetweenneuroactivekynureninesare
twomainaspectsofTrp-kynureninemetabolisminrelationtodepression,andbothwere
addressedbythereviewedstudies.Pathwayactivationandbalancehavebeensuggested
toberelated,asinflammationinducedactivationofthepathwaypotentiallycausesalarger
increaseinHKandQArelativetotheside-branchmetaboliteKA[2,77,78].

ConsideringTrpavailability,oursynthesisdidnotprovideevidenceofaneffectof
ECTonfreeTrportotalTrp.MeasuresoffreeTrphavebeenimportantforinvestigationsof
theroleofTrpavailabilityforcerebralserotoninproductionindepression.Increaseinfree
TrpsuggeststhatmoreTrpisavailableformetabolism[39],potentiallyfacilitatingmore
serotoninproductionthatcouldcontributetodepressionsymptomrelief.Dependenton
thecauseoftheincreaseinfreeTrp,variousconcomitantchangescouldbeexpectedintotal
Trp.IfduetostrongTrpdisplacementfromalbumin,increasedutilizationofTrpcouldbe
reflectedasareductionintotalTrpconcentration[39].Conversely,iftheincreaseinfree
TrpwasduetoinhibitionofTrpmetabolizingenzymes,totalTrpwouldalsobeexpectedto
increase[39].Inthecurrentreview,threeoutoffivestudieswithnumericallyincreased
freeTrpafterECTalsofoundnumericallyreducedtotalTrpafterECT.However,onlyone
ofthreestudieswithsignificantincreaseinfreeTrpafterECTfoundsignificantlyreduced
totalTrp.NoneofthesestudiesonfreeTrpincludedkynurenines,sokynureninepathway
activationasapossibleexplanationfordecreasedTrpwasnotelucidatedthere.Instead,
thesestudiesinvestigatedthepossibleroleofotherfactorsthatcouldaffectthebalance
offreeandtotalTrp,includingfreefattyacids[69,72,73],competingaminoacids[69,71],
albuminconcentration[68]andanesthesia[72–74],thoughwithoutanyconclusiveresults.

KynureninepathwayactivationwasassessedinthesixstudiesthatincludedbothTrp
andkynurenines.AswithfreeandtotalTrp,theresultswereinconsistent.Theonlystudy
thatfoundasignificantdecreaseintotalTrpafterECTalsofoundasignificantdecreasein
KynandQA,withastableKTR[34],suggestiveofanoverallreductioninlevelsofTrpand
kynureninesafterECT.Incontrast,thesinglestudythatfoundsignificantincreasesinTrp
afterECTalsofoundsignificantincreaseinKynandHK,withastableKTR[37],indicating
ageneralincreaseintheavailabilityofTrp.KTRwassignificantlyalteredafterECTinonly
onestudy(Guloksuz2015).Here,itwasincreased,indicatingincreasedpathwayactivity,
withcorrespondingbutnon-significantincreaseinKynanddecreaseinTrp[33].Themost
conspicuouspatternofchange,however,wasthetrendofincreasedlevelsofHK,AA,
HAA,XAandPicinthethreestudiesinvestigatingalargepanelofkynurenines,including
thestudywiththemostparticipants(94patientswithdepressionand57controls)[37].
Here,Trpwasincreasedintwostudies[37,64]andreducedinthethird[35],anditis
uncleariftheapparentpathwayactivationwasaconsequenceofincreasedTrpavailability
or,onthecontrary,areasonforTrpdecrease.Aswillbediscussedfurtherbelow,this
aspectofanalysesofchangeinkynureninepathwayactivationcouldbeelucidatedthrough
measuresoffactorsaffectingpathwayenzymes,mostimportantlyinflammatorymarkers,
butpotentiallyalsoglucocorticoidsandvitaminB6status.Ryanandcolleaguesfounda
significantdecreaseinTNF-↵afterECT,suggestingreducedinflammationafterECT[37].
Thisisoftenassociatedwithreducedkynureninepathwayactivityand,therefore,seemingly
inconsistentwiththegeneraltrendofincreaseinpathwaymetabolitesinthisstudy.Inthe
studyofSchwielerandcolleagues,severalcytokinesweremeasured,butnoneofthemwere
changedsignificantlyafterECT[34].Intwootherstudies,changesintheinflammatory
markerneopterincoincidedwithchangesinkynurenines,suggestingaroleofaltered
cellularTh1-immuneactivationafterECT[35,64].

Markersrelatedtothebalancebetweenneuroactiveeffectsofkynurenineswere
availableinsevenstudies.WithastableconcentrationofKA,andasignificantreduction
inQAandQA/KA,Schwieler2016pointedtoapossibleincreasedneuroprotectionafter
ECT.Similarly,GuloksuzfoundincreasedKA,KA/KynandKA/QAafterECT,together
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with increased KTR. In contrast, two other studies found signs of lowered neuroprotection,
with increased HK (and QA in adjusted analyses) in one [37] and reduced KA/HK in the
other [64]. The three remaining studies found no significant changes related to pathway
balance. From the synthesis, there was no evidence of an effect of ECT on KA. HK and
QA, two main neuroactive metabolites suspected to cause neurotoxicity in relation to
depression, were not available in a sufficient number of studies to perform a synthesis. Like
with Trp, Kyn and KTR, KA and QA changed in both directions and in various degrees, as
did various ratios used for estimating the balance between neuroactive effects: KA/Kyn,
KA/HK and QA/KA (KA/QA).

The overall lack of consistent results coincides with findings in related biomarker
literature, both in studies investigating the mechanisms of ECT (for a general overview of
biomarkers for ECT, see [79,80]) and in studies analyzing the effect of other anti-depressant
interventions on Trp-kynurenine metabolism (reviewed in [5]). The effect of ECT has
been investigated on many other biochemical systems, some of which are tightly linked to
kynurenine metabolism. Most importantly, change in the concentration of inflammatory
markers after ECT has been the topic of many recent studies (reviewed in [81]). There,
the overall results pointed to a short-term increase in inflammation markers IL-1 and IL-6
after ECT and a reduction in TNF-↵ and IL-6 levels in the long term. Similarly, there were
findings of short-term increase in plasma cortisol after ECT, indicating an acute stress
response, but also a long-term decrease in cortisol after a full treatment series. The review
authors noted, however, that the studies were too few to be conclusive. Due to the activating
role of cortisol, and the mutual regulation between kynurenines and inflammation systems,
these fields are highly important for the investigations of kynurenine metabolism in relation
to ECT. More and larger studies are therefore needed that investigate the relationship
between ECT, inflammation and stress responses, including temporal aspects.

The effect of other anti-depressant treatments, including ketamine and selective sero-
tonin reuptake inhibitors (SSRIs), on kynurenine metabolism has also been investigated.
Like KA, ketamine is an antagonist of NMDAr and involved in regulation of immune
activity [82]. The effects of ketamine on tryptophan metabolites have been investigated in a
handful of studies (reviewed in [82]). One study showed increased levels of Kyn, KA and
KA/Kyn and reduced levels of IDO and QA/Kyn after a series of ketamine infusions [83].
Another study, that was also included in the current review, compared the effects of ECT
and ketamine [36] and found no effect of ketamine on kynurenines when looking at the
whole ketamine treatment group. They found a trend, however, towards a decrease in
Kyn at 2 h after the first infusion in ketamine responders. Similarly, a third study found
increased KA and KA/Kyn in ketamine responders (Zhou 2018). The effects of ketamine
on inflammatory markers have also been investigated, with some studies demonstrating
decrease in peripheral levels of IL-1�, IL-6 and TNF-↵ [82]. A few studies provided data on
kynurenines in relation to treatment with SSRIs (reviewed in [5]). Halaris and colleagues
found reduced HK, QA and KA/QA in 15 patients with depression after 12 weeks of
escitalopram treatment [84]. In a metabolomics study, Zhu and colleagues found reduced
Kyn/melatonin and HK/melatonin in sertraline responders [85]. Finally, Mackay and
colleagues found increased Trp at 6 and 12 weeks of fluoxetine therapy, but no change in
kynurenines [86]. The same was found for a group of patients receiving counselling [86].
Like for ketamine, there were indications that SSRI treatment is associated with reduction
in levels of inflammatory cytokines, specifically IL-1� and IL-6 [87].

Overall, there is still little solid evidence both of effect of ECT on other biochemical
markers and of other anti-depressant treatments on kynurenine pathway metabolism. This
general lack of convincing findings, both in relation to the mechanisms of ECT and the
role of Trp metabolism in treatment of psychiatric disorders, is important as a context
for interpreting the results of the current review. Most importantly, the lack of solid
reproduced findings shows that the field is still in an exploratory phase, and that larger
studies are probably needed to detect changes in kynurenines in relation to ECT. Moreover,
the underlying mechanisms are complex and better understanding of the physiology,
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withincreasedKTR.Incontrast,twootherstudiesfoundsignsofloweredneuroprotection,
withincreasedHK(andQAinadjustedanalyses)inone[37]andreducedKA/HKinthe
other[64].Thethreeremainingstudiesfoundnosignificantchangesrelatedtopathway
balance.Fromthesynthesis,therewasnoevidenceofaneffectofECTonKA.HKand
QA,twomainneuroactivemetabolitessuspectedtocauseneurotoxicityinrelationto
depression,werenotavailableinasufficientnumberofstudiestoperformasynthesis.Like
withTrp,KynandKTR,KAandQAchangedinbothdirectionsandinvariousdegrees,as
didvariousratiosusedforestimatingthebalancebetweenneuroactiveeffects:KA/Kyn,
KA/HKandQA/KA(KA/QA).

Theoveralllackofconsistentresultscoincideswithfindingsinrelatedbiomarker
literature,bothinstudiesinvestigatingthemechanismsofECT(forageneraloverviewof
biomarkersforECT,see[79,80])andinstudiesanalyzingtheeffectofotheranti-depressant
interventionsonTrp-kynureninemetabolism(reviewedin[5]).TheeffectofECThas
beeninvestigatedonmanyotherbiochemicalsystems,someofwhicharetightlylinkedto
kynureninemetabolism.Mostimportantly,changeintheconcentrationofinflammatory
markersafterECThasbeenthetopicofmanyrecentstudies(reviewedin[81]).There,
theoverallresultspointedtoashort-termincreaseininflammationmarkersIL-1andIL-6
afterECTandareductioninTNF-↵andIL-6levelsinthelongterm.Similarly,therewere
findingsofshort-termincreaseinplasmacortisolafterECT,indicatinganacutestress
response,butalsoalong-termdecreaseincortisolafterafulltreatmentseries.Thereview
authorsnoted,however,thatthestudiesweretoofewtobeconclusive.Duetotheactivating
roleofcortisol,andthemutualregulationbetweenkynureninesandinflammationsystems,
thesefieldsarehighlyimportantfortheinvestigationsofkynureninemetabolisminrelation
toECT.Moreandlargerstudiesarethereforeneededthatinvestigatetherelationship
betweenECT,inflammationandstressresponses,includingtemporalaspects.

Theeffectofotheranti-depressanttreatments,includingketamineandselectivesero-
toninreuptakeinhibitors(SSRIs),onkynureninemetabolismhasalsobeeninvestigated.
LikeKA,ketamineisanantagonistofNMDArandinvolvedinregulationofimmune
activity[82].Theeffectsofketamineontryptophanmetaboliteshavebeeninvestigatedina
handfulofstudies(reviewedin[82]).OnestudyshowedincreasedlevelsofKyn,KAand
KA/KynandreducedlevelsofIDOandQA/Kynafteraseriesofketamineinfusions[83].
Anotherstudy,thatwasalsoincludedinthecurrentreview,comparedtheeffectsofECT
andketamine[36]andfoundnoeffectofketamineonkynurenineswhenlookingatthe
wholeketaminetreatmentgroup.Theyfoundatrend,however,towardsadecreasein
Kynat2hafterthefirstinfusioninketamineresponders.Similarly,athirdstudyfound
increasedKAandKA/Kyninketamineresponders(Zhou2018).Theeffectsofketamine
oninflammatorymarkershavealsobeeninvestigated,withsomestudiesdemonstrating
decreaseinperipherallevelsofIL-1�,IL-6andTNF-↵[82].Afewstudiesprovideddataon
kynureninesinrelationtotreatmentwithSSRIs(reviewedin[5]).Halarisandcolleagues
foundreducedHK,QAandKA/QAin15patientswithdepressionafter12weeksof
escitalopramtreatment[84].Inametabolomicsstudy,Zhuandcolleaguesfoundreduced
Kyn/melatoninandHK/melatonininsertralineresponders[85].Finally,Mackayand
colleaguesfoundincreasedTrpat6and12weeksoffluoxetinetherapy,butnochangein
kynurenines[86].Thesamewasfoundforagroupofpatientsreceivingcounselling[86].
Likeforketamine,therewereindicationsthatSSRItreatmentisassociatedwithreduction
inlevelsofinflammatorycytokines,specificallyIL-1�andIL-6[87].

Overall,thereisstilllittlesolidevidencebothofeffectofECTonotherbiochemical
markersandofotheranti-depressanttreatmentsonkynureninepathwaymetabolism.This
generallackofconvincingfindings,bothinrelationtothemechanismsofECTandthe
roleofTrpmetabolismintreatmentofpsychiatricdisorders,isimportantasacontext
forinterpretingtheresultsofthecurrentreview.Mostimportantly,thelackofsolid
reproducedfindingsshowsthatthefieldisstillinanexploratoryphase,andthatlarger
studiesareprobablyneededtodetectchangesinkynureninesinrelationtoECT.Moreover,
theunderlyingmechanismsarecomplexandbetterunderstandingofthephysiology,
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withincreasedKTR.Incontrast,twootherstudiesfoundsignsofloweredneuroprotection,
withincreasedHK(andQAinadjustedanalyses)inone[37]andreducedKA/HKinthe
other[64].Thethreeremainingstudiesfoundnosignificantchangesrelatedtopathway
balance.Fromthesynthesis,therewasnoevidenceofaneffectofECTonKA.HKand
QA,twomainneuroactivemetabolitessuspectedtocauseneurotoxicityinrelationto
depression,werenotavailableinasufficientnumberofstudiestoperformasynthesis.Like
withTrp,KynandKTR,KAandQAchangedinbothdirectionsandinvariousdegrees,as
didvariousratiosusedforestimatingthebalancebetweenneuroactiveeffects:KA/Kyn,
KA/HKandQA/KA(KA/QA).

Theoveralllackofconsistentresultscoincideswithfindingsinrelatedbiomarker
literature,bothinstudiesinvestigatingthemechanismsofECT(forageneraloverviewof
biomarkersforECT,see[79,80])andinstudiesanalyzingtheeffectofotheranti-depressant
interventionsonTrp-kynureninemetabolism(reviewedin[5]).TheeffectofECThas
beeninvestigatedonmanyotherbiochemicalsystems,someofwhicharetightlylinkedto
kynureninemetabolism.Mostimportantly,changeintheconcentrationofinflammatory
markersafterECThasbeenthetopicofmanyrecentstudies(reviewedin[81]).There,
theoverallresultspointedtoashort-termincreaseininflammationmarkersIL-1andIL-6
afterECTandareductioninTNF-↵andIL-6levelsinthelongterm.Similarly,therewere
findingsofshort-termincreaseinplasmacortisolafterECT,indicatinganacutestress
response,butalsoalong-termdecreaseincortisolafterafulltreatmentseries.Thereview
authorsnoted,however,thatthestudiesweretoofewtobeconclusive.Duetotheactivating
roleofcortisol,andthemutualregulationbetweenkynureninesandinflammationsystems,
thesefieldsarehighlyimportantfortheinvestigationsofkynureninemetabolisminrelation
toECT.Moreandlargerstudiesarethereforeneededthatinvestigatetherelationship
betweenECT,inflammationandstressresponses,includingtemporalaspects.

Theeffectofotheranti-depressanttreatments,includingketamineandselectivesero-
toninreuptakeinhibitors(SSRIs),onkynureninemetabolismhasalsobeeninvestigated.
LikeKA,ketamineisanantagonistofNMDArandinvolvedinregulationofimmune
activity[82].Theeffectsofketamineontryptophanmetaboliteshavebeeninvestigatedina
handfulofstudies(reviewedin[82]).OnestudyshowedincreasedlevelsofKyn,KAand
KA/KynandreducedlevelsofIDOandQA/Kynafteraseriesofketamineinfusions[83].
Anotherstudy,thatwasalsoincludedinthecurrentreview,comparedtheeffectsofECT
andketamine[36]andfoundnoeffectofketamineonkynurenineswhenlookingatthe
wholeketaminetreatmentgroup.Theyfoundatrend,however,towardsadecreasein
Kynat2hafterthefirstinfusioninketamineresponders.Similarly,athirdstudyfound
increasedKAandKA/Kyninketamineresponders(Zhou2018).Theeffectsofketamine
oninflammatorymarkershavealsobeeninvestigated,withsomestudiesdemonstrating
decreaseinperipherallevelsofIL-1�,IL-6andTNF-↵[82].Afewstudiesprovideddataon
kynureninesinrelationtotreatmentwithSSRIs(reviewedin[5]).Halarisandcolleagues
foundreducedHK,QAandKA/QAin15patientswithdepressionafter12weeksof
escitalopramtreatment[84].Inametabolomicsstudy,Zhuandcolleaguesfoundreduced
Kyn/melatoninandHK/melatonininsertralineresponders[85].Finally,Mackayand
colleaguesfoundincreasedTrpat6and12weeksoffluoxetinetherapy,butnochangein
kynurenines[86].Thesamewasfoundforagroupofpatientsreceivingcounselling[86].
Likeforketamine,therewereindicationsthatSSRItreatmentisassociatedwithreduction
inlevelsofinflammatorycytokines,specificallyIL-1�andIL-6[87].

Overall,thereisstilllittlesolidevidencebothofeffectofECTonotherbiochemical
markersandofotheranti-depressanttreatmentsonkynureninepathwaymetabolism.This
generallackofconvincingfindings,bothinrelationtothemechanismsofECTandthe
roleofTrpmetabolismintreatmentofpsychiatricdisorders,isimportantasacontext
forinterpretingtheresultsofthecurrentreview.Mostimportantly,thelackofsolid
reproducedfindingsshowsthatthefieldisstillinanexploratoryphase,andthatlarger
studiesareprobablyneededtodetectchangesinkynureninesinrelationtoECT.Moreover,
theunderlyingmechanismsarecomplexandbetterunderstandingofthephysiology,
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with increased KTR. In contrast, two other studies found signs of lowered neuroprotection,
with increased HK (and QA in adjusted analyses) in one [37] and reduced KA/HK in the
other [64]. The three remaining studies found no significant changes related to pathway
balance. From the synthesis, there was no evidence of an effect of ECT on KA. HK and
QA, two main neuroactive metabolites suspected to cause neurotoxicity in relation to
depression, were not available in a sufficient number of studies to perform a synthesis. Like
with Trp, Kyn and KTR, KA and QA changed in both directions and in various degrees, as
did various ratios used for estimating the balance between neuroactive effects: KA/Kyn,
KA/HK and QA/KA (KA/QA).

The overall lack of consistent results coincides with findings in related biomarker
literature, both in studies investigating the mechanisms of ECT (for a general overview of
biomarkers for ECT, see [79,80]) and in studies analyzing the effect of other anti-depressant
interventions on Trp-kynurenine metabolism (reviewed in [5]). The effect of ECT has
been investigated on many other biochemical systems, some of which are tightly linked to
kynurenine metabolism. Most importantly, change in the concentration of inflammatory
markers after ECT has been the topic of many recent studies (reviewed in [81]). There,
the overall results pointed to a short-term increase in inflammation markers IL-1 and IL-6
after ECT and a reduction in TNF-↵ and IL-6 levels in the long term. Similarly, there were
findings of short-term increase in plasma cortisol after ECT, indicating an acute stress
response, but also a long-term decrease in cortisol after a full treatment series. The review
authors noted, however, that the studies were too few to be conclusive. Due to the activating
role of cortisol, and the mutual regulation between kynurenines and inflammation systems,
these fields are highly important for the investigations of kynurenine metabolism in relation
to ECT. More and larger studies are therefore needed that investigate the relationship
between ECT, inflammation and stress responses, including temporal aspects.

The effect of other anti-depressant treatments, including ketamine and selective sero-
tonin reuptake inhibitors (SSRIs), on kynurenine metabolism has also been investigated.
Like KA, ketamine is an antagonist of NMDAr and involved in regulation of immune
activity [82]. The effects of ketamine on tryptophan metabolites have been investigated in a
handful of studies (reviewed in [82]). One study showed increased levels of Kyn, KA and
KA/Kyn and reduced levels of IDO and QA/Kyn after a series of ketamine infusions [83].
Another study, that was also included in the current review, compared the effects of ECT
and ketamine [36] and found no effect of ketamine on kynurenines when looking at the
whole ketamine treatment group. They found a trend, however, towards a decrease in
Kyn at 2 h after the first infusion in ketamine responders. Similarly, a third study found
increased KA and KA/Kyn in ketamine responders (Zhou 2018). The effects of ketamine
on inflammatory markers have also been investigated, with some studies demonstrating
decrease in peripheral levels of IL-1�, IL-6 and TNF-↵ [82]. A few studies provided data on
kynurenines in relation to treatment with SSRIs (reviewed in [5]). Halaris and colleagues
found reduced HK, QA and KA/QA in 15 patients with depression after 12 weeks of
escitalopram treatment [84]. In a metabolomics study, Zhu and colleagues found reduced
Kyn/melatonin and HK/melatonin in sertraline responders [85]. Finally, Mackay and
colleagues found increased Trp at 6 and 12 weeks of fluoxetine therapy, but no change in
kynurenines [86]. The same was found for a group of patients receiving counselling [86].
Like for ketamine, there were indications that SSRI treatment is associated with reduction
in levels of inflammatory cytokines, specifically IL-1� and IL-6 [87].

Overall, there is still little solid evidence both of effect of ECT on other biochemical
markers and of other anti-depressant treatments on kynurenine pathway metabolism. This
general lack of convincing findings, both in relation to the mechanisms of ECT and the
role of Trp metabolism in treatment of psychiatric disorders, is important as a context
for interpreting the results of the current review. Most importantly, the lack of solid
reproduced findings shows that the field is still in an exploratory phase, and that larger
studies are probably needed to detect changes in kynurenines in relation to ECT. Moreover,
the underlying mechanisms are complex and better understanding of the physiology,
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with increased KTR. In contrast, two other studies found signs of lowered neuroprotection,
with increased HK (and QA in adjusted analyses) in one [37] and reduced KA/HK in the
other [64]. The three remaining studies found no significant changes related to pathway
balance. From the synthesis, there was no evidence of an effect of ECT on KA. HK and
QA, two main neuroactive metabolites suspected to cause neurotoxicity in relation to
depression, were not available in a sufficient number of studies to perform a synthesis. Like
with Trp, Kyn and KTR, KA and QA changed in both directions and in various degrees, as
did various ratios used for estimating the balance between neuroactive effects: KA/Kyn,
KA/HK and QA/KA (KA/QA).

The overall lack of consistent results coincides with findings in related biomarker
literature, both in studies investigating the mechanisms of ECT (for a general overview of
biomarkers for ECT, see [79,80]) and in studies analyzing the effect of other anti-depressant
interventions on Trp-kynurenine metabolism (reviewed in [5]). The effect of ECT has
been investigated on many other biochemical systems, some of which are tightly linked to
kynurenine metabolism. Most importantly, change in the concentration of inflammatory
markers after ECT has been the topic of many recent studies (reviewed in [81]). There,
the overall results pointed to a short-term increase in inflammation markers IL-1 and IL-6
after ECT and a reduction in TNF-↵ and IL-6 levels in the long term. Similarly, there were
findings of short-term increase in plasma cortisol after ECT, indicating an acute stress
response, but also a long-term decrease in cortisol after a full treatment series. The review
authors noted, however, that the studies were too few to be conclusive. Due to the activating
role of cortisol, and the mutual regulation between kynurenines and inflammation systems,
these fields are highly important for the investigations of kynurenine metabolism in relation
to ECT. More and larger studies are therefore needed that investigate the relationship
between ECT, inflammation and stress responses, including temporal aspects.

The effect of other anti-depressant treatments, including ketamine and selective sero-
tonin reuptake inhibitors (SSRIs), on kynurenine metabolism has also been investigated.
Like KA, ketamine is an antagonist of NMDAr and involved in regulation of immune
activity [82]. The effects of ketamine on tryptophan metabolites have been investigated in a
handful of studies (reviewed in [82]). One study showed increased levels of Kyn, KA and
KA/Kyn and reduced levels of IDO and QA/Kyn after a series of ketamine infusions [83].
Another study, that was also included in the current review, compared the effects of ECT
and ketamine [36] and found no effect of ketamine on kynurenines when looking at the
whole ketamine treatment group. They found a trend, however, towards a decrease in
Kyn at 2 h after the first infusion in ketamine responders. Similarly, a third study found
increased KA and KA/Kyn in ketamine responders (Zhou 2018). The effects of ketamine
on inflammatory markers have also been investigated, with some studies demonstrating
decrease in peripheral levels of IL-1�, IL-6 and TNF-↵ [82]. A few studies provided data on
kynurenines in relation to treatment with SSRIs (reviewed in [5]). Halaris and colleagues
found reduced HK, QA and KA/QA in 15 patients with depression after 12 weeks of
escitalopram treatment [84]. In a metabolomics study, Zhu and colleagues found reduced
Kyn/melatonin and HK/melatonin in sertraline responders [85]. Finally, Mackay and
colleagues found increased Trp at 6 and 12 weeks of fluoxetine therapy, but no change in
kynurenines [86]. The same was found for a group of patients receiving counselling [86].
Like for ketamine, there were indications that SSRI treatment is associated with reduction
in levels of inflammatory cytokines, specifically IL-1� and IL-6 [87].

Overall, there is still little solid evidence both of effect of ECT on other biochemical
markers and of other anti-depressant treatments on kynurenine pathway metabolism. This
general lack of convincing findings, both in relation to the mechanisms of ECT and the
role of Trp metabolism in treatment of psychiatric disorders, is important as a context
for interpreting the results of the current review. Most importantly, the lack of solid
reproduced findings shows that the field is still in an exploratory phase, and that larger
studies are probably needed to detect changes in kynurenines in relation to ECT. Moreover,
the underlying mechanisms are complex and better understanding of the physiology,
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withincreasedKTR.Incontrast,twootherstudiesfoundsignsofloweredneuroprotection,
withincreasedHK(andQAinadjustedanalyses)inone[37]andreducedKA/HKinthe
other[64].Thethreeremainingstudiesfoundnosignificantchangesrelatedtopathway
balance.Fromthesynthesis,therewasnoevidenceofaneffectofECTonKA.HKand
QA,twomainneuroactivemetabolitessuspectedtocauseneurotoxicityinrelationto
depression,werenotavailableinasufficientnumberofstudiestoperformasynthesis.Like
withTrp,KynandKTR,KAandQAchangedinbothdirectionsandinvariousdegrees,as
didvariousratiosusedforestimatingthebalancebetweenneuroactiveeffects:KA/Kyn,
KA/HKandQA/KA(KA/QA).

Theoveralllackofconsistentresultscoincideswithfindingsinrelatedbiomarker
literature,bothinstudiesinvestigatingthemechanismsofECT(forageneraloverviewof
biomarkersforECT,see[79,80])andinstudiesanalyzingtheeffectofotheranti-depressant
interventionsonTrp-kynureninemetabolism(reviewedin[5]).TheeffectofECThas
beeninvestigatedonmanyotherbiochemicalsystems,someofwhicharetightlylinkedto
kynureninemetabolism.Mostimportantly,changeintheconcentrationofinflammatory
markersafterECThasbeenthetopicofmanyrecentstudies(reviewedin[81]).There,
theoverallresultspointedtoashort-termincreaseininflammationmarkersIL-1andIL-6
afterECTandareductioninTNF-↵andIL-6levelsinthelongterm.Similarly,therewere
findingsofshort-termincreaseinplasmacortisolafterECT,indicatinganacutestress
response,butalsoalong-termdecreaseincortisolafterafulltreatmentseries.Thereview
authorsnoted,however,thatthestudiesweretoofewtobeconclusive.Duetotheactivating
roleofcortisol,andthemutualregulationbetweenkynureninesandinflammationsystems,
thesefieldsarehighlyimportantfortheinvestigationsofkynureninemetabolisminrelation
toECT.Moreandlargerstudiesarethereforeneededthatinvestigatetherelationship
betweenECT,inflammationandstressresponses,includingtemporalaspects.

Theeffectofotheranti-depressanttreatments,includingketamineandselectivesero-
toninreuptakeinhibitors(SSRIs),onkynureninemetabolismhasalsobeeninvestigated.
LikeKA,ketamineisanantagonistofNMDArandinvolvedinregulationofimmune
activity[82].Theeffectsofketamineontryptophanmetaboliteshavebeeninvestigatedina
handfulofstudies(reviewedin[82]).OnestudyshowedincreasedlevelsofKyn,KAand
KA/KynandreducedlevelsofIDOandQA/Kynafteraseriesofketamineinfusions[83].
Anotherstudy,thatwasalsoincludedinthecurrentreview,comparedtheeffectsofECT
andketamine[36]andfoundnoeffectofketamineonkynurenineswhenlookingatthe
wholeketaminetreatmentgroup.Theyfoundatrend,however,towardsadecreasein
Kynat2hafterthefirstinfusioninketamineresponders.Similarly,athirdstudyfound
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including normal variation, key determinants and other influential factors, are needed to
unravel the role of Trp and the kynurenine pathway in this context.

4.2. Effect Modifiers and Mediators
It is apparent that clinical and methodological differences play a role when comparing

studies and looking for overarching patterns. Due to large differences in patient character-
istics and methods, comparing studies and summarizing findings is challenging. Given
the supposed relationship between Trp and kynurenine pathway abnormalities and de-
pression symptom severity, results of studies can vary, not only due to variables affecting
Trp metabolism or measures of Trp metabolites, but potentially also due to differences in
treatment response. As reported above, we collected information on some central factors
(summarized in Figure 6/Supplementary Table S2) that can affect baseline concentrations,
metabolite changes after ECT as well as the patients’ response to ECT. In the following,
we discuss their relevance for Trp-kynurenine metabolism, and the implications for cross
sectional comparisons and analyses of changes after ECT.

4.2.1. The Kynurenine Pathway of Tryptophan Metabolism (Figure 1)
Trp is an essential amino acid, i.e., not synthesized in the human body, and is sup-

plied from diet and protein degradation. In blood, about 90 percent of Trp is bound to
albumin, and the remaining unbound fraction, free Trp, is available for metabolization [88].
Displacement of Trp from albumin increases the free fraction of Trp in blood, potentially
increasing Trp availability for serotonin synthesis in the brain [89]. Trp levels in the central
nervous system, however, are dependent on transport across the blood brain barrier (BBB)
by L-type amino acid transporter (LAT1) [88]. Total Trp in serum is, therefore, dependent
on nutritional supply, the concentration of albumin, the rate of binding to and release from
albumin, transport into other tissues and its subsequent metabolization.

The first step of the kynurenine pathway is the conversion of Trp to formyl-kynurenine
by one of two enzymes, tryptophan 2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase
1 (IDO1). TDO is activated by Trp itself and induced by glucocorticoids such as cortisol [89].
IDO1, on the other hand, is induced by pro-inflammatory cytokines, especially interferon
gamma (IFN-�) [90]. Formyl-kynurenine is rapidly converted to Kyn, which can be metabo-
lized to HK by kynurenine monooxygenase (KMO), to KA by kynurenine aminotransferases
(KATs) or to AA by kynureninase (KYNU). KYNU is also necessary for the further con-
version of HK to 3-hydroxyanthralinic acid (HAA), which can be metabolized to QA or
to picolinic acid (Pic). HK can also be converted to xanthurenic acid (XA) by KAT. Two B
vitamins are central cofactors in the pathway. Pyridoxal 50-phosphate (PLP), an active form
of vitamin B 6, is cofactor of KAT and KYNU, and therefore necessary for the enzymatic
steps leading to KA, AA, XA and HAA. Flavine adenine dinucleotide (FAD), the active
form of vitamin B2, is cofactor of KMO and necessary for the conversion of Kyn to HK [91].
The activity of the pathway enzymes affects both upstream and downstream metabolites,
as high activity consumes precursors, while low activity can cause precursor accumulation.

While most of Trp metabolism is handled by TDO in the liver, the activity of IDO1 in
other tissues can increase dramatically under pro-inflammatory conditions [8]. Like IDO1,
KMO is induced by IFN-� [8]. Inflammation related induction of the pathway is often
reflected in a higher KTR and can result in increased levels of HK and QA [2]. Kynurenine
pathway metabolites are eliminated from the body mainly by renal excretion [92]. The con-
centration of kynurenines in the central nervous system is dependent on local metabolism
and transport across the blood brain barrier (BBB). Like Trp, Kyn is transported across the
BBB by LAT1. The concentration of IDO and TDO is substantially lower in the brain than in
other tissues, and most of the local metabolism seems to be based on Kyn [24]. The ability
of other kynurenines to cross the BBB is debated, but the primary view is that QA, and
especially KA, cross poorly and that their concentration therefore is dependent on local
metabolism in glial cells [24]. Like in other tissues, local inflammation in the brain can cause
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includingnormalvariation,keydeterminantsandotherinfluentialfactors,areneededto
unraveltheroleofTrpandthekynureninepathwayinthiscontext.

4.2.EffectModifiersandMediators
Itisapparentthatclinicalandmethodologicaldifferencesplayarolewhencomparing

studiesandlookingforoverarchingpatterns.Duetolargedifferencesinpatientcharacter-
isticsandmethods,comparingstudiesandsummarizingfindingsischallenging.Given
thesupposedrelationshipbetweenTrpandkynureninepathwayabnormalitiesandde-
pressionsymptomseverity,resultsofstudiescanvary,notonlyduetovariablesaffecting
TrpmetabolismormeasuresofTrpmetabolites,butpotentiallyalsoduetodifferencesin
treatmentresponse.Asreportedabove,wecollectedinformationonsomecentralfactors
(summarizedinFigure6/SupplementaryTableS2)thatcanaffectbaselineconcentrations,
metabolitechangesafterECTaswellasthepatients’responsetoECT.Inthefollowing,
wediscusstheirrelevanceforTrp-kynureninemetabolism,andtheimplicationsforcross
sectionalcomparisonsandanalysesofchangesafterECT.

4.2.1.TheKynureninePathwayofTryptophanMetabolism(Figure1)
Trpisanessentialaminoacid,i.e.,notsynthesizedinthehumanbody,andissup-

pliedfromdietandproteindegradation.Inblood,about90percentofTrpisboundto
albumin,andtheremainingunboundfraction,freeTrp,isavailableformetabolization[88].
DisplacementofTrpfromalbuminincreasesthefreefractionofTrpinblood,potentially
increasingTrpavailabilityforserotoninsynthesisinthebrain[89].Trplevelsinthecentral
nervoussystem,however,aredependentontransportacrossthebloodbrainbarrier(BBB)
byL-typeaminoacidtransporter(LAT1)[88].TotalTrpinserumis,therefore,dependent
onnutritionalsupply,theconcentrationofalbumin,therateofbindingtoandreleasefrom
albumin,transportintoothertissuesanditssubsequentmetabolization.

ThefirststepofthekynureninepathwayistheconversionofTrptoformyl-kynurenine
byoneoftwoenzymes,tryptophan2,3-dioxygenase(TDO)andindolamine2,3-dioxygenase
1(IDO1).TDOisactivatedbyTrpitselfandinducedbyglucocorticoidssuchascortisol[89].
IDO1,ontheotherhand,isinducedbypro-inflammatorycytokines,especiallyinterferon
gamma(IFN-�)[90].Formyl-kynurenineisrapidlyconvertedtoKyn,whichcanbemetabo-
lizedtoHKbykynureninemonooxygenase(KMO),toKAbykynurenineaminotransferases
(KATs)ortoAAbykynureninase(KYNU).KYNUisalsonecessaryforthefurthercon-
versionofHKto3-hydroxyanthralinicacid(HAA),whichcanbemetabolizedtoQAor
topicolinicacid(Pic).HKcanalsobeconvertedtoxanthurenicacid(XA)byKAT.TwoB
vitaminsarecentralcofactorsinthepathway.Pyridoxal50-phosphate(PLP),anactiveform
ofvitaminB6,iscofactorofKATandKYNU,andthereforenecessaryfortheenzymatic
stepsleadingtoKA,AA,XAandHAA.Flavineadeninedinucleotide(FAD),theactive
formofvitaminB2,iscofactorofKMOandnecessaryfortheconversionofKyntoHK[91].
Theactivityofthepathwayenzymesaffectsbothupstreamanddownstreammetabolites,
ashighactivityconsumesprecursors,whilelowactivitycancauseprecursoraccumulation.

WhilemostofTrpmetabolismishandledbyTDOintheliver,theactivityofIDO1in
othertissuescanincreasedramaticallyunderpro-inflammatoryconditions[8].LikeIDO1,
KMOisinducedbyIFN-�[8].Inflammationrelatedinductionofthepathwayisoften
reflectedinahigherKTRandcanresultinincreasedlevelsofHKandQA[2].Kynurenine
pathwaymetabolitesareeliminatedfromthebodymainlybyrenalexcretion[92].Thecon-
centrationofkynureninesinthecentralnervoussystemisdependentonlocalmetabolism
andtransportacrossthebloodbrainbarrier(BBB).LikeTrp,Kynistransportedacrossthe
BBBbyLAT1.TheconcentrationofIDOandTDOissubstantiallylowerinthebrainthanin
othertissues,andmostofthelocalmetabolismseemstobebasedonKyn[24].Theability
ofotherkynureninestocrosstheBBBisdebated,buttheprimaryviewisthatQA,and
especiallyKA,crosspoorlyandthattheirconcentrationthereforeisdependentonlocal
metabolisminglialcells[24].Likeinothertissues,localinflammationinthebraincancause
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including normal variation, key determinants and other influential factors, are needed to
unravel the role of Trp and the kynurenine pathway in this context.

4.2. Effect Modifiers and Mediators
It is apparent that clinical and methodological differences play a role when comparing

studies and looking for overarching patterns. Due to large differences in patient character-
istics and methods, comparing studies and summarizing findings is challenging. Given
the supposed relationship between Trp and kynurenine pathway abnormalities and de-
pression symptom severity, results of studies can vary, not only due to variables affecting
Trp metabolism or measures of Trp metabolites, but potentially also due to differences in
treatment response. As reported above, we collected information on some central factors
(summarized in Figure 6/Supplementary Table S2) that can affect baseline concentrations,
metabolite changes after ECT as well as the patients’ response to ECT. In the following,
we discuss their relevance for Trp-kynurenine metabolism, and the implications for cross
sectional comparisons and analyses of changes after ECT.

4.2.1. The Kynurenine Pathway of Tryptophan Metabolism (Figure 1)
Trp is an essential amino acid, i.e., not synthesized in the human body, and is sup-

plied from diet and protein degradation. In blood, about 90 percent of Trp is bound to
albumin, and the remaining unbound fraction, free Trp, is available for metabolization [88].
Displacement of Trp from albumin increases the free fraction of Trp in blood, potentially
increasing Trp availability for serotonin synthesis in the brain [89]. Trp levels in the central
nervous system, however, are dependent on transport across the blood brain barrier (BBB)
by L-type amino acid transporter (LAT1) [88]. Total Trp in serum is, therefore, dependent
on nutritional supply, the concentration of albumin, the rate of binding to and release from
albumin, transport into other tissues and its subsequent metabolization.

The first step of the kynurenine pathway is the conversion of Trp to formyl-kynurenine
by one of two enzymes, tryptophan 2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase
1 (IDO1). TDO is activated by Trp itself and induced by glucocorticoids such as cortisol [89].
IDO1, on the other hand, is induced by pro-inflammatory cytokines, especially interferon
gamma (IFN-�) [90]. Formyl-kynurenine is rapidly converted to Kyn, which can be metabo-
lized to HK by kynurenine monooxygenase (KMO), to KA by kynurenine aminotransferases
(KATs) or to AA by kynureninase (KYNU). KYNU is also necessary for the further con-
version of HK to 3-hydroxyanthralinic acid (HAA), which can be metabolized to QA or
to picolinic acid (Pic). HK can also be converted to xanthurenic acid (XA) by KAT. Two B
vitamins are central cofactors in the pathway. Pyridoxal 50-phosphate (PLP), an active form
of vitamin B 6, is cofactor of KAT and KYNU, and therefore necessary for the enzymatic
steps leading to KA, AA, XA and HAA. Flavine adenine dinucleotide (FAD), the active
form of vitamin B2, is cofactor of KMO and necessary for the conversion of Kyn to HK [91].
The activity of the pathway enzymes affects both upstream and downstream metabolites,
as high activity consumes precursors, while low activity can cause precursor accumulation.

While most of Trp metabolism is handled by TDO in the liver, the activity of IDO1 in
other tissues can increase dramatically under pro-inflammatory conditions [8]. Like IDO1,
KMO is induced by IFN-� [8]. Inflammation related induction of the pathway is often
reflected in a higher KTR and can result in increased levels of HK and QA [2]. Kynurenine
pathway metabolites are eliminated from the body mainly by renal excretion [92]. The con-
centration of kynurenines in the central nervous system is dependent on local metabolism
and transport across the blood brain barrier (BBB). Like Trp, Kyn is transported across the
BBB by LAT1. The concentration of IDO and TDO is substantially lower in the brain than in
other tissues, and most of the local metabolism seems to be based on Kyn [24]. The ability
of other kynurenines to cross the BBB is debated, but the primary view is that QA, and
especially KA, cross poorly and that their concentration therefore is dependent on local
metabolism in glial cells [24]. Like in other tissues, local inflammation in the brain can cause
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unravel the role of Trp and the kynurenine pathway in this context.

4.2. Effect Modifiers and Mediators
It is apparent that clinical and methodological differences play a role when comparing

studies and looking for overarching patterns. Due to large differences in patient character-
istics and methods, comparing studies and summarizing findings is challenging. Given
the supposed relationship between Trp and kynurenine pathway abnormalities and de-
pression symptom severity, results of studies can vary, not only due to variables affecting
Trp metabolism or measures of Trp metabolites, but potentially also due to differences in
treatment response. As reported above, we collected information on some central factors
(summarized in Figure 6/Supplementary Table S2) that can affect baseline concentrations,
metabolite changes after ECT as well as the patients’ response to ECT. In the following,
we discuss their relevance for Trp-kynurenine metabolism, and the implications for cross
sectional comparisons and analyses of changes after ECT.

4.2.1. The Kynurenine Pathway of Tryptophan Metabolism (Figure 1)
Trp is an essential amino acid, i.e., not synthesized in the human body, and is sup-

plied from diet and protein degradation. In blood, about 90 percent of Trp is bound to
albumin, and the remaining unbound fraction, free Trp, is available for metabolization [88].
Displacement of Trp from albumin increases the free fraction of Trp in blood, potentially
increasing Trp availability for serotonin synthesis in the brain [89]. Trp levels in the central
nervous system, however, are dependent on transport across the blood brain barrier (BBB)
by L-type amino acid transporter (LAT1) [88]. Total Trp in serum is, therefore, dependent
on nutritional supply, the concentration of albumin, the rate of binding to and release from
albumin, transport into other tissues and its subsequent metabolization.

The first step of the kynurenine pathway is the conversion of Trp to formyl-kynurenine
by one of two enzymes, tryptophan 2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase
1 (IDO1). TDO is activated by Trp itself and induced by glucocorticoids such as cortisol [89].
IDO1, on the other hand, is induced by pro-inflammatory cytokines, especially interferon
gamma (IFN-�) [90]. Formyl-kynurenine is rapidly converted to Kyn, which can be metabo-
lized to HK by kynurenine monooxygenase (KMO), to KA by kynurenine aminotransferases
(KATs) or to AA by kynureninase (KYNU). KYNU is also necessary for the further con-
version of HK to 3-hydroxyanthralinic acid (HAA), which can be metabolized to QA or
to picolinic acid (Pic). HK can also be converted to xanthurenic acid (XA) by KAT. Two B
vitamins are central cofactors in the pathway. Pyridoxal 50-phosphate (PLP), an active form
of vitamin B 6, is cofactor of KAT and KYNU, and therefore necessary for the enzymatic
steps leading to KA, AA, XA and HAA. Flavine adenine dinucleotide (FAD), the active
form of vitamin B2, is cofactor of KMO and necessary for the conversion of Kyn to HK [91].
The activity of the pathway enzymes affects both upstream and downstream metabolites,
as high activity consumes precursors, while low activity can cause precursor accumulation.

While most of Trp metabolism is handled by TDO in the liver, the activity of IDO1 in
other tissues can increase dramatically under pro-inflammatory conditions [8]. Like IDO1,
KMO is induced by IFN-� [8]. Inflammation related induction of the pathway is often
reflected in a higher KTR and can result in increased levels of HK and QA [2]. Kynurenine
pathway metabolites are eliminated from the body mainly by renal excretion [92]. The con-
centration of kynurenines in the central nervous system is dependent on local metabolism
and transport across the blood brain barrier (BBB). Like Trp, Kyn is transported across the
BBB by LAT1. The concentration of IDO and TDO is substantially lower in the brain than in
other tissues, and most of the local metabolism seems to be based on Kyn [24]. The ability
of other kynurenines to cross the BBB is debated, but the primary view is that QA, and
especially KA, cross poorly and that their concentration therefore is dependent on local
metabolism in glial cells [24]. Like in other tissues, local inflammation in the brain can cause
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includingnormalvariation,keydeterminantsandotherinfluentialfactors,areneededto
unraveltheroleofTrpandthekynureninepathwayinthiscontext.

4.2.EffectModifiersandMediators
Itisapparentthatclinicalandmethodologicaldifferencesplayarolewhencomparing

studiesandlookingforoverarchingpatterns.Duetolargedifferencesinpatientcharacter-
isticsandmethods,comparingstudiesandsummarizingfindingsischallenging.Given
thesupposedrelationshipbetweenTrpandkynureninepathwayabnormalitiesandde-
pressionsymptomseverity,resultsofstudiescanvary,notonlyduetovariablesaffecting
TrpmetabolismormeasuresofTrpmetabolites,butpotentiallyalsoduetodifferencesin
treatmentresponse.Asreportedabove,wecollectedinformationonsomecentralfactors
(summarizedinFigure6/SupplementaryTableS2)thatcanaffectbaselineconcentrations,
metabolitechangesafterECTaswellasthepatients’responsetoECT.Inthefollowing,
wediscusstheirrelevanceforTrp-kynureninemetabolism,andtheimplicationsforcross
sectionalcomparisonsandanalysesofchangesafterECT.

4.2.1.TheKynureninePathwayofTryptophanMetabolism(Figure1)
Trpisanessentialaminoacid,i.e.,notsynthesizedinthehumanbody,andissup-

pliedfromdietandproteindegradation.Inblood,about90percentofTrpisboundto
albumin,andtheremainingunboundfraction,freeTrp,isavailableformetabolization[88].
DisplacementofTrpfromalbuminincreasesthefreefractionofTrpinblood,potentially
increasingTrpavailabilityforserotoninsynthesisinthebrain[89].Trplevelsinthecentral
nervoussystem,however,aredependentontransportacrossthebloodbrainbarrier(BBB)
byL-typeaminoacidtransporter(LAT1)[88].TotalTrpinserumis,therefore,dependent
onnutritionalsupply,theconcentrationofalbumin,therateofbindingtoandreleasefrom
albumin,transportintoothertissuesanditssubsequentmetabolization.

ThefirststepofthekynureninepathwayistheconversionofTrptoformyl-kynurenine
byoneoftwoenzymes,tryptophan2,3-dioxygenase(TDO)andindolamine2,3-dioxygenase
1(IDO1).TDOisactivatedbyTrpitselfandinducedbyglucocorticoidssuchascortisol[89].
IDO1,ontheotherhand,isinducedbypro-inflammatorycytokines,especiallyinterferon
gamma(IFN-�)[90].Formyl-kynurenineisrapidlyconvertedtoKyn,whichcanbemetabo-
lizedtoHKbykynureninemonooxygenase(KMO),toKAbykynurenineaminotransferases
(KATs)ortoAAbykynureninase(KYNU).KYNUisalsonecessaryforthefurthercon-
versionofHKto3-hydroxyanthralinicacid(HAA),whichcanbemetabolizedtoQAor
topicolinicacid(Pic).HKcanalsobeconvertedtoxanthurenicacid(XA)byKAT.TwoB
vitaminsarecentralcofactorsinthepathway.Pyridoxal50-phosphate(PLP),anactiveform
ofvitaminB6,iscofactorofKATandKYNU,andthereforenecessaryfortheenzymatic
stepsleadingtoKA,AA,XAandHAA.Flavineadeninedinucleotide(FAD),theactive
formofvitaminB2,iscofactorofKMOandnecessaryfortheconversionofKyntoHK[91].
Theactivityofthepathwayenzymesaffectsbothupstreamanddownstreammetabolites,
ashighactivityconsumesprecursors,whilelowactivitycancauseprecursoraccumulation.

WhilemostofTrpmetabolismishandledbyTDOintheliver,theactivityofIDO1in
othertissuescanincreasedramaticallyunderpro-inflammatoryconditions[8].LikeIDO1,
KMOisinducedbyIFN-�[8].Inflammationrelatedinductionofthepathwayisoften
reflectedinahigherKTRandcanresultinincreasedlevelsofHKandQA[2].Kynurenine
pathwaymetabolitesareeliminatedfromthebodymainlybyrenalexcretion[92].Thecon-
centrationofkynureninesinthecentralnervoussystemisdependentonlocalmetabolism
andtransportacrossthebloodbrainbarrier(BBB).LikeTrp,Kynistransportedacrossthe
BBBbyLAT1.TheconcentrationofIDOandTDOissubstantiallylowerinthebrainthanin
othertissues,andmostofthelocalmetabolismseemstobebasedonKyn[24].Theability
ofotherkynureninestocrosstheBBBisdebated,buttheprimaryviewisthatQA,and
especiallyKA,crosspoorlyandthattheirconcentrationthereforeisdependentonlocal
metabolisminglialcells[24].Likeinothertissues,localinflammationinthebraincancause
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(KATs)ortoAAbykynureninase(KYNU).KYNUisalsonecessaryforthefurthercon-
versionofHKto3-hydroxyanthralinicacid(HAA),whichcanbemetabolizedtoQAor
topicolinicacid(Pic).HKcanalsobeconvertedtoxanthurenicacid(XA)byKAT.TwoB
vitaminsarecentralcofactorsinthepathway.Pyridoxal50-phosphate(PLP),anactiveform
ofvitaminB6,iscofactorofKATandKYNU,andthereforenecessaryfortheenzymatic
stepsleadingtoKA,AA,XAandHAA.Flavineadeninedinucleotide(FAD),theactive
formofvitaminB2,iscofactorofKMOandnecessaryfortheconversionofKyntoHK[91].
Theactivityofthepathwayenzymesaffectsbothupstreamanddownstreammetabolites,
ashighactivityconsumesprecursors,whilelowactivitycancauseprecursoraccumulation.

WhilemostofTrpmetabolismishandledbyTDOintheliver,theactivityofIDO1in
othertissuescanincreasedramaticallyunderpro-inflammatoryconditions[8].LikeIDO1,
KMOisinducedbyIFN-�[8].Inflammationrelatedinductionofthepathwayisoften
reflectedinahigherKTRandcanresultinincreasedlevelsofHKandQA[2].Kynurenine
pathwaymetabolitesareeliminatedfromthebodymainlybyrenalexcretion[92].Thecon-
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dramatic increase in IDO activity accompanied by increased production of kynurenine
metabolites, both by glial cells and by infiltrating macrophages [8].

There are many factors that determine the metabolism of Trp through the kynurenine
pathway and the fate of kynurenine metabolites and, hence, may affect the findings. Figure 6
(Supplementary Table S2 for detailed version) lists some of the most important factors that
can affect Trp and the kynurenine pathway metabolism that have been measured, declared,
or discussed in at least one of the reviewed studies. In the following, we will present and
discuss these factors.

4.2.2. Factors That Can Affect Levels of Tryptophan and Kynurenines
Inflammation

Reduced levels of Trp and increased levels of kynurenines have been demonstrated in a
range of clinical conditions involving immune activation, including infection, autoimmune
disorders, cancer, neurodegenerative diseases and more (reviewed in [93,94]). Neopterin
is an inflammatory marker that, like the kynurenines, is increased in concentration upon
IFN-� stimulation, and it often correlates with KTR under inflammatory conditions [95–98].
Measures of neopterin are therefore useful to clarify whether observed changes in KTR, or
kynurenines in general, are related to inflammation.

The influence of inflammation on kynurenine pathway activity is important in the
context of ECT, as depression has consistently been shown to be associated with chronic low-
grade inflammation (review and meta-analysis: [18], recent original paper on CRP: [20]).
Increased concentrations of kynurenines in depressed patients as compared with controls
may be confined to patients with elevated levels of inflammatory markers, such as CRP
and TNF-↵ [99]. Moreover, the risk of depression is increased in patients undergoing
cytokine treatment, and this association has been linked to activation of the kynurenine
pathway [100]. Remission from depressive episodes has been shown to be accompanied
by reduced levels of inflammation [101]. Investigations in patients with depression and
in animal models of depression also suggest that antidepressant medications have anti-
inflammatory effects [102,103]. Furthermore, as discussed above, a meta-analysis suggests
that ECT may affect inflammation, with short-term increase in inflammatory markers after
a single ECT, and a long-term decrease after a full treatment series [81]. Given the strong
relationship between depression, inflammation and kynurenine metabolism, it must be
suspected that changes in levels of kynurenines after ECT depends on altered inflammatory
status. Inflammation markers should therefore be assessed when investigating change
in kynurenines.

Among the original reports included in this review, five reported levels of inflam-
matory markers, including CRP, TNF-↵, IL-6, IL-8, IL-10, IFN-� and neopterin [34–37,64].
Four studies [33,36,37,67] explicitly stated the presence of infection, immune disorders or
inflammatory diseases as an exclusion criterion, presumably to reduce some of the noise
potentially introduced by this factor on analyses of kynurenines.
Age

In general, higher age is associated with lower levels of Trp (reviewed in [89]). In
the largest study to date, investigating two distinct community-based age groups (age
45–46 years (n = 3723) and age 70–72 years (n = 3329)), higher age was also associated with
higher levels of Kyn, AA, KA, HK and neopterin, as well as higher KTR [38]. Increased
inflammation with higher age could be part of the explanation for this association [104]. CSF
levels of neopterin and kynurenine pathway metabolites have been found to be positively
correlated with each other and with age in 49 healthy women [105].

The mean or median age of patients included in the reviewed studies ranged from
40 to 73 years, indicating that the age differences could have contributed to the variability
across studies.
Kidney Function

Several studies have shown high levels of kynurenines in individuals with reduced
kidney function compared to individuals with normal kidney function [38,106–109]. In
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dramaticincreaseinIDOactivityaccompaniedbyincreasedproductionofkynurenine
metabolites,bothbyglialcellsandbyinfiltratingmacrophages[8].

TherearemanyfactorsthatdeterminethemetabolismofTrpthroughthekynurenine
pathwayandthefateofkynureninemetabolitesand,hence,mayaffectthefindings.Figure6
(SupplementaryTableS2fordetailedversion)listssomeofthemostimportantfactorsthat
canaffectTrpandthekynureninepathwaymetabolismthathavebeenmeasured,declared,
ordiscussedinatleastoneofthereviewedstudies.Inthefollowing,wewillpresentand
discussthesefactors.

4.2.2.FactorsThatCanAffectLevelsofTryptophanandKynurenines
Inflammation

ReducedlevelsofTrpandincreasedlevelsofkynurenineshavebeendemonstratedina
rangeofclinicalconditionsinvolvingimmuneactivation,includinginfection,autoimmune
disorders,cancer,neurodegenerativediseasesandmore(reviewedin[93,94]).Neopterin
isaninflammatorymarkerthat,likethekynurenines,isincreasedinconcentrationupon
IFN-�stimulation,anditoftencorrelateswithKTRunderinflammatoryconditions[95–98].
MeasuresofneopterinarethereforeusefultoclarifywhetherobservedchangesinKTR,or
kynureninesingeneral,arerelatedtoinflammation.

Theinfluenceofinflammationonkynureninepathwayactivityisimportantinthe
contextofECT,asdepressionhasconsistentlybeenshowntobeassociatedwithchroniclow-
gradeinflammation(reviewandmeta-analysis:[18],recentoriginalpaperonCRP:[20]).
Increasedconcentrationsofkynureninesindepressedpatientsascomparedwithcontrols
maybeconfinedtopatientswithelevatedlevelsofinflammatorymarkers,suchasCRP
andTNF-↵[99].Moreover,theriskofdepressionisincreasedinpatientsundergoing
cytokinetreatment,andthisassociationhasbeenlinkedtoactivationofthekynurenine
pathway[100].Remissionfromdepressiveepisodeshasbeenshowntobeaccompanied
byreducedlevelsofinflammation[101].Investigationsinpatientswithdepressionand
inanimalmodelsofdepressionalsosuggestthatantidepressantmedicationshaveanti-
inflammatoryeffects[102,103].Furthermore,asdiscussedabove,ameta-analysissuggests
thatECTmayaffectinflammation,withshort-termincreaseininflammatorymarkersafter
asingleECT,andalong-termdecreaseafterafulltreatmentseries[81].Giventhestrong
relationshipbetweendepression,inflammationandkynureninemetabolism,itmustbe
suspectedthatchangesinlevelsofkynureninesafterECTdependsonalteredinflammatory
status.Inflammationmarkersshouldthereforebeassessedwheninvestigatingchange
inkynurenines.

Amongtheoriginalreportsincludedinthisreview,fivereportedlevelsofinflam-
matorymarkers,includingCRP,TNF-↵,IL-6,IL-8,IL-10,IFN-�andneopterin[34–37,64].
Fourstudies[33,36,37,67]explicitlystatedthepresenceofinfection,immunedisordersor
inflammatorydiseasesasanexclusioncriterion,presumablytoreducesomeofthenoise
potentiallyintroducedbythisfactoronanalysesofkynurenines.
Age

Ingeneral,higherageisassociatedwithlowerlevelsofTrp(reviewedin[89]).In
thelargeststudytodate,investigatingtwodistinctcommunity-basedagegroups(age
45–46years(n=3723)andage70–72years(n=3329)),higheragewasalsoassociatedwith
higherlevelsofKyn,AA,KA,HKandneopterin,aswellashigherKTR[38].Increased
inflammationwithhigheragecouldbepartoftheexplanationforthisassociation[104].CSF
levelsofneopterinandkynureninepathwaymetaboliteshavebeenfoundtobepositively
correlatedwitheachotherandwithagein49healthywomen[105].

Themeanormedianageofpatientsincludedinthereviewedstudiesrangedfrom
40to73years,indicatingthattheagedifferencescouldhavecontributedtothevariability
acrossstudies.
KidneyFunction

Severalstudieshaveshownhighlevelsofkynureninesinindividualswithreduced
kidneyfunctioncomparedtoindividualswithnormalkidneyfunction[38,106–109].In

Pharmaceuticals2022,15,143915of29

dramaticincreaseinIDOactivityaccompaniedbyincreasedproductionofkynurenine
metabolites,bothbyglialcellsandbyinfiltratingmacrophages[8].

TherearemanyfactorsthatdeterminethemetabolismofTrpthroughthekynurenine
pathwayandthefateofkynureninemetabolitesand,hence,mayaffectthefindings.Figure6
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ordiscussedinatleastoneofthereviewedstudies.Inthefollowing,wewillpresentand
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rangeofclinicalconditionsinvolvingimmuneactivation,includinginfection,autoimmune
disorders,cancer,neurodegenerativediseasesandmore(reviewedin[93,94]).Neopterin
isaninflammatorymarkerthat,likethekynurenines,isincreasedinconcentrationupon
IFN-�stimulation,anditoftencorrelateswithKTRunderinflammatoryconditions[95–98].
MeasuresofneopterinarethereforeusefultoclarifywhetherobservedchangesinKTR,or
kynureninesingeneral,arerelatedtoinflammation.

Theinfluenceofinflammationonkynureninepathwayactivityisimportantinthe
contextofECT,asdepressionhasconsistentlybeenshowntobeassociatedwithchroniclow-
gradeinflammation(reviewandmeta-analysis:[18],recentoriginalpaperonCRP:[20]).
Increasedconcentrationsofkynureninesindepressedpatientsascomparedwithcontrols
maybeconfinedtopatientswithelevatedlevelsofinflammatorymarkers,suchasCRP
andTNF-↵[99].Moreover,theriskofdepressionisincreasedinpatientsundergoing
cytokinetreatment,andthisassociationhasbeenlinkedtoactivationofthekynurenine
pathway[100].Remissionfromdepressiveepisodeshasbeenshowntobeaccompanied
byreducedlevelsofinflammation[101].Investigationsinpatientswithdepressionand
inanimalmodelsofdepressionalsosuggestthatantidepressantmedicationshaveanti-
inflammatoryeffects[102,103].Furthermore,asdiscussedabove,ameta-analysissuggests
thatECTmayaffectinflammation,withshort-termincreaseininflammatorymarkersafter
asingleECT,andalong-termdecreaseafterafulltreatmentseries[81].Giventhestrong
relationshipbetweendepression,inflammationandkynureninemetabolism,itmustbe
suspectedthatchangesinlevelsofkynureninesafterECTdependsonalteredinflammatory
status.Inflammationmarkersshouldthereforebeassessedwheninvestigatingchange
inkynurenines.

Amongtheoriginalreportsincludedinthisreview,fivereportedlevelsofinflam-
matorymarkers,includingCRP,TNF-↵,IL-6,IL-8,IL-10,IFN-�andneopterin[34–37,64].
Fourstudies[33,36,37,67]explicitlystatedthepresenceofinfection,immunedisordersor
inflammatorydiseasesasanexclusioncriterion,presumablytoreducesomeofthenoise
potentiallyintroducedbythisfactoronanalysesofkynurenines.
Age

Ingeneral,higherageisassociatedwithlowerlevelsofTrp(reviewedin[89]).In
thelargeststudytodate,investigatingtwodistinctcommunity-basedagegroups(age
45–46years(n=3723)andage70–72years(n=3329)),higheragewasalsoassociatedwith
higherlevelsofKyn,AA,KA,HKandneopterin,aswellashigherKTR[38].Increased
inflammationwithhigheragecouldbepartoftheexplanationforthisassociation[104].CSF
levelsofneopterinandkynureninepathwaymetaboliteshavebeenfoundtobepositively
correlatedwitheachotherandwithagein49healthywomen[105].

Themeanormedianageofpatientsincludedinthereviewedstudiesrangedfrom
40to73years,indicatingthattheagedifferencescouldhavecontributedtothevariability
acrossstudies.
KidneyFunction

Severalstudieshaveshownhighlevelsofkynureninesinindividualswithreduced
kidneyfunctioncomparedtoindividualswithnormalkidneyfunction[38,106–109].In
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dramatic increase in IDO activity accompanied by increased production of kynurenine
metabolites, both by glial cells and by infiltrating macrophages [8].

There are many factors that determine the metabolism of Trp through the kynurenine
pathway and the fate of kynurenine metabolites and, hence, may affect the findings. Figure 6
(Supplementary Table S2 for detailed version) lists some of the most important factors that
can affect Trp and the kynurenine pathway metabolism that have been measured, declared,
or discussed in at least one of the reviewed studies. In the following, we will present and
discuss these factors.

4.2.2. Factors That Can Affect Levels of Tryptophan and Kynurenines
Inflammation

Reduced levels of Trp and increased levels of kynurenines have been demonstrated in a
range of clinical conditions involving immune activation, including infection, autoimmune
disorders, cancer, neurodegenerative diseases and more (reviewed in [93,94]). Neopterin
is an inflammatory marker that, like the kynurenines, is increased in concentration upon
IFN-� stimulation, and it often correlates with KTR under inflammatory conditions [95–98].
Measures of neopterin are therefore useful to clarify whether observed changes in KTR, or
kynurenines in general, are related to inflammation.

The influence of inflammation on kynurenine pathway activity is important in the
context of ECT, as depression has consistently been shown to be associated with chronic low-
grade inflammation (review and meta-analysis: [18], recent original paper on CRP: [20]).
Increased concentrations of kynurenines in depressed patients as compared with controls
may be confined to patients with elevated levels of inflammatory markers, such as CRP
and TNF-↵ [99]. Moreover, the risk of depression is increased in patients undergoing
cytokine treatment, and this association has been linked to activation of the kynurenine
pathway [100]. Remission from depressive episodes has been shown to be accompanied
by reduced levels of inflammation [101]. Investigations in patients with depression and
in animal models of depression also suggest that antidepressant medications have anti-
inflammatory effects [102,103]. Furthermore, as discussed above, a meta-analysis suggests
that ECT may affect inflammation, with short-term increase in inflammatory markers after
a single ECT, and a long-term decrease after a full treatment series [81]. Given the strong
relationship between depression, inflammation and kynurenine metabolism, it must be
suspected that changes in levels of kynurenines after ECT depends on altered inflammatory
status. Inflammation markers should therefore be assessed when investigating change
in kynurenines.

Among the original reports included in this review, five reported levels of inflam-
matory markers, including CRP, TNF-↵, IL-6, IL-8, IL-10, IFN-� and neopterin [34–37,64].
Four studies [33,36,37,67] explicitly stated the presence of infection, immune disorders or
inflammatory diseases as an exclusion criterion, presumably to reduce some of the noise
potentially introduced by this factor on analyses of kynurenines.
Age

In general, higher age is associated with lower levels of Trp (reviewed in [89]). In
the largest study to date, investigating two distinct community-based age groups (age
45–46 years (n = 3723) and age 70–72 years (n = 3329)), higher age was also associated with
higher levels of Kyn, AA, KA, HK and neopterin, as well as higher KTR [38]. Increased
inflammation with higher age could be part of the explanation for this association [104]. CSF
levels of neopterin and kynurenine pathway metabolites have been found to be positively
correlated with each other and with age in 49 healthy women [105].

The mean or median age of patients included in the reviewed studies ranged from
40 to 73 years, indicating that the age differences could have contributed to the variability
across studies.
Kidney Function

Several studies have shown high levels of kynurenines in individuals with reduced
kidney function compared to individuals with normal kidney function [38,106–109]. In
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dramatic increase in IDO activity accompanied by increased production of kynurenine
metabolites, both by glial cells and by infiltrating macrophages [8].

There are many factors that determine the metabolism of Trp through the kynurenine
pathway and the fate of kynurenine metabolites and, hence, may affect the findings. Figure 6
(Supplementary Table S2 for detailed version) lists some of the most important factors that
can affect Trp and the kynurenine pathway metabolism that have been measured, declared,
or discussed in at least one of the reviewed studies. In the following, we will present and
discuss these factors.

4.2.2. Factors That Can Affect Levels of Tryptophan and Kynurenines
Inflammation

Reduced levels of Trp and increased levels of kynurenines have been demonstrated in a
range of clinical conditions involving immune activation, including infection, autoimmune
disorders, cancer, neurodegenerative diseases and more (reviewed in [93,94]). Neopterin
is an inflammatory marker that, like the kynurenines, is increased in concentration upon
IFN-� stimulation, and it often correlates with KTR under inflammatory conditions [95–98].
Measures of neopterin are therefore useful to clarify whether observed changes in KTR, or
kynurenines in general, are related to inflammation.

The influence of inflammation on kynurenine pathway activity is important in the
context of ECT, as depression has consistently been shown to be associated with chronic low-
grade inflammation (review and meta-analysis: [18], recent original paper on CRP: [20]).
Increased concentrations of kynurenines in depressed patients as compared with controls
may be confined to patients with elevated levels of inflammatory markers, such as CRP
and TNF-↵ [99]. Moreover, the risk of depression is increased in patients undergoing
cytokine treatment, and this association has been linked to activation of the kynurenine
pathway [100]. Remission from depressive episodes has been shown to be accompanied
by reduced levels of inflammation [101]. Investigations in patients with depression and
in animal models of depression also suggest that antidepressant medications have anti-
inflammatory effects [102,103]. Furthermore, as discussed above, a meta-analysis suggests
that ECT may affect inflammation, with short-term increase in inflammatory markers after
a single ECT, and a long-term decrease after a full treatment series [81]. Given the strong
relationship between depression, inflammation and kynurenine metabolism, it must be
suspected that changes in levels of kynurenines after ECT depends on altered inflammatory
status. Inflammation markers should therefore be assessed when investigating change
in kynurenines.

Among the original reports included in this review, five reported levels of inflam-
matory markers, including CRP, TNF-↵, IL-6, IL-8, IL-10, IFN-� and neopterin [34–37,64].
Four studies [33,36,37,67] explicitly stated the presence of infection, immune disorders or
inflammatory diseases as an exclusion criterion, presumably to reduce some of the noise
potentially introduced by this factor on analyses of kynurenines.
Age

In general, higher age is associated with lower levels of Trp (reviewed in [89]). In
the largest study to date, investigating two distinct community-based age groups (age
45–46 years (n = 3723) and age 70–72 years (n = 3329)), higher age was also associated with
higher levels of Kyn, AA, KA, HK and neopterin, as well as higher KTR [38]. Increased
inflammation with higher age could be part of the explanation for this association [104]. CSF
levels of neopterin and kynurenine pathway metabolites have been found to be positively
correlated with each other and with age in 49 healthy women [105].

The mean or median age of patients included in the reviewed studies ranged from
40 to 73 years, indicating that the age differences could have contributed to the variability
across studies.
Kidney Function

Several studies have shown high levels of kynurenines in individuals with reduced
kidney function compared to individuals with normal kidney function [38,106–109]. In
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dramaticincreaseinIDOactivityaccompaniedbyincreasedproductionofkynurenine
metabolites,bothbyglialcellsandbyinfiltratingmacrophages[8].

TherearemanyfactorsthatdeterminethemetabolismofTrpthroughthekynurenine
pathwayandthefateofkynureninemetabolitesand,hence,mayaffectthefindings.Figure6
(SupplementaryTableS2fordetailedversion)listssomeofthemostimportantfactorsthat
canaffectTrpandthekynureninepathwaymetabolismthathavebeenmeasured,declared,
ordiscussedinatleastoneofthereviewedstudies.Inthefollowing,wewillpresentand
discussthesefactors.

4.2.2.FactorsThatCanAffectLevelsofTryptophanandKynurenines
Inflammation

ReducedlevelsofTrpandincreasedlevelsofkynurenineshavebeendemonstratedina
rangeofclinicalconditionsinvolvingimmuneactivation,includinginfection,autoimmune
disorders,cancer,neurodegenerativediseasesandmore(reviewedin[93,94]).Neopterin
isaninflammatorymarkerthat,likethekynurenines,isincreasedinconcentrationupon
IFN-�stimulation,anditoftencorrelateswithKTRunderinflammatoryconditions[95–98].
MeasuresofneopterinarethereforeusefultoclarifywhetherobservedchangesinKTR,or
kynureninesingeneral,arerelatedtoinflammation.

Theinfluenceofinflammationonkynureninepathwayactivityisimportantinthe
contextofECT,asdepressionhasconsistentlybeenshowntobeassociatedwithchroniclow-
gradeinflammation(reviewandmeta-analysis:[18],recentoriginalpaperonCRP:[20]).
Increasedconcentrationsofkynureninesindepressedpatientsascomparedwithcontrols
maybeconfinedtopatientswithelevatedlevelsofinflammatorymarkers,suchasCRP
andTNF-↵[99].Moreover,theriskofdepressionisincreasedinpatientsundergoing
cytokinetreatment,andthisassociationhasbeenlinkedtoactivationofthekynurenine
pathway[100].Remissionfromdepressiveepisodeshasbeenshowntobeaccompanied
byreducedlevelsofinflammation[101].Investigationsinpatientswithdepressionand
inanimalmodelsofdepressionalsosuggestthatantidepressantmedicationshaveanti-
inflammatoryeffects[102,103].Furthermore,asdiscussedabove,ameta-analysissuggests
thatECTmayaffectinflammation,withshort-termincreaseininflammatorymarkersafter
asingleECT,andalong-termdecreaseafterafulltreatmentseries[81].Giventhestrong
relationshipbetweendepression,inflammationandkynureninemetabolism,itmustbe
suspectedthatchangesinlevelsofkynureninesafterECTdependsonalteredinflammatory
status.Inflammationmarkersshouldthereforebeassessedwheninvestigatingchange
inkynurenines.

Amongtheoriginalreportsincludedinthisreview,fivereportedlevelsofinflam-
matorymarkers,includingCRP,TNF-↵,IL-6,IL-8,IL-10,IFN-�andneopterin[34–37,64].
Fourstudies[33,36,37,67]explicitlystatedthepresenceofinfection,immunedisordersor
inflammatorydiseasesasanexclusioncriterion,presumablytoreducesomeofthenoise
potentiallyintroducedbythisfactoronanalysesofkynurenines.
Age

Ingeneral,higherageisassociatedwithlowerlevelsofTrp(reviewedin[89]).In
thelargeststudytodate,investigatingtwodistinctcommunity-basedagegroups(age
45–46years(n=3723)andage70–72years(n=3329)),higheragewasalsoassociatedwith
higherlevelsofKyn,AA,KA,HKandneopterin,aswellashigherKTR[38].Increased
inflammationwithhigheragecouldbepartoftheexplanationforthisassociation[104].CSF
levelsofneopterinandkynureninepathwaymetaboliteshavebeenfoundtobepositively
correlatedwitheachotherandwithagein49healthywomen[105].

Themeanormedianageofpatientsincludedinthereviewedstudiesrangedfrom
40to73years,indicatingthattheagedifferencescouldhavecontributedtothevariability
acrossstudies.
KidneyFunction

Severalstudieshaveshownhighlevelsofkynureninesinindividualswithreduced
kidneyfunctioncomparedtoindividualswithnormalkidneyfunction[38,106–109].In
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MeasuresofneopterinarethereforeusefultoclarifywhetherobservedchangesinKTR,or
kynureninesingeneral,arerelatedtoinflammation.

Theinfluenceofinflammationonkynureninepathwayactivityisimportantinthe
contextofECT,asdepressionhasconsistentlybeenshowntobeassociatedwithchroniclow-
gradeinflammation(reviewandmeta-analysis:[18],recentoriginalpaperonCRP:[20]).
Increasedconcentrationsofkynureninesindepressedpatientsascomparedwithcontrols
maybeconfinedtopatientswithelevatedlevelsofinflammatorymarkers,suchasCRP
andTNF-↵[99].Moreover,theriskofdepressionisincreasedinpatientsundergoing
cytokinetreatment,andthisassociationhasbeenlinkedtoactivationofthekynurenine
pathway[100].Remissionfromdepressiveepisodeshasbeenshowntobeaccompanied
byreducedlevelsofinflammation[101].Investigationsinpatientswithdepressionand
inanimalmodelsofdepressionalsosuggestthatantidepressantmedicationshaveanti-
inflammatoryeffects[102,103].Furthermore,asdiscussedabove,ameta-analysissuggests
thatECTmayaffectinflammation,withshort-termincreaseininflammatorymarkersafter
asingleECT,andalong-termdecreaseafterafulltreatmentseries[81].Giventhestrong
relationshipbetweendepression,inflammationandkynureninemetabolism,itmustbe
suspectedthatchangesinlevelsofkynureninesafterECTdependsonalteredinflammatory
status.Inflammationmarkersshouldthereforebeassessedwheninvestigatingchange
inkynurenines.

Amongtheoriginalreportsincludedinthisreview,fivereportedlevelsofinflam-
matorymarkers,includingCRP,TNF-↵,IL-6,IL-8,IL-10,IFN-�andneopterin[34–37,64].
Fourstudies[33,36,37,67]explicitlystatedthepresenceofinfection,immunedisordersor
inflammatorydiseasesasanexclusioncriterion,presumablytoreducesomeofthenoise
potentiallyintroducedbythisfactoronanalysesofkynurenines.
Age

Ingeneral,higherageisassociatedwithlowerlevelsofTrp(reviewedin[89]).In
thelargeststudytodate,investigatingtwodistinctcommunity-basedagegroups(age
45–46years(n=3723)andage70–72years(n=3329)),higheragewasalsoassociatedwith
higherlevelsofKyn,AA,KA,HKandneopterin,aswellashigherKTR[38].Increased
inflammationwithhigheragecouldbepartoftheexplanationforthisassociation[104].CSF
levelsofneopterinandkynureninepathwaymetaboliteshavebeenfoundtobepositively
correlatedwitheachotherandwithagein49healthywomen[105].

Themeanormedianageofpatientsincludedinthereviewedstudiesrangedfrom
40to73years,indicatingthattheagedifferencescouldhavecontributedtothevariability
acrossstudies.
KidneyFunction

Severalstudieshaveshownhighlevelsofkynureninesinindividualswithreduced
kidneyfunctioncomparedtoindividualswithnormalkidneyfunction[38,106–109].In
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Fourstudies[33,36,37,67]explicitlystatedthepresenceofinfection,immunedisordersor
inflammatorydiseasesasanexclusioncriterion,presumablytoreducesomeofthenoise
potentiallyintroducedbythisfactoronanalysesofkynurenines.
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thelargeststudytodate,investigatingtwodistinctcommunity-basedagegroups(age
45–46years(n=3723)andage70–72years(n=3329)),higheragewasalsoassociatedwith
higherlevelsofKyn,AA,KA,HKandneopterin,aswellashigherKTR[38].Increased
inflammationwithhigheragecouldbepartoftheexplanationforthisassociation[104].CSF
levelsofneopterinandkynureninepathwaymetaboliteshavebeenfoundtobepositively
correlatedwitheachotherandwithagein49healthywomen[105].

Themeanormedianageofpatientsincludedinthereviewedstudiesrangedfrom
40to73years,indicatingthattheagedifferencescouldhavecontributedtothevariability
acrossstudies.
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Severalstudieshaveshownhighlevelsofkynureninesinindividualswithreduced
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Increasedconcentrationsofkynureninesindepressedpatientsascomparedwithcontrols
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andTNF-↵[99].Moreover,theriskofdepressionisincreasedinpatientsundergoing
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suspectedthatchangesinlevelsofkynureninesafterECTdependsonalteredinflammatory
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inkynurenines.
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inflammatorydiseasesasanexclusioncriterion,presumablytoreducesomeofthenoise
potentiallyintroducedbythisfactoronanalysesofkynurenines.
Age

Ingeneral,higherageisassociatedwithlowerlevelsofTrp(reviewedin[89]).In
thelargeststudytodate,investigatingtwodistinctcommunity-basedagegroups(age
45–46years(n=3723)andage70–72years(n=3329)),higheragewasalsoassociatedwith
higherlevelsofKyn,AA,KA,HKandneopterin,aswellashigherKTR[38].Increased
inflammationwithhigheragecouldbepartoftheexplanationforthisassociation[104].CSF
levelsofneopterinandkynureninepathwaymetaboliteshavebeenfoundtobepositively
correlatedwitheachotherandwithagein49healthywomen[105].

Themeanormedianageofpatientsincludedinthereviewedstudiesrangedfrom
40to73years,indicatingthattheagedifferencescouldhavecontributedtothevariability
acrossstudies.
KidneyFunction

Severalstudieshaveshownhighlevelsofkynureninesinindividualswithreduced
kidneyfunctioncomparedtoindividualswithnormalkidneyfunction[38,106–109].In
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Theofylaktopoulou and colleagues’ work, levels above 95% of normal distribution for Kyn,
AA, KA, HK, KTR and neopterin were all associated with kidney dysfunction. Positive
correlations of KA and QA with creatinine have also been shown [107], consistent with
the importance of renal excretion for elimination of these metabolites. However, kidney
dysfunction may also be associated with increased immune activation with increased
neopterin [110], CRP levels [107] and increased IDO activity [111]. Altered concentrations of
kynurenines in the context of kidney dysfunction is therefore probably due to a combination
of reduced excretion, increased activities of TDO [106,112], increased inflammation [107]
and possibly other mechanisms. It has further been established that kidney disease is a risk
factor for depression [113], and kidney disease incidence was associated with depression
symptom scores in a recent prospective cohort study [114].

Of the included papers in this review, only two included measures of kidney func-
tion [35,64].
Body Mass Index (BMI)

There is an intricate relationship between metabolic regulation and the kynurenine
pathway (reviewed in [115,116]). Trp, Kyn, KA, HK, HAA, XA and KTR have all been
found to be higher in obese compared to normal-weight individuals [38]. Positive associ-
ations between BMI and KTR [117,118] and between BMI and Kyn [118] have also been
documented. Furthermore, neopterin was also associated with BMI in 426 clinically defined
healthy individuals [119], and IDO gene expression was found to be enhanced in adipose
tissue of people with obesity [120]. A recent study found higher BMI in patients with MDD
compared with healthy controls, though without association to QA or QA/KA, and the
authors suggested that altered kynurenine metabolism in depression could be related to
metabolic disturbances [121].

Two of the reviewed studies included data on BMI [36,37].
Sex

In the community-based study of Theofylaktopoulou et al., levels of Trp, Kyn, KA, HAA
and XA were higher in men than in women [38]. In another cohort study of 2436 healthy
young adults, Trp, Kyn, KA, AA and HAA were also higher in men [122]. There are also
indications of differential responses of interventions on kynurenine metabolism in women and
men, with women exhibiting greater changes in concentrations after Trp administration or
IFN-treatment [25].

In general, the reviewed studies included more females than men, resulting in a
stronger representation of females overall (242 vs. 146).
B Vitamins, Tobacco and Alcohol

Low levels of PLP are associated with high concentrations of HK, and low concentra-
tions of KA, AA, HAA and XA [123]. PLP concentration has been found to be reduced in
many inflammatory conditions (reviewed in [124]), in smokers [125] and in subjects with
high alcohol consumption [122]. Conversely, vitamin B6 supplements have been associated
with lower HK concentrations [122]. High levels of nicotinamide (vitamin B3) can also
inhibit TDO in a negative feedback mechanism [89]. There is an inverse association between
smoking and concentration of several kynurenines [38] as well as KTR [126]. This could
be related both to an anti-inflammatory effect of smoking and a reduction in circulating
B-vitamin levels due to oxidative stress [125].

B-vitamin concentrations were reported in three studies [35,64,76], smoking in four
studies [35–37,64] and alcohol consumption in one study [64].
Other Factors

Glucocorticoids, especially cortisol, are important inducers of TDO, and stress has long
been recognized as a potential link between depression and kynurenine metabolism [15].
Both short-term increase and long-term decrease in cortisol have been described after
ECT [81], potentially influencing peripheral metabolism through TDO activation. A number
of other factors are also suggested to affect the availability of Trp for serotonin production,
either through regulating the free fraction of Trp in blood, the transport across BBB or
cell membranes or metabolization by TDO (reviewed in [89]). Trp can be displaced from
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Theofylaktopoulouandcolleagues’work,levelsabove95%ofnormaldistributionforKyn,
AA,KA,HK,KTRandneopterinwereallassociatedwithkidneydysfunction.Positive
correlationsofKAandQAwithcreatininehavealsobeenshown[107],consistentwith
theimportanceofrenalexcretionforeliminationofthesemetabolites.However,kidney
dysfunctionmayalsobeassociatedwithincreasedimmuneactivationwithincreased
neopterin[110],CRPlevels[107]andincreasedIDOactivity[111].Alteredconcentrationsof
kynureninesinthecontextofkidneydysfunctionisthereforeprobablyduetoacombination
ofreducedexcretion,increasedactivitiesofTDO[106,112],increasedinflammation[107]
andpossiblyothermechanisms.Ithasfurtherbeenestablishedthatkidneydiseaseisarisk
factorfordepression[113],andkidneydiseaseincidencewasassociatedwithdepression
symptomscoresinarecentprospectivecohortstudy[114].

Oftheincludedpapersinthisreview,onlytwoincludedmeasuresofkidneyfunc-
tion[35,64].
BodyMassIndex(BMI)

Thereisanintricaterelationshipbetweenmetabolicregulationandthekynurenine
pathway(reviewedin[115,116]).Trp,Kyn,KA,HK,HAA,XAandKTRhaveallbeen
foundtobehigherinobesecomparedtonormal-weightindividuals[38].Positiveassoci-
ationsbetweenBMIandKTR[117,118]andbetweenBMIandKyn[118]havealsobeen
documented.Furthermore,neopterinwasalsoassociatedwithBMIin426clinicallydefined
healthyindividuals[119],andIDOgeneexpressionwasfoundtobeenhancedinadipose
tissueofpeoplewithobesity[120].ArecentstudyfoundhigherBMIinpatientswithMDD
comparedwithhealthycontrols,thoughwithoutassociationtoQAorQA/KA,andthe
authorssuggestedthatalteredkynureninemetabolismindepressioncouldberelatedto
metabolicdisturbances[121].

TwoofthereviewedstudiesincludeddataonBMI[36,37].
Sex

Inthecommunity-basedstudyofTheofylaktopoulouetal.,levelsofTrp,Kyn,KA,HAA
andXAwerehigherinmenthaninwomen[38].Inanothercohortstudyof2436healthy
youngadults,Trp,Kyn,KA,AAandHAAwerealsohigherinmen[122].Therearealso
indicationsofdifferentialresponsesofinterventionsonkynureninemetabolisminwomenand
men,withwomenexhibitinggreaterchangesinconcentrationsafterTrpadministrationor
IFN-treatment[25].

Ingeneral,thereviewedstudiesincludedmorefemalesthanmen,resultingina
strongerrepresentationoffemalesoverall(242vs.146).
BVitamins,TobaccoandAlcohol

LowlevelsofPLPareassociatedwithhighconcentrationsofHK,andlowconcentra-
tionsofKA,AA,HAAandXA[123].PLPconcentrationhasbeenfoundtobereducedin
manyinflammatoryconditions(reviewedin[124]),insmokers[125]andinsubjectswith
highalcoholconsumption[122].Conversely,vitaminB6supplementshavebeenassociated
withlowerHKconcentrations[122].Highlevelsofnicotinamide(vitaminB3)canalso
inhibitTDOinanegativefeedbackmechanism[89].Thereisaninverseassociationbetween
smokingandconcentrationofseveralkynurenines[38]aswellasKTR[126].Thiscould
berelatedbothtoananti-inflammatoryeffectofsmokingandareductionincirculating
B-vitaminlevelsduetooxidativestress[125].

B-vitaminconcentrationswerereportedinthreestudies[35,64,76],smokinginfour
studies[35–37,64]andalcoholconsumptioninonestudy[64].
OtherFactors

Glucocorticoids,especiallycortisol,areimportantinducersofTDO,andstresshaslong
beenrecognizedasapotentiallinkbetweendepressionandkynureninemetabolism[15].
Bothshort-termincreaseandlong-termdecreaseincortisolhavebeendescribedafter
ECT[81],potentiallyinfluencingperipheralmetabolismthroughTDOactivation.Anumber
ofotherfactorsarealsosuggestedtoaffecttheavailabilityofTrpforserotoninproduction,
eitherthroughregulatingthefreefractionofTrpinblood,thetransportacrossBBBor
cellmembranesormetabolizationbyTDO(reviewedin[89]).Trpcanbedisplacedfrom
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andpossiblyothermechanisms.Ithasfurtherbeenestablishedthatkidneydiseaseisarisk
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authorssuggestedthatalteredkynureninemetabolismindepressioncouldberelatedto
metabolicdisturbances[121].

TwoofthereviewedstudiesincludeddataonBMI[36,37].
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youngadults,Trp,Kyn,KA,AAandHAAwerealsohigherinmen[122].Therearealso
indicationsofdifferentialresponsesofinterventionsonkynureninemetabolisminwomenand
men,withwomenexhibitinggreaterchangesinconcentrationsafterTrpadministrationor
IFN-treatment[25].

Ingeneral,thereviewedstudiesincludedmorefemalesthanmen,resultingina
strongerrepresentationoffemalesoverall(242vs.146).
BVitamins,TobaccoandAlcohol

LowlevelsofPLPareassociatedwithhighconcentrationsofHK,andlowconcentra-
tionsofKA,AA,HAAandXA[123].PLPconcentrationhasbeenfoundtobereducedin
manyinflammatoryconditions(reviewedin[124]),insmokers[125]andinsubjectswith
highalcoholconsumption[122].Conversely,vitaminB6supplementshavebeenassociated
withlowerHKconcentrations[122].Highlevelsofnicotinamide(vitaminB3)canalso
inhibitTDOinanegativefeedbackmechanism[89].Thereisaninverseassociationbetween
smokingandconcentrationofseveralkynurenines[38]aswellasKTR[126].Thiscould
berelatedbothtoananti-inflammatoryeffectofsmokingandareductionincirculating
B-vitaminlevelsduetooxidativestress[125].

B-vitaminconcentrationswerereportedinthreestudies[35,64,76],smokinginfour
studies[35–37,64]andalcoholconsumptioninonestudy[64].
OtherFactors

Glucocorticoids,especiallycortisol,areimportantinducersofTDO,andstresshaslong
beenrecognizedasapotentiallinkbetweendepressionandkynureninemetabolism[15].
Bothshort-termincreaseandlong-termdecreaseincortisolhavebeendescribedafter
ECT[81],potentiallyinfluencingperipheralmetabolismthroughTDOactivation.Anumber
ofotherfactorsarealsosuggestedtoaffecttheavailabilityofTrpforserotoninproduction,
eitherthroughregulatingthefreefractionofTrpinblood,thetransportacrossBBBor
cellmembranesormetabolizationbyTDO(reviewedin[89]).Trpcanbedisplacedfrom
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Theofylaktopoulou and colleagues’ work, levels above 95% of normal distribution for Kyn,
AA, KA, HK, KTR and neopterin were all associated with kidney dysfunction. Positive
correlations of KA and QA with creatinine have also been shown [107], consistent with
the importance of renal excretion for elimination of these metabolites. However, kidney
dysfunction may also be associated with increased immune activation with increased
neopterin [110], CRP levels [107] and increased IDO activity [111]. Altered concentrations of
kynurenines in the context of kidney dysfunction is therefore probably due to a combination
of reduced excretion, increased activities of TDO [106,112], increased inflammation [107]
and possibly other mechanisms. It has further been established that kidney disease is a risk
factor for depression [113], and kidney disease incidence was associated with depression
symptom scores in a recent prospective cohort study [114].

Of the included papers in this review, only two included measures of kidney func-
tion [35,64].
Body Mass Index (BMI)

There is an intricate relationship between metabolic regulation and the kynurenine
pathway (reviewed in [115,116]). Trp, Kyn, KA, HK, HAA, XA and KTR have all been
found to be higher in obese compared to normal-weight individuals [38]. Positive associ-
ations between BMI and KTR [117,118] and between BMI and Kyn [118] have also been
documented. Furthermore, neopterin was also associated with BMI in 426 clinically defined
healthy individuals [119], and IDO gene expression was found to be enhanced in adipose
tissue of people with obesity [120]. A recent study found higher BMI in patients with MDD
compared with healthy controls, though without association to QA or QA/KA, and the
authors suggested that altered kynurenine metabolism in depression could be related to
metabolic disturbances [121].

Two of the reviewed studies included data on BMI [36,37].
Sex

In the community-based study of Theofylaktopoulou et al., levels of Trp, Kyn, KA, HAA
and XA were higher in men than in women [38]. In another cohort study of 2436 healthy
young adults, Trp, Kyn, KA, AA and HAA were also higher in men [122]. There are also
indications of differential responses of interventions on kynurenine metabolism in women and
men, with women exhibiting greater changes in concentrations after Trp administration or
IFN-treatment [25].

In general, the reviewed studies included more females than men, resulting in a
stronger representation of females overall (242 vs. 146).
B Vitamins, Tobacco and Alcohol

Low levels of PLP are associated with high concentrations of HK, and low concentra-
tions of KA, AA, HAA and XA [123]. PLP concentration has been found to be reduced in
many inflammatory conditions (reviewed in [124]), in smokers [125] and in subjects with
high alcohol consumption [122]. Conversely, vitamin B6 supplements have been associated
with lower HK concentrations [122]. High levels of nicotinamide (vitamin B3) can also
inhibit TDO in a negative feedback mechanism [89]. There is an inverse association between
smoking and concentration of several kynurenines [38] as well as KTR [126]. This could
be related both to an anti-inflammatory effect of smoking and a reduction in circulating
B-vitamin levels due to oxidative stress [125].

B-vitamin concentrations were reported in three studies [35,64,76], smoking in four
studies [35–37,64] and alcohol consumption in one study [64].
Other Factors

Glucocorticoids, especially cortisol, are important inducers of TDO, and stress has long
been recognized as a potential link between depression and kynurenine metabolism [15].
Both short-term increase and long-term decrease in cortisol have been described after
ECT [81], potentially influencing peripheral metabolism through TDO activation. A number
of other factors are also suggested to affect the availability of Trp for serotonin production,
either through regulating the free fraction of Trp in blood, the transport across BBB or
cell membranes or metabolization by TDO (reviewed in [89]). Trp can be displaced from
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dysfunction may also be associated with increased immune activation with increased
neopterin [110], CRP levels [107] and increased IDO activity [111]. Altered concentrations of
kynurenines in the context of kidney dysfunction is therefore probably due to a combination
of reduced excretion, increased activities of TDO [106,112], increased inflammation [107]
and possibly other mechanisms. It has further been established that kidney disease is a risk
factor for depression [113], and kidney disease incidence was associated with depression
symptom scores in a recent prospective cohort study [114].

Of the included papers in this review, only two included measures of kidney func-
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Body Mass Index (BMI)

There is an intricate relationship between metabolic regulation and the kynurenine
pathway (reviewed in [115,116]). Trp, Kyn, KA, HK, HAA, XA and KTR have all been
found to be higher in obese compared to normal-weight individuals [38]. Positive associ-
ations between BMI and KTR [117,118] and between BMI and Kyn [118] have also been
documented. Furthermore, neopterin was also associated with BMI in 426 clinically defined
healthy individuals [119], and IDO gene expression was found to be enhanced in adipose
tissue of people with obesity [120]. A recent study found higher BMI in patients with MDD
compared with healthy controls, though without association to QA or QA/KA, and the
authors suggested that altered kynurenine metabolism in depression could be related to
metabolic disturbances [121].

Two of the reviewed studies included data on BMI [36,37].
Sex

In the community-based study of Theofylaktopoulou et al., levels of Trp, Kyn, KA, HAA
and XA were higher in men than in women [38]. In another cohort study of 2436 healthy
young adults, Trp, Kyn, KA, AA and HAA were also higher in men [122]. There are also
indications of differential responses of interventions on kynurenine metabolism in women and
men, with women exhibiting greater changes in concentrations after Trp administration or
IFN-treatment [25].

In general, the reviewed studies included more females than men, resulting in a
stronger representation of females overall (242 vs. 146).
B Vitamins, Tobacco and Alcohol

Low levels of PLP are associated with high concentrations of HK, and low concentra-
tions of KA, AA, HAA and XA [123]. PLP concentration has been found to be reduced in
many inflammatory conditions (reviewed in [124]), in smokers [125] and in subjects with
high alcohol consumption [122]. Conversely, vitamin B6 supplements have been associated
with lower HK concentrations [122]. High levels of nicotinamide (vitamin B3) can also
inhibit TDO in a negative feedback mechanism [89]. There is an inverse association between
smoking and concentration of several kynurenines [38] as well as KTR [126]. This could
be related both to an anti-inflammatory effect of smoking and a reduction in circulating
B-vitamin levels due to oxidative stress [125].

B-vitamin concentrations were reported in three studies [35,64,76], smoking in four
studies [35–37,64] and alcohol consumption in one study [64].
Other Factors

Glucocorticoids, especially cortisol, are important inducers of TDO, and stress has long
been recognized as a potential link between depression and kynurenine metabolism [15].
Both short-term increase and long-term decrease in cortisol have been described after
ECT [81], potentially influencing peripheral metabolism through TDO activation. A number
of other factors are also suggested to affect the availability of Trp for serotonin production,
either through regulating the free fraction of Trp in blood, the transport across BBB or
cell membranes or metabolization by TDO (reviewed in [89]). Trp can be displaced from
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Theofylaktopoulouandcolleagues’work,levelsabove95%ofnormaldistributionforKyn,
AA,KA,HK,KTRandneopterinwereallassociatedwithkidneydysfunction.Positive
correlationsofKAandQAwithcreatininehavealsobeenshown[107],consistentwith
theimportanceofrenalexcretionforeliminationofthesemetabolites.However,kidney
dysfunctionmayalsobeassociatedwithincreasedimmuneactivationwithincreased
neopterin[110],CRPlevels[107]andincreasedIDOactivity[111].Alteredconcentrationsof
kynureninesinthecontextofkidneydysfunctionisthereforeprobablyduetoacombination
ofreducedexcretion,increasedactivitiesofTDO[106,112],increasedinflammation[107]
andpossiblyothermechanisms.Ithasfurtherbeenestablishedthatkidneydiseaseisarisk
factorfordepression[113],andkidneydiseaseincidencewasassociatedwithdepression
symptomscoresinarecentprospectivecohortstudy[114].

Oftheincludedpapersinthisreview,onlytwoincludedmeasuresofkidneyfunc-
tion[35,64].
BodyMassIndex(BMI)

Thereisanintricaterelationshipbetweenmetabolicregulationandthekynurenine
pathway(reviewedin[115,116]).Trp,Kyn,KA,HK,HAA,XAandKTRhaveallbeen
foundtobehigherinobesecomparedtonormal-weightindividuals[38].Positiveassoci-
ationsbetweenBMIandKTR[117,118]andbetweenBMIandKyn[118]havealsobeen
documented.Furthermore,neopterinwasalsoassociatedwithBMIin426clinicallydefined
healthyindividuals[119],andIDOgeneexpressionwasfoundtobeenhancedinadipose
tissueofpeoplewithobesity[120].ArecentstudyfoundhigherBMIinpatientswithMDD
comparedwithhealthycontrols,thoughwithoutassociationtoQAorQA/KA,andthe
authorssuggestedthatalteredkynureninemetabolismindepressioncouldberelatedto
metabolicdisturbances[121].

TwoofthereviewedstudiesincludeddataonBMI[36,37].
Sex

Inthecommunity-basedstudyofTheofylaktopoulouetal.,levelsofTrp,Kyn,KA,HAA
andXAwerehigherinmenthaninwomen[38].Inanothercohortstudyof2436healthy
youngadults,Trp,Kyn,KA,AAandHAAwerealsohigherinmen[122].Therearealso
indicationsofdifferentialresponsesofinterventionsonkynureninemetabolisminwomenand
men,withwomenexhibitinggreaterchangesinconcentrationsafterTrpadministrationor
IFN-treatment[25].

Ingeneral,thereviewedstudiesincludedmorefemalesthanmen,resultingina
strongerrepresentationoffemalesoverall(242vs.146).
BVitamins,TobaccoandAlcohol

LowlevelsofPLPareassociatedwithhighconcentrationsofHK,andlowconcentra-
tionsofKA,AA,HAAandXA[123].PLPconcentrationhasbeenfoundtobereducedin
manyinflammatoryconditions(reviewedin[124]),insmokers[125]andinsubjectswith
highalcoholconsumption[122].Conversely,vitaminB6supplementshavebeenassociated
withlowerHKconcentrations[122].Highlevelsofnicotinamide(vitaminB3)canalso
inhibitTDOinanegativefeedbackmechanism[89].Thereisaninverseassociationbetween
smokingandconcentrationofseveralkynurenines[38]aswellasKTR[126].Thiscould
berelatedbothtoananti-inflammatoryeffectofsmokingandareductionincirculating
B-vitaminlevelsduetooxidativestress[125].

B-vitaminconcentrationswerereportedinthreestudies[35,64,76],smokinginfour
studies[35–37,64]andalcoholconsumptioninonestudy[64].
OtherFactors

Glucocorticoids,especiallycortisol,areimportantinducersofTDO,andstresshaslong
beenrecognizedasapotentiallinkbetweendepressionandkynureninemetabolism[15].
Bothshort-termincreaseandlong-termdecreaseincortisolhavebeendescribedafter
ECT[81],potentiallyinfluencingperipheralmetabolismthroughTDOactivation.Anumber
ofotherfactorsarealsosuggestedtoaffecttheavailabilityofTrpforserotoninproduction,
eitherthroughregulatingthefreefractionofTrpinblood,thetransportacrossBBBor
cellmembranesormetabolizationbyTDO(reviewedin[89]).Trpcanbedisplacedfrom

Pharmaceuticals2022,15,143916of29

Theofylaktopoulouandcolleagues’work,levelsabove95%ofnormaldistributionforKyn,
AA,KA,HK,KTRandneopterinwereallassociatedwithkidneydysfunction.Positive
correlationsofKAandQAwithcreatininehavealsobeenshown[107],consistentwith
theimportanceofrenalexcretionforeliminationofthesemetabolites.However,kidney
dysfunctionmayalsobeassociatedwithincreasedimmuneactivationwithincreased
neopterin[110],CRPlevels[107]andincreasedIDOactivity[111].Alteredconcentrationsof
kynureninesinthecontextofkidneydysfunctionisthereforeprobablyduetoacombination
ofreducedexcretion,increasedactivitiesofTDO[106,112],increasedinflammation[107]
andpossiblyothermechanisms.Ithasfurtherbeenestablishedthatkidneydiseaseisarisk
factorfordepression[113],andkidneydiseaseincidencewasassociatedwithdepression
symptomscoresinarecentprospectivecohortstudy[114].

Oftheincludedpapersinthisreview,onlytwoincludedmeasuresofkidneyfunc-
tion[35,64].
BodyMassIndex(BMI)

Thereisanintricaterelationshipbetweenmetabolicregulationandthekynurenine
pathway(reviewedin[115,116]).Trp,Kyn,KA,HK,HAA,XAandKTRhaveallbeen
foundtobehigherinobesecomparedtonormal-weightindividuals[38].Positiveassoci-
ationsbetweenBMIandKTR[117,118]andbetweenBMIandKyn[118]havealsobeen
documented.Furthermore,neopterinwasalsoassociatedwithBMIin426clinicallydefined
healthyindividuals[119],andIDOgeneexpressionwasfoundtobeenhancedinadipose
tissueofpeoplewithobesity[120].ArecentstudyfoundhigherBMIinpatientswithMDD
comparedwithhealthycontrols,thoughwithoutassociationtoQAorQA/KA,andthe
authorssuggestedthatalteredkynureninemetabolismindepressioncouldberelatedto
metabolicdisturbances[121].

TwoofthereviewedstudiesincludeddataonBMI[36,37].
Sex

Inthecommunity-basedstudyofTheofylaktopoulouetal.,levelsofTrp,Kyn,KA,HAA
andXAwerehigherinmenthaninwomen[38].Inanothercohortstudyof2436healthy
youngadults,Trp,Kyn,KA,AAandHAAwerealsohigherinmen[122].Therearealso
indicationsofdifferentialresponsesofinterventionsonkynureninemetabolisminwomenand
men,withwomenexhibitinggreaterchangesinconcentrationsafterTrpadministrationor
IFN-treatment[25].

Ingeneral,thereviewedstudiesincludedmorefemalesthanmen,resultingina
strongerrepresentationoffemalesoverall(242vs.146).
BVitamins,TobaccoandAlcohol

LowlevelsofPLPareassociatedwithhighconcentrationsofHK,andlowconcentra-
tionsofKA,AA,HAAandXA[123].PLPconcentrationhasbeenfoundtobereducedin
manyinflammatoryconditions(reviewedin[124]),insmokers[125]andinsubjectswith
highalcoholconsumption[122].Conversely,vitaminB6supplementshavebeenassociated
withlowerHKconcentrations[122].Highlevelsofnicotinamide(vitaminB3)canalso
inhibitTDOinanegativefeedbackmechanism[89].Thereisaninverseassociationbetween
smokingandconcentrationofseveralkynurenines[38]aswellasKTR[126].Thiscould
berelatedbothtoananti-inflammatoryeffectofsmokingandareductionincirculating
B-vitaminlevelsduetooxidativestress[125].

B-vitaminconcentrationswerereportedinthreestudies[35,64,76],smokinginfour
studies[35–37,64]andalcoholconsumptioninonestudy[64].
OtherFactors

Glucocorticoids,especiallycortisol,areimportantinducersofTDO,andstresshaslong
beenrecognizedasapotentiallinkbetweendepressionandkynureninemetabolism[15].
Bothshort-termincreaseandlong-termdecreaseincortisolhavebeendescribedafter
ECT[81],potentiallyinfluencingperipheralmetabolismthroughTDOactivation.Anumber
ofotherfactorsarealsosuggestedtoaffecttheavailabilityofTrpforserotoninproduction,
eitherthroughregulatingthefreefractionofTrpinblood,thetransportacrossBBBor
cellmembranesormetabolizationbyTDO(reviewedin[89]).Trpcanbedisplacedfrom
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Theofylaktopoulouandcolleagues’work,levelsabove95%ofnormaldistributionforKyn,
AA,KA,HK,KTRandneopterinwereallassociatedwithkidneydysfunction.Positive
correlationsofKAandQAwithcreatininehavealsobeenshown[107],consistentwith
theimportanceofrenalexcretionforeliminationofthesemetabolites.However,kidney
dysfunctionmayalsobeassociatedwithincreasedimmuneactivationwithincreased
neopterin[110],CRPlevels[107]andincreasedIDOactivity[111].Alteredconcentrationsof
kynureninesinthecontextofkidneydysfunctionisthereforeprobablyduetoacombination
ofreducedexcretion,increasedactivitiesofTDO[106,112],increasedinflammation[107]
andpossiblyothermechanisms.Ithasfurtherbeenestablishedthatkidneydiseaseisarisk
factorfordepression[113],andkidneydiseaseincidencewasassociatedwithdepression
symptomscoresinarecentprospectivecohortstudy[114].

Oftheincludedpapersinthisreview,onlytwoincludedmeasuresofkidneyfunc-
tion[35,64].
BodyMassIndex(BMI)

Thereisanintricaterelationshipbetweenmetabolicregulationandthekynurenine
pathway(reviewedin[115,116]).Trp,Kyn,KA,HK,HAA,XAandKTRhaveallbeen
foundtobehigherinobesecomparedtonormal-weightindividuals[38].Positiveassoci-
ationsbetweenBMIandKTR[117,118]andbetweenBMIandKyn[118]havealsobeen
documented.Furthermore,neopterinwasalsoassociatedwithBMIin426clinicallydefined
healthyindividuals[119],andIDOgeneexpressionwasfoundtobeenhancedinadipose
tissueofpeoplewithobesity[120].ArecentstudyfoundhigherBMIinpatientswithMDD
comparedwithhealthycontrols,thoughwithoutassociationtoQAorQA/KA,andthe
authorssuggestedthatalteredkynureninemetabolismindepressioncouldberelatedto
metabolicdisturbances[121].

TwoofthereviewedstudiesincludeddataonBMI[36,37].
Sex

Inthecommunity-basedstudyofTheofylaktopoulouetal.,levelsofTrp,Kyn,KA,HAA
andXAwerehigherinmenthaninwomen[38].Inanothercohortstudyof2436healthy
youngadults,Trp,Kyn,KA,AAandHAAwerealsohigherinmen[122].Therearealso
indicationsofdifferentialresponsesofinterventionsonkynureninemetabolisminwomenand
men,withwomenexhibitinggreaterchangesinconcentrationsafterTrpadministrationor
IFN-treatment[25].

Ingeneral,thereviewedstudiesincludedmorefemalesthanmen,resultingina
strongerrepresentationoffemalesoverall(242vs.146).
BVitamins,TobaccoandAlcohol

LowlevelsofPLPareassociatedwithhighconcentrationsofHK,andlowconcentra-
tionsofKA,AA,HAAandXA[123].PLPconcentrationhasbeenfoundtobereducedin
manyinflammatoryconditions(reviewedin[124]),insmokers[125]andinsubjectswith
highalcoholconsumption[122].Conversely,vitaminB6supplementshavebeenassociated
withlowerHKconcentrations[122].Highlevelsofnicotinamide(vitaminB3)canalso
inhibitTDOinanegativefeedbackmechanism[89].Thereisaninverseassociationbetween
smokingandconcentrationofseveralkynurenines[38]aswellasKTR[126].Thiscould
berelatedbothtoananti-inflammatoryeffectofsmokingandareductionincirculating
B-vitaminlevelsduetooxidativestress[125].

B-vitaminconcentrationswerereportedinthreestudies[35,64,76],smokinginfour
studies[35–37,64]andalcoholconsumptioninonestudy[64].
OtherFactors

Glucocorticoids,especiallycortisol,areimportantinducersofTDO,andstresshaslong
beenrecognizedasapotentiallinkbetweendepressionandkynureninemetabolism[15].
Bothshort-termincreaseandlong-termdecreaseincortisolhavebeendescribedafter
ECT[81],potentiallyinfluencingperipheralmetabolismthroughTDOactivation.Anumber
ofotherfactorsarealsosuggestedtoaffecttheavailabilityofTrpforserotoninproduction,
eitherthroughregulatingthefreefractionofTrpinblood,thetransportacrossBBBor
cellmembranesormetabolizationbyTDO(reviewedin[89]).Trpcanbedisplacedfrom
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albumin by non-esterified fatty acids (NEFAs), which could be increased in response to ECT
as part of an acute stress response [89]. Some studies have also suggested that impaired
liver function with reduced albumin production can cause increased circulating free Trp
levels [89]. Dietary supply is essential for Trp levels, and intake of Trp has, for instance,
been reported to be reduced in elderly with mild-to-moderate depression compared to
healthy elderly controls [127]. Protein intake can, however, alter the ratio between Trp
and other large neutral amino acids that compete for LAT1 transport, so called competing
amino acids (CAAs). For example, administration of leucine, a CAA with high affinity
for LAT1, has been shown to prevent depression-like behavior upon lipopolysaccharide
stimulation in mice by blocking Kyn transport across the BBB [128]. Glucose has also been
suggested to affect Trp levels through an inhibitory effect on TDO [89]. A range of common
medications are furthermore suspected to affect levels of Trp and kynurenines, including
anti-inflammatory drugs [129], oral contraceptives [130], salicylate [131], antirheumatic
drugs [132] and more [39]. Still, knowledge about the clinical significance in humans of Trp
displacement, TDO inhibition, various medications and the competitive action of CAAs for
LAT1 transport is limited.

4.2.3. Patient Characteristics
Patient characteristics are related both to expected treatment response and to the

impact of the factors discussed above. Patients with depression constitute a highly het-
erogenous group and vary greatly between studies.

One main division is between major depressive disorder and depression in bipolar dis-
order, two closely related conditions that nevertheless have important differences, related
to clinical characteristics, treatment methods, outcome and probably also etiology [133].
Furthermore, although alterations in kynurenine pathway metabolites have been found
in patients with depression in general, many studies have suggested that pathway abnor-
malities may be more pronounced or relevant for various clinical subgroups. This includes
depressed with high baseline concentrations of inflammatory markers [99,134], suicidal
ideation [135–138] (reviewed in [138]) and psychotic features [139]. Similarly, comorbidity
is also of importance, as kynurenine metabolism is often altered in somatic diseases (review
in [94]), such as cancer, kidney disease, inflammatory disease, neurologic disease, dia-
betes [140], and psychiatric conditions such as schizophrenia [141]. Other relevant clinical
characteristics, including depression severity [142], duration of depression [23], melancholy
and anhedonia [143,144], cognitive function [145,146], and somatization [147], have all
been related to inflammation and/or unbalance in kynurenine metabolism. Moreover,
depression characteristics, age and inflammation are important predictors of treatment
effect [148]. To address these aspects, stratification based on clinical data or correlation
between kynurenines and clinical or biochemical scores were commonly applied in sub-
analyses in the reviewed studies, though with limited statistical power.

Finally, medication is another important aspect of the study population. Whether
patients are medication naïve or on anti-depressant medication could affect the response
to ECT [149] and possibly kynurenine metabolism itself, for instance, through TDO in-
hibition [150]. This topic was central to the methodology and discussion of several of
the reviewed studies. In general, most patients received treatment with antidepressants,
antipsychotics or mood stabilizers during the study period, with limited statistical strength
to draw any conclusions about the role of medication.

4.2.4. Intervention and Study Design
As with patient characteristics, variation in study design and treatment delivery could

contribute to differences in results. The method of ECT delivery varies between studies and
could affect response [151] and potentially contribute to the variation in observed changes
in Trp and its metabolites. The number of ECT sessions is a crucial factor since it is the main
difference between two types of study design, single versus treatment series, and since the
length of a series typically varies from patient to patient. It could be a factor acting directly
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albuminbynon-esterifiedfattyacids(NEFAs),whichcouldbeincreasedinresponsetoECT
aspartofanacutestressresponse[89].Somestudieshavealsosuggestedthatimpaired
liverfunctionwithreducedalbuminproductioncancauseincreasedcirculatingfreeTrp
levels[89].DietarysupplyisessentialforTrplevels,andintakeofTrphas,forinstance,
beenreportedtobereducedinelderlywithmild-to-moderatedepressioncomparedto
healthyelderlycontrols[127].Proteinintakecan,however,altertheratiobetweenTrp
andotherlargeneutralaminoacidsthatcompeteforLAT1transport,socalledcompeting
aminoacids(CAAs).Forexample,administrationofleucine,aCAAwithhighaffinity
forLAT1,hasbeenshowntopreventdepression-likebehavioruponlipopolysaccharide
stimulationinmicebyblockingKyntransportacrosstheBBB[128].Glucosehasalsobeen
suggestedtoaffectTrplevelsthroughaninhibitoryeffectonTDO[89].Arangeofcommon
medicationsarefurthermoresuspectedtoaffectlevelsofTrpandkynurenines,including
anti-inflammatorydrugs[129],oralcontraceptives[130],salicylate[131],antirheumatic
drugs[132]andmore[39].Still,knowledgeabouttheclinicalsignificanceinhumansofTrp
displacement,TDOinhibition,variousmedicationsandthecompetitiveactionofCAAsfor
LAT1transportislimited.

4.2.3.PatientCharacteristics
Patientcharacteristicsarerelatedbothtoexpectedtreatmentresponseandtothe

impactofthefactorsdiscussedabove.Patientswithdepressionconstituteahighlyhet-
erogenousgroupandvarygreatlybetweenstudies.

Onemaindivisionisbetweenmajordepressivedisorderanddepressioninbipolardis-
order,twocloselyrelatedconditionsthatneverthelesshaveimportantdifferences,related
toclinicalcharacteristics,treatmentmethods,outcomeandprobablyalsoetiology[133].
Furthermore,althoughalterationsinkynureninepathwaymetaboliteshavebeenfound
inpatientswithdepressioningeneral,manystudieshavesuggestedthatpathwayabnor-
malitiesmaybemorepronouncedorrelevantforvariousclinicalsubgroups.Thisincludes
depressedwithhighbaselineconcentrationsofinflammatorymarkers[99,134],suicidal
ideation[135–138](reviewedin[138])andpsychoticfeatures[139].Similarly,comorbidity
isalsoofimportance,askynureninemetabolismisoftenalteredinsomaticdiseases(review
in[94]),suchascancer,kidneydisease,inflammatorydisease,neurologicdisease,dia-
betes[140],andpsychiatricconditionssuchasschizophrenia[141].Otherrelevantclinical
characteristics,includingdepressionseverity[142],durationofdepression[23],melancholy
andanhedonia[143,144],cognitivefunction[145,146],andsomatization[147],haveall
beenrelatedtoinflammationand/orunbalanceinkynureninemetabolism.Moreover,
depressioncharacteristics,ageandinflammationareimportantpredictorsoftreatment
effect[148].Toaddresstheseaspects,stratificationbasedonclinicaldataorcorrelation
betweenkynureninesandclinicalorbiochemicalscoreswerecommonlyappliedinsub-
analysesinthereviewedstudies,thoughwithlimitedstatisticalpower.

Finally,medicationisanotherimportantaspectofthestudypopulation.Whether
patientsaremedicationnaïveoronanti-depressantmedicationcouldaffecttheresponse
toECT[149]andpossiblykynureninemetabolismitself,forinstance,throughTDOin-
hibition[150].Thistopicwascentraltothemethodologyanddiscussionofseveralof
thereviewedstudies.Ingeneral,mostpatientsreceivedtreatmentwithantidepressants,
antipsychoticsormoodstabilizersduringthestudyperiod,withlimitedstatisticalstrength
todrawanyconclusionsabouttheroleofmedication.

4.2.4.InterventionandStudyDesign
Aswithpatientcharacteristics,variationinstudydesignandtreatmentdeliverycould

contributetodifferencesinresults.ThemethodofECTdeliveryvariesbetweenstudiesand
couldaffectresponse[151]andpotentiallycontributetothevariationinobservedchanges
inTrpanditsmetabolites.ThenumberofECTsessionsisacrucialfactorsinceitisthemain
differencebetweentwotypesofstudydesign,singleversustreatmentseries,andsincethe
lengthofaseriestypicallyvariesfrompatienttopatient.Itcouldbeafactoractingdirectly
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albumin by non-esterified fatty acids (NEFAs), which could be increased in response to ECT
as part of an acute stress response [89]. Some studies have also suggested that impaired
liver function with reduced albumin production can cause increased circulating free Trp
levels [89]. Dietary supply is essential for Trp levels, and intake of Trp has, for instance,
been reported to be reduced in elderly with mild-to-moderate depression compared to
healthy elderly controls [127]. Protein intake can, however, alter the ratio between Trp
and other large neutral amino acids that compete for LAT1 transport, so called competing
amino acids (CAAs). For example, administration of leucine, a CAA with high affinity
for LAT1, has been shown to prevent depression-like behavior upon lipopolysaccharide
stimulation in mice by blocking Kyn transport across the BBB [128]. Glucose has also been
suggested to affect Trp levels through an inhibitory effect on TDO [89]. A range of common
medications are furthermore suspected to affect levels of Trp and kynurenines, including
anti-inflammatory drugs [129], oral contraceptives [130], salicylate [131], antirheumatic
drugs [132] and more [39]. Still, knowledge about the clinical significance in humans of Trp
displacement, TDO inhibition, various medications and the competitive action of CAAs for
LAT1 transport is limited.

4.2.3. Patient Characteristics
Patient characteristics are related both to expected treatment response and to the

impact of the factors discussed above. Patients with depression constitute a highly het-
erogenous group and vary greatly between studies.

One main division is between major depressive disorder and depression in bipolar dis-
order, two closely related conditions that nevertheless have important differences, related
to clinical characteristics, treatment methods, outcome and probably also etiology [133].
Furthermore, although alterations in kynurenine pathway metabolites have been found
in patients with depression in general, many studies have suggested that pathway abnor-
malities may be more pronounced or relevant for various clinical subgroups. This includes
depressed with high baseline concentrations of inflammatory markers [99,134], suicidal
ideation [135–138] (reviewed in [138]) and psychotic features [139]. Similarly, comorbidity
is also of importance, as kynurenine metabolism is often altered in somatic diseases (review
in [94]), such as cancer, kidney disease, inflammatory disease, neurologic disease, dia-
betes [140], and psychiatric conditions such as schizophrenia [141]. Other relevant clinical
characteristics, including depression severity [142], duration of depression [23], melancholy
and anhedonia [143,144], cognitive function [145,146], and somatization [147], have all
been related to inflammation and/or unbalance in kynurenine metabolism. Moreover,
depression characteristics, age and inflammation are important predictors of treatment
effect [148]. To address these aspects, stratification based on clinical data or correlation
between kynurenines and clinical or biochemical scores were commonly applied in sub-
analyses in the reviewed studies, though with limited statistical power.

Finally, medication is another important aspect of the study population. Whether
patients are medication naïve or on anti-depressant medication could affect the response
to ECT [149] and possibly kynurenine metabolism itself, for instance, through TDO in-
hibition [150]. This topic was central to the methodology and discussion of several of
the reviewed studies. In general, most patients received treatment with antidepressants,
antipsychotics or mood stabilizers during the study period, with limited statistical strength
to draw any conclusions about the role of medication.

4.2.4. Intervention and Study Design
As with patient characteristics, variation in study design and treatment delivery could

contribute to differences in results. The method of ECT delivery varies between studies and
could affect response [151] and potentially contribute to the variation in observed changes
in Trp and its metabolites. The number of ECT sessions is a crucial factor since it is the main
difference between two types of study design, single versus treatment series, and since the
length of a series typically varies from patient to patient. It could be a factor acting directly
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as part of an acute stress response [89]. Some studies have also suggested that impaired
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anti-inflammatory drugs [129], oral contraceptives [130], salicylate [131], antirheumatic
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displacement, TDO inhibition, various medications and the competitive action of CAAs for
LAT1 transport is limited.
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impact of the factors discussed above. Patients with depression constitute a highly het-
erogenous group and vary greatly between studies.

One main division is between major depressive disorder and depression in bipolar dis-
order, two closely related conditions that nevertheless have important differences, related
to clinical characteristics, treatment methods, outcome and probably also etiology [133].
Furthermore, although alterations in kynurenine pathway metabolites have been found
in patients with depression in general, many studies have suggested that pathway abnor-
malities may be more pronounced or relevant for various clinical subgroups. This includes
depressed with high baseline concentrations of inflammatory markers [99,134], suicidal
ideation [135–138] (reviewed in [138]) and psychotic features [139]. Similarly, comorbidity
is also of importance, as kynurenine metabolism is often altered in somatic diseases (review
in [94]), such as cancer, kidney disease, inflammatory disease, neurologic disease, dia-
betes [140], and psychiatric conditions such as schizophrenia [141]. Other relevant clinical
characteristics, including depression severity [142], duration of depression [23], melancholy
and anhedonia [143,144], cognitive function [145,146], and somatization [147], have all
been related to inflammation and/or unbalance in kynurenine metabolism. Moreover,
depression characteristics, age and inflammation are important predictors of treatment
effect [148]. To address these aspects, stratification based on clinical data or correlation
between kynurenines and clinical or biochemical scores were commonly applied in sub-
analyses in the reviewed studies, though with limited statistical power.

Finally, medication is another important aspect of the study population. Whether
patients are medication naïve or on anti-depressant medication could affect the response
to ECT [149] and possibly kynurenine metabolism itself, for instance, through TDO in-
hibition [150]. This topic was central to the methodology and discussion of several of
the reviewed studies. In general, most patients received treatment with antidepressants,
antipsychotics or mood stabilizers during the study period, with limited statistical strength
to draw any conclusions about the role of medication.

4.2.4. Intervention and Study Design
As with patient characteristics, variation in study design and treatment delivery could

contribute to differences in results. The method of ECT delivery varies between studies and
could affect response [151] and potentially contribute to the variation in observed changes
in Trp and its metabolites. The number of ECT sessions is a crucial factor since it is the main
difference between two types of study design, single versus treatment series, and since the
length of a series typically varies from patient to patient. It could be a factor acting directly
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albuminbynon-esterifiedfattyacids(NEFAs),whichcouldbeincreasedinresponsetoECT
aspartofanacutestressresponse[89].Somestudieshavealsosuggestedthatimpaired
liverfunctionwithreducedalbuminproductioncancauseincreasedcirculatingfreeTrp
levels[89].DietarysupplyisessentialforTrplevels,andintakeofTrphas,forinstance,
beenreportedtobereducedinelderlywithmild-to-moderatedepressioncomparedto
healthyelderlycontrols[127].Proteinintakecan,however,altertheratiobetweenTrp
andotherlargeneutralaminoacidsthatcompeteforLAT1transport,socalledcompeting
aminoacids(CAAs).Forexample,administrationofleucine,aCAAwithhighaffinity
forLAT1,hasbeenshowntopreventdepression-likebehavioruponlipopolysaccharide
stimulationinmicebyblockingKyntransportacrosstheBBB[128].Glucosehasalsobeen
suggestedtoaffectTrplevelsthroughaninhibitoryeffectonTDO[89].Arangeofcommon
medicationsarefurthermoresuspectedtoaffectlevelsofTrpandkynurenines,including
anti-inflammatorydrugs[129],oralcontraceptives[130],salicylate[131],antirheumatic
drugs[132]andmore[39].Still,knowledgeabouttheclinicalsignificanceinhumansofTrp
displacement,TDOinhibition,variousmedicationsandthecompetitiveactionofCAAsfor
LAT1transportislimited.

4.2.3.PatientCharacteristics
Patientcharacteristicsarerelatedbothtoexpectedtreatmentresponseandtothe

impactofthefactorsdiscussedabove.Patientswithdepressionconstituteahighlyhet-
erogenousgroupandvarygreatlybetweenstudies.

Onemaindivisionisbetweenmajordepressivedisorderanddepressioninbipolardis-
order,twocloselyrelatedconditionsthatneverthelesshaveimportantdifferences,related
toclinicalcharacteristics,treatmentmethods,outcomeandprobablyalsoetiology[133].
Furthermore,althoughalterationsinkynureninepathwaymetaboliteshavebeenfound
inpatientswithdepressioningeneral,manystudieshavesuggestedthatpathwayabnor-
malitiesmaybemorepronouncedorrelevantforvariousclinicalsubgroups.Thisincludes
depressedwithhighbaselineconcentrationsofinflammatorymarkers[99,134],suicidal
ideation[135–138](reviewedin[138])andpsychoticfeatures[139].Similarly,comorbidity
isalsoofimportance,askynureninemetabolismisoftenalteredinsomaticdiseases(review
in[94]),suchascancer,kidneydisease,inflammatorydisease,neurologicdisease,dia-
betes[140],andpsychiatricconditionssuchasschizophrenia[141].Otherrelevantclinical
characteristics,includingdepressionseverity[142],durationofdepression[23],melancholy
andanhedonia[143,144],cognitivefunction[145,146],andsomatization[147],haveall
beenrelatedtoinflammationand/orunbalanceinkynureninemetabolism.Moreover,
depressioncharacteristics,ageandinflammationareimportantpredictorsoftreatment
effect[148].Toaddresstheseaspects,stratificationbasedonclinicaldataorcorrelation
betweenkynureninesandclinicalorbiochemicalscoreswerecommonlyappliedinsub-
analysesinthereviewedstudies,thoughwithlimitedstatisticalpower.

Finally,medicationisanotherimportantaspectofthestudypopulation.Whether
patientsaremedicationnaïveoronanti-depressantmedicationcouldaffecttheresponse
toECT[149]andpossiblykynureninemetabolismitself,forinstance,throughTDOin-
hibition[150].Thistopicwascentraltothemethodologyanddiscussionofseveralof
thereviewedstudies.Ingeneral,mostpatientsreceivedtreatmentwithantidepressants,
antipsychoticsormoodstabilizersduringthestudyperiod,withlimitedstatisticalstrength
todrawanyconclusionsabouttheroleofmedication.

4.2.4.InterventionandStudyDesign
Aswithpatientcharacteristics,variationinstudydesignandtreatmentdeliverycould

contributetodifferencesinresults.ThemethodofECTdeliveryvariesbetweenstudiesand
couldaffectresponse[151]andpotentiallycontributetothevariationinobservedchanges
inTrpanditsmetabolites.ThenumberofECTsessionsisacrucialfactorsinceitisthemain
differencebetweentwotypesofstudydesign,singleversustreatmentseries,andsincethe
lengthofaseriestypicallyvariesfrompatienttopatient.Itcouldbeafactoractingdirectly
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albuminbynon-esterifiedfattyacids(NEFAs),whichcouldbeincreasedinresponsetoECT
aspartofanacutestressresponse[89].Somestudieshavealsosuggestedthatimpaired
liverfunctionwithreducedalbuminproductioncancauseincreasedcirculatingfreeTrp
levels[89].DietarysupplyisessentialforTrplevels,andintakeofTrphas,forinstance,
beenreportedtobereducedinelderlywithmild-to-moderatedepressioncomparedto
healthyelderlycontrols[127].Proteinintakecan,however,altertheratiobetweenTrp
andotherlargeneutralaminoacidsthatcompeteforLAT1transport,socalledcompeting
aminoacids(CAAs).Forexample,administrationofleucine,aCAAwithhighaffinity
forLAT1,hasbeenshowntopreventdepression-likebehavioruponlipopolysaccharide
stimulationinmicebyblockingKyntransportacrosstheBBB[128].Glucosehasalsobeen
suggestedtoaffectTrplevelsthroughaninhibitoryeffectonTDO[89].Arangeofcommon
medicationsarefurthermoresuspectedtoaffectlevelsofTrpandkynurenines,including
anti-inflammatorydrugs[129],oralcontraceptives[130],salicylate[131],antirheumatic
drugs[132]andmore[39].Still,knowledgeabouttheclinicalsignificanceinhumansofTrp
displacement,TDOinhibition,variousmedicationsandthecompetitiveactionofCAAsfor
LAT1transportislimited.

4.2.3.PatientCharacteristics
Patientcharacteristicsarerelatedbothtoexpectedtreatmentresponseandtothe

impactofthefactorsdiscussedabove.Patientswithdepressionconstituteahighlyhet-
erogenousgroupandvarygreatlybetweenstudies.

Onemaindivisionisbetweenmajordepressivedisorderanddepressioninbipolardis-
order,twocloselyrelatedconditionsthatneverthelesshaveimportantdifferences,related
toclinicalcharacteristics,treatmentmethods,outcomeandprobablyalsoetiology[133].
Furthermore,althoughalterationsinkynureninepathwaymetaboliteshavebeenfound
inpatientswithdepressioningeneral,manystudieshavesuggestedthatpathwayabnor-
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antipsychoticsormoodstabilizersduringthestudyperiod,withlimitedstatisticalstrength
todrawanyconclusionsabouttheroleofmedication.
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onto the biomarker levels, as well as a proxy for treatment effect. Patients with a delayed
treatment response of ECT are likely to receive more sessions. This could potentially lead
to larger effects on inflammation and kynurenine metabolism in non-responders.

The medication used in context of ECT, anesthesia and muscle relaxants, could con-
ceivably affect the Trp and kynurenine levels, and this was a topic discussed in several of
the reviewed reports. Whalley and colleagues discussed these medications as the potential
cause of change in Trp in both patients and controls [74]. Stelmasiak and Curzon concluded,
based on the results of sub-analyses, that anesthetics did not play a significant role for
changes in free or total Trp [73]. Less commonly discussed was the potential role of fasting,
which could be substantial if blood samples are collected with different fasting length,
such as in the single ECT design. Given the dietary dependency of Trp and the effect of
cortisol on TDO, both Trp and kynurenines could conceivably show diurnal and seasonal
variation. Collecting blood in the morning or in the evening, or at different seasons, could
potentially yield different concentrations. There could also be an effect of meals received at
the clinic or improved nutritional status as a consequence of reduced symptom burden or
other treatment (e.g., hospitalization). Moreover, time between last ECT and post-treatment
blood sampling is possibly of high importance when analyzing kynurenines after ECT.
In the current review, the post-treatment sample time varied substantially both within
and between studies that declared this information. Systematic sampling time differences
could be an explanation both for baseline differences between patients and controls, and
for changes over time, both in patients receiving therapy and for healthy controls. This
is relevant, not only for investigations into the short-term effect that ECT by itself exerts
on Trp metabolism, but also for analyses of changes related to reduced symptom severity.
For instance, follow-up samples could reveal important biomarker alterations, such as the
significant changes in a sub-group of patients at 3 months follow-up after ECT in the work
of Ryan and colleagues [37].

Treatment response is another important measure in this type of study. Given the
hypothesis of association between symptom severity and levels of kynurenines, changes
after ECT are expected to be more pronounced in responders or remitters than in non-
responders or non-remitters. Stratification by treatment effect, or analyses of correlations
between changes in biochemical and clinical measures, could reveal differences in kynure-
nine changes after ECT that would otherwise be concealed. These strategies were utilized
in several of the reviewed studies [34–36,64,67].

4.2.5. Summary of the Role of Factors That Can Influence Analyses of Tryptophan and
Kynurenines in the Context of ECT

This review indicates that many factors that are important for analyses of Trp-kynurenine
metabolism are often not standardized, measured or reported in studies that investigate
changes in these metabolites after ECT. The impact of these factors may vary according
to study design. They can have an especially large impact when comparing groups of
participants, such as baseline concentrations in patients and healthy controls. Controls
are often selected to match patients on age and sex, but inflammation, kidney function,
nutritional status, BMI, somatic disease and use of medication can potentially be important
effect modifiers. For example, the observed differences in KA between 1100 depressed
patients and 642 healthy controls were no longer significant after adjustment for age, sex,
education, smoking status, alcohol consumption and chronic diseases [99].

In studies that utilize repeated measures, determinants of Trp and kynurenines should
have limited effect on the analyses of change if they are stable throughout the treatment
series. However, some important factors, such as inflammation, stress, B vitamin levels and
medication, can change during the study period and could affect the outcome measures.
Moreover, such changes could be an effect of ECT and, therefore, not readily adjusted for
in statistical analyses without introducing bias. Additionally, it is still not clear to what
degree the baseline concentrations of Trp or kynurenines affect the potential for change or
treatment response. Many of the variables discussed above are potential determinants of
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ontothebiomarkerlevels,aswellasaproxyfortreatmenteffect.Patientswithadelayed
treatmentresponseofECTarelikelytoreceivemoresessions.Thiscouldpotentiallylead
tolargereffectsoninflammationandkynureninemetabolisminnon-responders.

ThemedicationusedincontextofECT,anesthesiaandmusclerelaxants,couldcon-
ceivablyaffecttheTrpandkynureninelevels,andthiswasatopicdiscussedinseveralof
thereviewedreports.Whalleyandcolleaguesdiscussedthesemedicationsasthepotential
causeofchangeinTrpinbothpatientsandcontrols[74].StelmasiakandCurzonconcluded,
basedontheresultsofsub-analyses,thatanestheticsdidnotplayasignificantrolefor
changesinfreeortotalTrp[73].Lesscommonlydiscussedwasthepotentialroleoffasting,
whichcouldbesubstantialifbloodsamplesarecollectedwithdifferentfastinglength,
suchasinthesingleECTdesign.GiventhedietarydependencyofTrpandtheeffectof
cortisolonTDO,bothTrpandkynureninescouldconceivablyshowdiurnalandseasonal
variation.Collectingbloodinthemorningorintheevening,oratdifferentseasons,could
potentiallyyielddifferentconcentrations.Therecouldalsobeaneffectofmealsreceivedat
theclinicorimprovednutritionalstatusasaconsequenceofreducedsymptomburdenor
othertreatment(e.g.,hospitalization).Moreover,timebetweenlastECTandpost-treatment
bloodsamplingispossiblyofhighimportancewhenanalyzingkynureninesafterECT.
Inthecurrentreview,thepost-treatmentsampletimevariedsubstantiallybothwithin
andbetweenstudiesthatdeclaredthisinformation.Systematicsamplingtimedifferences
couldbeanexplanationbothforbaselinedifferencesbetweenpatientsandcontrols,and
forchangesovertime,bothinpatientsreceivingtherapyandforhealthycontrols.This
isrelevant,notonlyforinvestigationsintotheshort-termeffectthatECTbyitselfexerts
onTrpmetabolism,butalsoforanalysesofchangesrelatedtoreducedsymptomseverity.
Forinstance,follow-upsamplescouldrevealimportantbiomarkeralterations,suchasthe
significantchangesinasub-groupofpatientsat3monthsfollow-upafterECTinthework
ofRyanandcolleagues[37].

Treatmentresponseisanotherimportantmeasureinthistypeofstudy.Giventhe
hypothesisofassociationbetweensymptomseverityandlevelsofkynurenines,changes
afterECTareexpectedtobemorepronouncedinrespondersorremittersthaninnon-
respondersornon-remitters.Stratificationbytreatmenteffect,oranalysesofcorrelations
betweenchangesinbiochemicalandclinicalmeasures,couldrevealdifferencesinkynure-
ninechangesafterECTthatwouldotherwisebeconcealed.Thesestrategieswereutilized
inseveralofthereviewedstudies[34–36,64,67].

4.2.5.SummaryoftheRoleofFactorsThatCanInfluenceAnalysesofTryptophanand
KynureninesintheContextofECT

ThisreviewindicatesthatmanyfactorsthatareimportantforanalysesofTrp-kynurenine
metabolismareoftennotstandardized,measuredorreportedinstudiesthatinvestigate
changesinthesemetabolitesafterECT.Theimpactofthesefactorsmayvaryaccording
tostudydesign.Theycanhaveanespeciallylargeimpactwhencomparinggroupsof
participants,suchasbaselineconcentrationsinpatientsandhealthycontrols.Controls
areoftenselectedtomatchpatientsonageandsex,butinflammation,kidneyfunction,
nutritionalstatus,BMI,somaticdiseaseanduseofmedicationcanpotentiallybeimportant
effectmodifiers.Forexample,theobserveddifferencesinKAbetween1100depressed
patientsand642healthycontrolswerenolongersignificantafteradjustmentforage,sex,
education,smokingstatus,alcoholconsumptionandchronicdiseases[99].

Instudiesthatutilizerepeatedmeasures,determinantsofTrpandkynureninesshould
havelimitedeffectontheanalysesofchangeiftheyarestablethroughoutthetreatment
series.However,someimportantfactors,suchasinflammation,stress,Bvitaminlevelsand
medication,canchangeduringthestudyperiodandcouldaffecttheoutcomemeasures.
Moreover,suchchangescouldbeaneffectofECTand,therefore,notreadilyadjustedfor
instatisticalanalyseswithoutintroducingbias.Additionally,itisstillnotcleartowhat
degreethebaselineconcentrationsofTrporkynureninesaffectthepotentialforchangeor
treatmentresponse.Manyofthevariablesdiscussedabovearepotentialdeterminantsof
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treatmentresponseofECTarelikelytoreceivemoresessions.Thiscouldpotentiallylead
tolargereffectsoninflammationandkynureninemetabolisminnon-responders.

ThemedicationusedincontextofECT,anesthesiaandmusclerelaxants,couldcon-
ceivablyaffecttheTrpandkynureninelevels,andthiswasatopicdiscussedinseveralof
thereviewedreports.Whalleyandcolleaguesdiscussedthesemedicationsasthepotential
causeofchangeinTrpinbothpatientsandcontrols[74].StelmasiakandCurzonconcluded,
basedontheresultsofsub-analyses,thatanestheticsdidnotplayasignificantrolefor
changesinfreeortotalTrp[73].Lesscommonlydiscussedwasthepotentialroleoffasting,
whichcouldbesubstantialifbloodsamplesarecollectedwithdifferentfastinglength,
suchasinthesingleECTdesign.GiventhedietarydependencyofTrpandtheeffectof
cortisolonTDO,bothTrpandkynureninescouldconceivablyshowdiurnalandseasonal
variation.Collectingbloodinthemorningorintheevening,oratdifferentseasons,could
potentiallyyielddifferentconcentrations.Therecouldalsobeaneffectofmealsreceivedat
theclinicorimprovednutritionalstatusasaconsequenceofreducedsymptomburdenor
othertreatment(e.g.,hospitalization).Moreover,timebetweenlastECTandpost-treatment
bloodsamplingispossiblyofhighimportancewhenanalyzingkynureninesafterECT.
Inthecurrentreview,thepost-treatmentsampletimevariedsubstantiallybothwithin
andbetweenstudiesthatdeclaredthisinformation.Systematicsamplingtimedifferences
couldbeanexplanationbothforbaselinedifferencesbetweenpatientsandcontrols,and
forchangesovertime,bothinpatientsreceivingtherapyandforhealthycontrols.This
isrelevant,notonlyforinvestigationsintotheshort-termeffectthatECTbyitselfexerts
onTrpmetabolism,butalsoforanalysesofchangesrelatedtoreducedsymptomseverity.
Forinstance,follow-upsamplescouldrevealimportantbiomarkeralterations,suchasthe
significantchangesinasub-groupofpatientsat3monthsfollow-upafterECTinthework
ofRyanandcolleagues[37].

Treatmentresponseisanotherimportantmeasureinthistypeofstudy.Giventhe
hypothesisofassociationbetweensymptomseverityandlevelsofkynurenines,changes
afterECTareexpectedtobemorepronouncedinrespondersorremittersthaninnon-
respondersornon-remitters.Stratificationbytreatmenteffect,oranalysesofcorrelations
betweenchangesinbiochemicalandclinicalmeasures,couldrevealdifferencesinkynure-
ninechangesafterECTthatwouldotherwisebeconcealed.Thesestrategieswereutilized
inseveralofthereviewedstudies[34–36,64,67].

4.2.5.SummaryoftheRoleofFactorsThatCanInfluenceAnalysesofTryptophanand
KynureninesintheContextofECT

ThisreviewindicatesthatmanyfactorsthatareimportantforanalysesofTrp-kynurenine
metabolismareoftennotstandardized,measuredorreportedinstudiesthatinvestigate
changesinthesemetabolitesafterECT.Theimpactofthesefactorsmayvaryaccording
tostudydesign.Theycanhaveanespeciallylargeimpactwhencomparinggroupsof
participants,suchasbaselineconcentrationsinpatientsandhealthycontrols.Controls
areoftenselectedtomatchpatientsonageandsex,butinflammation,kidneyfunction,
nutritionalstatus,BMI,somaticdiseaseanduseofmedicationcanpotentiallybeimportant
effectmodifiers.Forexample,theobserveddifferencesinKAbetween1100depressed
patientsand642healthycontrolswerenolongersignificantafteradjustmentforage,sex,
education,smokingstatus,alcoholconsumptionandchronicdiseases[99].

Instudiesthatutilizerepeatedmeasures,determinantsofTrpandkynureninesshould
havelimitedeffectontheanalysesofchangeiftheyarestablethroughoutthetreatment
series.However,someimportantfactors,suchasinflammation,stress,Bvitaminlevelsand
medication,canchangeduringthestudyperiodandcouldaffecttheoutcomemeasures.
Moreover,suchchangescouldbeaneffectofECTand,therefore,notreadilyadjustedfor
instatisticalanalyseswithoutintroducingbias.Additionally,itisstillnotcleartowhat
degreethebaselineconcentrationsofTrporkynureninesaffectthepotentialforchangeor
treatmentresponse.Manyofthevariablesdiscussedabovearepotentialdeterminantsof
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onto the biomarker levels, as well as a proxy for treatment effect. Patients with a delayed
treatment response of ECT are likely to receive more sessions. This could potentially lead
to larger effects on inflammation and kynurenine metabolism in non-responders.

The medication used in context of ECT, anesthesia and muscle relaxants, could con-
ceivably affect the Trp and kynurenine levels, and this was a topic discussed in several of
the reviewed reports. Whalley and colleagues discussed these medications as the potential
cause of change in Trp in both patients and controls [74]. Stelmasiak and Curzon concluded,
based on the results of sub-analyses, that anesthetics did not play a significant role for
changes in free or total Trp [73]. Less commonly discussed was the potential role of fasting,
which could be substantial if blood samples are collected with different fasting length,
such as in the single ECT design. Given the dietary dependency of Trp and the effect of
cortisol on TDO, both Trp and kynurenines could conceivably show diurnal and seasonal
variation. Collecting blood in the morning or in the evening, or at different seasons, could
potentially yield different concentrations. There could also be an effect of meals received at
the clinic or improved nutritional status as a consequence of reduced symptom burden or
other treatment (e.g., hospitalization). Moreover, time between last ECT and post-treatment
blood sampling is possibly of high importance when analyzing kynurenines after ECT.
In the current review, the post-treatment sample time varied substantially both within
and between studies that declared this information. Systematic sampling time differences
could be an explanation both for baseline differences between patients and controls, and
for changes over time, both in patients receiving therapy and for healthy controls. This
is relevant, not only for investigations into the short-term effect that ECT by itself exerts
on Trp metabolism, but also for analyses of changes related to reduced symptom severity.
For instance, follow-up samples could reveal important biomarker alterations, such as the
significant changes in a sub-group of patients at 3 months follow-up after ECT in the work
of Ryan and colleagues [37].

Treatment response is another important measure in this type of study. Given the
hypothesis of association between symptom severity and levels of kynurenines, changes
after ECT are expected to be more pronounced in responders or remitters than in non-
responders or non-remitters. Stratification by treatment effect, or analyses of correlations
between changes in biochemical and clinical measures, could reveal differences in kynure-
nine changes after ECT that would otherwise be concealed. These strategies were utilized
in several of the reviewed studies [34–36,64,67].

4.2.5. Summary of the Role of Factors That Can Influence Analyses of Tryptophan and
Kynurenines in the Context of ECT

This review indicates that many factors that are important for analyses of Trp-kynurenine
metabolism are often not standardized, measured or reported in studies that investigate
changes in these metabolites after ECT. The impact of these factors may vary according
to study design. They can have an especially large impact when comparing groups of
participants, such as baseline concentrations in patients and healthy controls. Controls
are often selected to match patients on age and sex, but inflammation, kidney function,
nutritional status, BMI, somatic disease and use of medication can potentially be important
effect modifiers. For example, the observed differences in KA between 1100 depressed
patients and 642 healthy controls were no longer significant after adjustment for age, sex,
education, smoking status, alcohol consumption and chronic diseases [99].

In studies that utilize repeated measures, determinants of Trp and kynurenines should
have limited effect on the analyses of change if they are stable throughout the treatment
series. However, some important factors, such as inflammation, stress, B vitamin levels and
medication, can change during the study period and could affect the outcome measures.
Moreover, such changes could be an effect of ECT and, therefore, not readily adjusted for
in statistical analyses without introducing bias. Additionally, it is still not clear to what
degree the baseline concentrations of Trp or kynurenines affect the potential for change or
treatment response. Many of the variables discussed above are potential determinants of
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onto the biomarker levels, as well as a proxy for treatment effect. Patients with a delayed
treatment response of ECT are likely to receive more sessions. This could potentially lead
to larger effects on inflammation and kynurenine metabolism in non-responders.

The medication used in context of ECT, anesthesia and muscle relaxants, could con-
ceivably affect the Trp and kynurenine levels, and this was a topic discussed in several of
the reviewed reports. Whalley and colleagues discussed these medications as the potential
cause of change in Trp in both patients and controls [74]. Stelmasiak and Curzon concluded,
based on the results of sub-analyses, that anesthetics did not play a significant role for
changes in free or total Trp [73]. Less commonly discussed was the potential role of fasting,
which could be substantial if blood samples are collected with different fasting length,
such as in the single ECT design. Given the dietary dependency of Trp and the effect of
cortisol on TDO, both Trp and kynurenines could conceivably show diurnal and seasonal
variation. Collecting blood in the morning or in the evening, or at different seasons, could
potentially yield different concentrations. There could also be an effect of meals received at
the clinic or improved nutritional status as a consequence of reduced symptom burden or
other treatment (e.g., hospitalization). Moreover, time between last ECT and post-treatment
blood sampling is possibly of high importance when analyzing kynurenines after ECT.
In the current review, the post-treatment sample time varied substantially both within
and between studies that declared this information. Systematic sampling time differences
could be an explanation both for baseline differences between patients and controls, and
for changes over time, both in patients receiving therapy and for healthy controls. This
is relevant, not only for investigations into the short-term effect that ECT by itself exerts
on Trp metabolism, but also for analyses of changes related to reduced symptom severity.
For instance, follow-up samples could reveal important biomarker alterations, such as the
significant changes in a sub-group of patients at 3 months follow-up after ECT in the work
of Ryan and colleagues [37].

Treatment response is another important measure in this type of study. Given the
hypothesis of association between symptom severity and levels of kynurenines, changes
after ECT are expected to be more pronounced in responders or remitters than in non-
responders or non-remitters. Stratification by treatment effect, or analyses of correlations
between changes in biochemical and clinical measures, could reveal differences in kynure-
nine changes after ECT that would otherwise be concealed. These strategies were utilized
in several of the reviewed studies [34–36,64,67].

4.2.5. Summary of the Role of Factors That Can Influence Analyses of Tryptophan and
Kynurenines in the Context of ECT

This review indicates that many factors that are important for analyses of Trp-kynurenine
metabolism are often not standardized, measured or reported in studies that investigate
changes in these metabolites after ECT. The impact of these factors may vary according
to study design. They can have an especially large impact when comparing groups of
participants, such as baseline concentrations in patients and healthy controls. Controls
are often selected to match patients on age and sex, but inflammation, kidney function,
nutritional status, BMI, somatic disease and use of medication can potentially be important
effect modifiers. For example, the observed differences in KA between 1100 depressed
patients and 642 healthy controls were no longer significant after adjustment for age, sex,
education, smoking status, alcohol consumption and chronic diseases [99].

In studies that utilize repeated measures, determinants of Trp and kynurenines should
have limited effect on the analyses of change if they are stable throughout the treatment
series. However, some important factors, such as inflammation, stress, B vitamin levels and
medication, can change during the study period and could affect the outcome measures.
Moreover, such changes could be an effect of ECT and, therefore, not readily adjusted for
in statistical analyses without introducing bias. Additionally, it is still not clear to what
degree the baseline concentrations of Trp or kynurenines affect the potential for change or
treatment response. Many of the variables discussed above are potential determinants of
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ontothebiomarkerlevels,aswellasaproxyfortreatmenteffect.Patientswithadelayed
treatmentresponseofECTarelikelytoreceivemoresessions.Thiscouldpotentiallylead
tolargereffectsoninflammationandkynureninemetabolisminnon-responders.

ThemedicationusedincontextofECT,anesthesiaandmusclerelaxants,couldcon-
ceivablyaffecttheTrpandkynureninelevels,andthiswasatopicdiscussedinseveralof
thereviewedreports.Whalleyandcolleaguesdiscussedthesemedicationsasthepotential
causeofchangeinTrpinbothpatientsandcontrols[74].StelmasiakandCurzonconcluded,
basedontheresultsofsub-analyses,thatanestheticsdidnotplayasignificantrolefor
changesinfreeortotalTrp[73].Lesscommonlydiscussedwasthepotentialroleoffasting,
whichcouldbesubstantialifbloodsamplesarecollectedwithdifferentfastinglength,
suchasinthesingleECTdesign.GiventhedietarydependencyofTrpandtheeffectof
cortisolonTDO,bothTrpandkynureninescouldconceivablyshowdiurnalandseasonal
variation.Collectingbloodinthemorningorintheevening,oratdifferentseasons,could
potentiallyyielddifferentconcentrations.Therecouldalsobeaneffectofmealsreceivedat
theclinicorimprovednutritionalstatusasaconsequenceofreducedsymptomburdenor
othertreatment(e.g.,hospitalization).Moreover,timebetweenlastECTandpost-treatment
bloodsamplingispossiblyofhighimportancewhenanalyzingkynureninesafterECT.
Inthecurrentreview,thepost-treatmentsampletimevariedsubstantiallybothwithin
andbetweenstudiesthatdeclaredthisinformation.Systematicsamplingtimedifferences
couldbeanexplanationbothforbaselinedifferencesbetweenpatientsandcontrols,and
forchangesovertime,bothinpatientsreceivingtherapyandforhealthycontrols.This
isrelevant,notonlyforinvestigationsintotheshort-termeffectthatECTbyitselfexerts
onTrpmetabolism,butalsoforanalysesofchangesrelatedtoreducedsymptomseverity.
Forinstance,follow-upsamplescouldrevealimportantbiomarkeralterations,suchasthe
significantchangesinasub-groupofpatientsat3monthsfollow-upafterECTinthework
ofRyanandcolleagues[37].

Treatmentresponseisanotherimportantmeasureinthistypeofstudy.Giventhe
hypothesisofassociationbetweensymptomseverityandlevelsofkynurenines,changes
afterECTareexpectedtobemorepronouncedinrespondersorremittersthaninnon-
respondersornon-remitters.Stratificationbytreatmenteffect,oranalysesofcorrelations
betweenchangesinbiochemicalandclinicalmeasures,couldrevealdifferencesinkynure-
ninechangesafterECTthatwouldotherwisebeconcealed.Thesestrategieswereutilized
inseveralofthereviewedstudies[34–36,64,67].

4.2.5.SummaryoftheRoleofFactorsThatCanInfluenceAnalysesofTryptophanand
KynureninesintheContextofECT

ThisreviewindicatesthatmanyfactorsthatareimportantforanalysesofTrp-kynurenine
metabolismareoftennotstandardized,measuredorreportedinstudiesthatinvestigate
changesinthesemetabolitesafterECT.Theimpactofthesefactorsmayvaryaccording
tostudydesign.Theycanhaveanespeciallylargeimpactwhencomparinggroupsof
participants,suchasbaselineconcentrationsinpatientsandhealthycontrols.Controls
areoftenselectedtomatchpatientsonageandsex,butinflammation,kidneyfunction,
nutritionalstatus,BMI,somaticdiseaseanduseofmedicationcanpotentiallybeimportant
effectmodifiers.Forexample,theobserveddifferencesinKAbetween1100depressed
patientsand642healthycontrolswerenolongersignificantafteradjustmentforage,sex,
education,smokingstatus,alcoholconsumptionandchronicdiseases[99].

Instudiesthatutilizerepeatedmeasures,determinantsofTrpandkynureninesshould
havelimitedeffectontheanalysesofchangeiftheyarestablethroughoutthetreatment
series.However,someimportantfactors,suchasinflammation,stress,Bvitaminlevelsand
medication,canchangeduringthestudyperiodandcouldaffecttheoutcomemeasures.
Moreover,suchchangescouldbeaneffectofECTand,therefore,notreadilyadjustedfor
instatisticalanalyseswithoutintroducingbias.Additionally,itisstillnotcleartowhat
degreethebaselineconcentrationsofTrporkynureninesaffectthepotentialforchangeor
treatmentresponse.Manyofthevariablesdiscussedabovearepotentialdeterminantsof
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ontothebiomarkerlevels,aswellasaproxyfortreatmenteffect.Patientswithadelayed
treatmentresponseofECTarelikelytoreceivemoresessions.Thiscouldpotentiallylead
tolargereffectsoninflammationandkynureninemetabolisminnon-responders.

ThemedicationusedincontextofECT,anesthesiaandmusclerelaxants,couldcon-
ceivablyaffecttheTrpandkynureninelevels,andthiswasatopicdiscussedinseveralof
thereviewedreports.Whalleyandcolleaguesdiscussedthesemedicationsasthepotential
causeofchangeinTrpinbothpatientsandcontrols[74].StelmasiakandCurzonconcluded,
basedontheresultsofsub-analyses,thatanestheticsdidnotplayasignificantrolefor
changesinfreeortotalTrp[73].Lesscommonlydiscussedwasthepotentialroleoffasting,
whichcouldbesubstantialifbloodsamplesarecollectedwithdifferentfastinglength,
suchasinthesingleECTdesign.GiventhedietarydependencyofTrpandtheeffectof
cortisolonTDO,bothTrpandkynureninescouldconceivablyshowdiurnalandseasonal
variation.Collectingbloodinthemorningorintheevening,oratdifferentseasons,could
potentiallyyielddifferentconcentrations.Therecouldalsobeaneffectofmealsreceivedat
theclinicorimprovednutritionalstatusasaconsequenceofreducedsymptomburdenor
othertreatment(e.g.,hospitalization).Moreover,timebetweenlastECTandpost-treatment
bloodsamplingispossiblyofhighimportancewhenanalyzingkynureninesafterECT.
Inthecurrentreview,thepost-treatmentsampletimevariedsubstantiallybothwithin
andbetweenstudiesthatdeclaredthisinformation.Systematicsamplingtimedifferences
couldbeanexplanationbothforbaselinedifferencesbetweenpatientsandcontrols,and
forchangesovertime,bothinpatientsreceivingtherapyandforhealthycontrols.This
isrelevant,notonlyforinvestigationsintotheshort-termeffectthatECTbyitselfexerts
onTrpmetabolism,butalsoforanalysesofchangesrelatedtoreducedsymptomseverity.
Forinstance,follow-upsamplescouldrevealimportantbiomarkeralterations,suchasthe
significantchangesinasub-groupofpatientsat3monthsfollow-upafterECTinthework
ofRyanandcolleagues[37].

Treatmentresponseisanotherimportantmeasureinthistypeofstudy.Giventhe
hypothesisofassociationbetweensymptomseverityandlevelsofkynurenines,changes
afterECTareexpectedtobemorepronouncedinrespondersorremittersthaninnon-
respondersornon-remitters.Stratificationbytreatmenteffect,oranalysesofcorrelations
betweenchangesinbiochemicalandclinicalmeasures,couldrevealdifferencesinkynure-
ninechangesafterECTthatwouldotherwisebeconcealed.Thesestrategieswereutilized
inseveralofthereviewedstudies[34–36,64,67].

4.2.5.SummaryoftheRoleofFactorsThatCanInfluenceAnalysesofTryptophanand
KynureninesintheContextofECT

ThisreviewindicatesthatmanyfactorsthatareimportantforanalysesofTrp-kynurenine
metabolismareoftennotstandardized,measuredorreportedinstudiesthatinvestigate
changesinthesemetabolitesafterECT.Theimpactofthesefactorsmayvaryaccording
tostudydesign.Theycanhaveanespeciallylargeimpactwhencomparinggroupsof
participants,suchasbaselineconcentrationsinpatientsandhealthycontrols.Controls
areoftenselectedtomatchpatientsonageandsex,butinflammation,kidneyfunction,
nutritionalstatus,BMI,somaticdiseaseanduseofmedicationcanpotentiallybeimportant
effectmodifiers.Forexample,theobserveddifferencesinKAbetween1100depressed
patientsand642healthycontrolswerenolongersignificantafteradjustmentforage,sex,
education,smokingstatus,alcoholconsumptionandchronicdiseases[99].

Instudiesthatutilizerepeatedmeasures,determinantsofTrpandkynureninesshould
havelimitedeffectontheanalysesofchangeiftheyarestablethroughoutthetreatment
series.However,someimportantfactors,suchasinflammation,stress,Bvitaminlevelsand
medication,canchangeduringthestudyperiodandcouldaffecttheoutcomemeasures.
Moreover,suchchangescouldbeaneffectofECTand,therefore,notreadilyadjustedfor
instatisticalanalyseswithoutintroducingbias.Additionally,itisstillnotcleartowhat
degreethebaselineconcentrationsofTrporkynureninesaffectthepotentialforchangeor
treatmentresponse.Manyofthevariablesdiscussedabovearepotentialdeterminantsof
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ontothebiomarkerlevels,aswellasaproxyfortreatmenteffect.Patientswithadelayed
treatmentresponseofECTarelikelytoreceivemoresessions.Thiscouldpotentiallylead
tolargereffectsoninflammationandkynureninemetabolisminnon-responders.

ThemedicationusedincontextofECT,anesthesiaandmusclerelaxants,couldcon-
ceivablyaffecttheTrpandkynureninelevels,andthiswasatopicdiscussedinseveralof
thereviewedreports.Whalleyandcolleaguesdiscussedthesemedicationsasthepotential
causeofchangeinTrpinbothpatientsandcontrols[74].StelmasiakandCurzonconcluded,
basedontheresultsofsub-analyses,thatanestheticsdidnotplayasignificantrolefor
changesinfreeortotalTrp[73].Lesscommonlydiscussedwasthepotentialroleoffasting,
whichcouldbesubstantialifbloodsamplesarecollectedwithdifferentfastinglength,
suchasinthesingleECTdesign.GiventhedietarydependencyofTrpandtheeffectof
cortisolonTDO,bothTrpandkynureninescouldconceivablyshowdiurnalandseasonal
variation.Collectingbloodinthemorningorintheevening,oratdifferentseasons,could
potentiallyyielddifferentconcentrations.Therecouldalsobeaneffectofmealsreceivedat
theclinicorimprovednutritionalstatusasaconsequenceofreducedsymptomburdenor
othertreatment(e.g.,hospitalization).Moreover,timebetweenlastECTandpost-treatment
bloodsamplingispossiblyofhighimportancewhenanalyzingkynureninesafterECT.
Inthecurrentreview,thepost-treatmentsampletimevariedsubstantiallybothwithin
andbetweenstudiesthatdeclaredthisinformation.Systematicsamplingtimedifferences
couldbeanexplanationbothforbaselinedifferencesbetweenpatientsandcontrols,and
forchangesovertime,bothinpatientsreceivingtherapyandforhealthycontrols.This
isrelevant,notonlyforinvestigationsintotheshort-termeffectthatECTbyitselfexerts
onTrpmetabolism,butalsoforanalysesofchangesrelatedtoreducedsymptomseverity.
Forinstance,follow-upsamplescouldrevealimportantbiomarkeralterations,suchasthe
significantchangesinasub-groupofpatientsat3monthsfollow-upafterECTinthework
ofRyanandcolleagues[37].

Treatmentresponseisanotherimportantmeasureinthistypeofstudy.Giventhe
hypothesisofassociationbetweensymptomseverityandlevelsofkynurenines,changes
afterECTareexpectedtobemorepronouncedinrespondersorremittersthaninnon-
respondersornon-remitters.Stratificationbytreatmenteffect,oranalysesofcorrelations
betweenchangesinbiochemicalandclinicalmeasures,couldrevealdifferencesinkynure-
ninechangesafterECTthatwouldotherwisebeconcealed.Thesestrategieswereutilized
inseveralofthereviewedstudies[34–36,64,67].

4.2.5.SummaryoftheRoleofFactorsThatCanInfluenceAnalysesofTryptophanand
KynureninesintheContextofECT

ThisreviewindicatesthatmanyfactorsthatareimportantforanalysesofTrp-kynurenine
metabolismareoftennotstandardized,measuredorreportedinstudiesthatinvestigate
changesinthesemetabolitesafterECT.Theimpactofthesefactorsmayvaryaccording
tostudydesign.Theycanhaveanespeciallylargeimpactwhencomparinggroupsof
participants,suchasbaselineconcentrationsinpatientsandhealthycontrols.Controls
areoftenselectedtomatchpatientsonageandsex,butinflammation,kidneyfunction,
nutritionalstatus,BMI,somaticdiseaseanduseofmedicationcanpotentiallybeimportant
effectmodifiers.Forexample,theobserveddifferencesinKAbetween1100depressed
patientsand642healthycontrolswerenolongersignificantafteradjustmentforage,sex,
education,smokingstatus,alcoholconsumptionandchronicdiseases[99].

Instudiesthatutilizerepeatedmeasures,determinantsofTrpandkynureninesshould
havelimitedeffectontheanalysesofchangeiftheyarestablethroughoutthetreatment
series.However,someimportantfactors,suchasinflammation,stress,Bvitaminlevelsand
medication,canchangeduringthestudyperiodandcouldaffecttheoutcomemeasures.
Moreover,suchchangescouldbeaneffectofECTand,therefore,notreadilyadjustedfor
instatisticalanalyseswithoutintroducingbias.Additionally,itisstillnotcleartowhat
degreethebaselineconcentrationsofTrporkynureninesaffectthepotentialforchangeor
treatmentresponse.Manyofthevariablesdiscussedabovearepotentialdeterminantsof
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ontothebiomarkerlevels,aswellasaproxyfortreatmenteffect.Patientswithadelayed
treatmentresponseofECTarelikelytoreceivemoresessions.Thiscouldpotentiallylead
tolargereffectsoninflammationandkynureninemetabolisminnon-responders.

ThemedicationusedincontextofECT,anesthesiaandmusclerelaxants,couldcon-
ceivablyaffecttheTrpandkynureninelevels,andthiswasatopicdiscussedinseveralof
thereviewedreports.Whalleyandcolleaguesdiscussedthesemedicationsasthepotential
causeofchangeinTrpinbothpatientsandcontrols[74].StelmasiakandCurzonconcluded,
basedontheresultsofsub-analyses,thatanestheticsdidnotplayasignificantrolefor
changesinfreeortotalTrp[73].Lesscommonlydiscussedwasthepotentialroleoffasting,
whichcouldbesubstantialifbloodsamplesarecollectedwithdifferentfastinglength,
suchasinthesingleECTdesign.GiventhedietarydependencyofTrpandtheeffectof
cortisolonTDO,bothTrpandkynureninescouldconceivablyshowdiurnalandseasonal
variation.Collectingbloodinthemorningorintheevening,oratdifferentseasons,could
potentiallyyielddifferentconcentrations.Therecouldalsobeaneffectofmealsreceivedat
theclinicorimprovednutritionalstatusasaconsequenceofreducedsymptomburdenor
othertreatment(e.g.,hospitalization).Moreover,timebetweenlastECTandpost-treatment
bloodsamplingispossiblyofhighimportancewhenanalyzingkynureninesafterECT.
Inthecurrentreview,thepost-treatmentsampletimevariedsubstantiallybothwithin
andbetweenstudiesthatdeclaredthisinformation.Systematicsamplingtimedifferences
couldbeanexplanationbothforbaselinedifferencesbetweenpatientsandcontrols,and
forchangesovertime,bothinpatientsreceivingtherapyandforhealthycontrols.This
isrelevant,notonlyforinvestigationsintotheshort-termeffectthatECTbyitselfexerts
onTrpmetabolism,butalsoforanalysesofchangesrelatedtoreducedsymptomseverity.
Forinstance,follow-upsamplescouldrevealimportantbiomarkeralterations,suchasthe
significantchangesinasub-groupofpatientsat3monthsfollow-upafterECTinthework
ofRyanandcolleagues[37].

Treatmentresponseisanotherimportantmeasureinthistypeofstudy.Giventhe
hypothesisofassociationbetweensymptomseverityandlevelsofkynurenines,changes
afterECTareexpectedtobemorepronouncedinrespondersorremittersthaninnon-
respondersornon-remitters.Stratificationbytreatmenteffect,oranalysesofcorrelations
betweenchangesinbiochemicalandclinicalmeasures,couldrevealdifferencesinkynure-
ninechangesafterECTthatwouldotherwisebeconcealed.Thesestrategieswereutilized
inseveralofthereviewedstudies[34–36,64,67].

4.2.5.SummaryoftheRoleofFactorsThatCanInfluenceAnalysesofTryptophanand
KynureninesintheContextofECT

ThisreviewindicatesthatmanyfactorsthatareimportantforanalysesofTrp-kynurenine
metabolismareoftennotstandardized,measuredorreportedinstudiesthatinvestigate
changesinthesemetabolitesafterECT.Theimpactofthesefactorsmayvaryaccording
tostudydesign.Theycanhaveanespeciallylargeimpactwhencomparinggroupsof
participants,suchasbaselineconcentrationsinpatientsandhealthycontrols.Controls
areoftenselectedtomatchpatientsonageandsex,butinflammation,kidneyfunction,
nutritionalstatus,BMI,somaticdiseaseanduseofmedicationcanpotentiallybeimportant
effectmodifiers.Forexample,theobserveddifferencesinKAbetween1100depressed
patientsand642healthycontrolswerenolongersignificantafteradjustmentforage,sex,
education,smokingstatus,alcoholconsumptionandchronicdiseases[99].

Instudiesthatutilizerepeatedmeasures,determinantsofTrpandkynureninesshould
havelimitedeffectontheanalysesofchangeiftheyarestablethroughoutthetreatment
series.However,someimportantfactors,suchasinflammation,stress,Bvitaminlevelsand
medication,canchangeduringthestudyperiodandcouldaffecttheoutcomemeasures.
Moreover,suchchangescouldbeaneffectofECTand,therefore,notreadilyadjustedfor
instatisticalanalyseswithoutintroducingbias.Additionally,itisstillnotcleartowhat
degreethebaselineconcentrationsofTrporkynureninesaffectthepotentialforchangeor
treatmentresponse.Manyofthevariablesdiscussedabovearepotentialdeterminantsof
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baseline concentrations. As part of the focus on Trp availability as essential for cerebral
serotonin production, two of the review studies investigated whether administration of
the essential amino acid could be beneficial to the treatment effect of ECT [66,68]. While
the use of Trp administration in depression treatment is controversial [116], the underlying
question of the importance of baseline concentrations for remission remains unanswered.
Some of the reviewed studies investigated the relationship between baseline levels of
Trp/kynurenines and variables such as treatment response and pre- and post-treatment
inflammatory marker levels and symptom scores [33,34,37,66]. Such analyses are important
to shed light on the clinical role of baseline levels, for instance, as predictors of clinical
response, but should also take into account the determinants of kynurenines to avoid
confounded results.

The heterogeneity of depression and differences between studies in terms of diagnoses
and clinical characteristics of included patients are well-known challenges in the search
for biomarkers. Diversity in patient characteristics could contribute to differences between
studies in baseline measures and changes after treatment, due to both variable weight
of the factors discussed above and differences in treatment outcome. Consequently, the
generalizability of each study’s findings could be limited. Especially for the purpose of
evaluating the comparability of studies in the context reviews and meta-analyses, it is
important that information is available for the most relevant and influential factors.

4.3. Challenges Regarding the Clinical Use of Tryptophan and Kynurenine Measures
Some of the variables discussed above may reduce the precision of change estimates

or even cause misleading results. However, even with sufficient handling of such factors,
there are additional challenges regarding the interpretation and application of Trp and
kynurenine measures in a clinical setting. These are, especially: (1) insufficient knowledge
on normal ranges and variability, (2) uncertainty regarding the value of blood measures as
opposed to CSF measures in the context of neuropsychiatric disorders, and (3) difficulties
relating to study design and statistical analyses, including a lack of methods to interpret
changes in the pathway as an interactive network instead of single markers.

4.3.1. Normal Ranges and Variability
Community studies shows that the normal range of Trp and kynurenine pathway

metabolite concentrations are quite wide, with Trp ranging from 41.6 to 98.2 µmol/L, Kyn
from 0.94 to 2.86 µmol/L and KA from 20.4–93.2 nmol/L [38,152]. Extreme values are
related specially to kidney function, BMI and smoking [38]. Looking at the baseline levels
of the studies included in the current review (Figure 3), there was also large variation in
baseline concentrations of Trp and kynurenines, both for patients and controls.

Clinically harmful ranges of kynurenines are not well established, and it is not known
what a given concentration of kynurenines means for an individual’s health. Abnormal
levels are usually defined in each individual study, based on comparisons between patients
and groups of healthy individuals. However, given the wide normal range and the large
spread of concentration means in the reviewed studies, it seems unreliable, at least for
small studies, to use control groups as a reference point for determining whether biomarker
concentrations in patients are abnormal and in what direction they may change. Instead,
population studies and meta-analyses should be used to provide points of reference.

Similarly, there are important challenges related to interpretation of change. In the
current review, three included studies found significant changes in controls groups: in
two studies samples were collected before and after anesthesia [69,74], and in the third, at
baseline and at eight-week follow-up without any intervention [35]. These control groups
were small (n = 4, 11 and 12 respectively), but the results suggest that the study design
has important weaknesses. While the first two hint to a role of anesthesia and fasting
in this type of study design, the changes in the third study were unexpected and the
reasons unclear.
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baselineconcentrations.AspartofthefocusonTrpavailabilityasessentialforcerebral
serotoninproduction,twoofthereviewstudiesinvestigatedwhetheradministrationof
theessentialaminoacidcouldbebeneficialtothetreatmenteffectofECT[66,68].While
theuseofTrpadministrationindepressiontreatmentiscontroversial[116],theunderlying
questionoftheimportanceofbaselineconcentrationsforremissionremainsunanswered.
Someofthereviewedstudiesinvestigatedtherelationshipbetweenbaselinelevelsof
Trp/kynureninesandvariablessuchastreatmentresponseandpre-andpost-treatment
inflammatorymarkerlevelsandsymptomscores[33,34,37,66].Suchanalysesareimportant
toshedlightontheclinicalroleofbaselinelevels,forinstance,aspredictorsofclinical
response,butshouldalsotakeintoaccountthedeterminantsofkynureninestoavoid
confoundedresults.

Theheterogeneityofdepressionanddifferencesbetweenstudiesintermsofdiagnoses
andclinicalcharacteristicsofincludedpatientsarewell-knownchallengesinthesearch
forbiomarkers.Diversityinpatientcharacteristicscouldcontributetodifferencesbetween
studiesinbaselinemeasuresandchangesaftertreatment,duetobothvariableweight
ofthefactorsdiscussedaboveanddifferencesintreatmentoutcome.Consequently,the
generalizabilityofeachstudy’sfindingscouldbelimited.Especiallyforthepurposeof
evaluatingthecomparabilityofstudiesinthecontextreviewsandmeta-analyses,itis
importantthatinformationisavailableforthemostrelevantandinfluentialfactors.

4.3.ChallengesRegardingtheClinicalUseofTryptophanandKynurenineMeasures
Someofthevariablesdiscussedabovemayreducetheprecisionofchangeestimates

orevencausemisleadingresults.However,evenwithsufficienthandlingofsuchfactors,
thereareadditionalchallengesregardingtheinterpretationandapplicationofTrpand
kynureninemeasuresinaclinicalsetting.Theseare,especially:(1)insufficientknowledge
onnormalrangesandvariability,(2)uncertaintyregardingthevalueofbloodmeasuresas
opposedtoCSFmeasuresinthecontextofneuropsychiatricdisorders,and(3)difficulties
relatingtostudydesignandstatisticalanalyses,includingalackofmethodstointerpret
changesinthepathwayasaninteractivenetworkinsteadofsinglemarkers.

4.3.1.NormalRangesandVariability
CommunitystudiesshowsthatthenormalrangeofTrpandkynureninepathway

metaboliteconcentrationsarequitewide,withTrprangingfrom41.6to98.2µmol/L,Kyn
from0.94to2.86µmol/LandKAfrom20.4–93.2nmol/L[38,152].Extremevaluesare
relatedspeciallytokidneyfunction,BMIandsmoking[38].Lookingatthebaselinelevels
ofthestudiesincludedinthecurrentreview(Figure3),therewasalsolargevariationin
baselineconcentrationsofTrpandkynurenines,bothforpatientsandcontrols.

Clinicallyharmfulrangesofkynureninesarenotwellestablished,anditisnotknown
whatagivenconcentrationofkynureninesmeansforanindividual’shealth.Abnormal
levelsareusuallydefinedineachindividualstudy,basedoncomparisonsbetweenpatients
andgroupsofhealthyindividuals.However,giventhewidenormalrangeandthelarge
spreadofconcentrationmeansinthereviewedstudies,itseemsunreliable,atleastfor
smallstudies,tousecontrolgroupsasareferencepointfordeterminingwhetherbiomarker
concentrationsinpatientsareabnormalandinwhatdirectiontheymaychange.Instead,
populationstudiesandmeta-analysesshouldbeusedtoprovidepointsofreference.

Similarly,thereareimportantchallengesrelatedtointerpretationofchange.Inthe
currentreview,threeincludedstudiesfoundsignificantchangesincontrolsgroups:in
twostudiessampleswerecollectedbeforeandafteranesthesia[69,74],andinthethird,at
baselineandateight-weekfollow-upwithoutanyintervention[35].Thesecontrolgroups
weresmall(n=4,11and12respectively),buttheresultssuggestthatthestudydesign
hasimportantweaknesses.Whilethefirsttwohinttoaroleofanesthesiaandfasting
inthistypeofstudydesign,thechangesinthethirdstudywereunexpectedandthe
reasonsunclear.
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baselineconcentrations.AspartofthefocusonTrpavailabilityasessentialforcerebral
serotoninproduction,twoofthereviewstudiesinvestigatedwhetheradministrationof
theessentialaminoacidcouldbebeneficialtothetreatmenteffectofECT[66,68].While
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inflammatorymarkerlevelsandsymptomscores[33,34,37,66].Suchanalysesareimportant
toshedlightontheclinicalroleofbaselinelevels,forinstance,aspredictorsofclinical
response,butshouldalsotakeintoaccountthedeterminantsofkynureninestoavoid
confoundedresults.

Theheterogeneityofdepressionanddifferencesbetweenstudiesintermsofdiagnoses
andclinicalcharacteristicsofincludedpatientsarewell-knownchallengesinthesearch
forbiomarkers.Diversityinpatientcharacteristicscouldcontributetodifferencesbetween
studiesinbaselinemeasuresandchangesaftertreatment,duetobothvariableweight
ofthefactorsdiscussedaboveanddifferencesintreatmentoutcome.Consequently,the
generalizabilityofeachstudy’sfindingscouldbelimited.Especiallyforthepurposeof
evaluatingthecomparabilityofstudiesinthecontextreviewsandmeta-analyses,itis
importantthatinformationisavailableforthemostrelevantandinfluentialfactors.

4.3.ChallengesRegardingtheClinicalUseofTryptophanandKynurenineMeasures
Someofthevariablesdiscussedabovemayreducetheprecisionofchangeestimates

orevencausemisleadingresults.However,evenwithsufficienthandlingofsuchfactors,
thereareadditionalchallengesregardingtheinterpretationandapplicationofTrpand
kynureninemeasuresinaclinicalsetting.Theseare,especially:(1)insufficientknowledge
onnormalrangesandvariability,(2)uncertaintyregardingthevalueofbloodmeasuresas
opposedtoCSFmeasuresinthecontextofneuropsychiatricdisorders,and(3)difficulties
relatingtostudydesignandstatisticalanalyses,includingalackofmethodstointerpret
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Similarly,thereareimportantchallengesrelatedtointerpretationofchange.Inthe
currentreview,threeincludedstudiesfoundsignificantchangesincontrolsgroups:in
twostudiessampleswerecollectedbeforeandafteranesthesia[69,74],andinthethird,at
baselineandateight-weekfollow-upwithoutanyintervention[35].Thesecontrolgroups
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baseline concentrations. As part of the focus on Trp availability as essential for cerebral
serotonin production, two of the review studies investigated whether administration of
the essential amino acid could be beneficial to the treatment effect of ECT [66,68]. While
the use of Trp administration in depression treatment is controversial [116], the underlying
question of the importance of baseline concentrations for remission remains unanswered.
Some of the reviewed studies investigated the relationship between baseline levels of
Trp/kynurenines and variables such as treatment response and pre- and post-treatment
inflammatory marker levels and symptom scores [33,34,37,66]. Such analyses are important
to shed light on the clinical role of baseline levels, for instance, as predictors of clinical
response, but should also take into account the determinants of kynurenines to avoid
confounded results.

The heterogeneity of depression and differences between studies in terms of diagnoses
and clinical characteristics of included patients are well-known challenges in the search
for biomarkers. Diversity in patient characteristics could contribute to differences between
studies in baseline measures and changes after treatment, due to both variable weight
of the factors discussed above and differences in treatment outcome. Consequently, the
generalizability of each study’s findings could be limited. Especially for the purpose of
evaluating the comparability of studies in the context reviews and meta-analyses, it is
important that information is available for the most relevant and influential factors.

4.3. Challenges Regarding the Clinical Use of Tryptophan and Kynurenine Measures
Some of the variables discussed above may reduce the precision of change estimates

or even cause misleading results. However, even with sufficient handling of such factors,
there are additional challenges regarding the interpretation and application of Trp and
kynurenine measures in a clinical setting. These are, especially: (1) insufficient knowledge
on normal ranges and variability, (2) uncertainty regarding the value of blood measures as
opposed to CSF measures in the context of neuropsychiatric disorders, and (3) difficulties
relating to study design and statistical analyses, including a lack of methods to interpret
changes in the pathway as an interactive network instead of single markers.

4.3.1. Normal Ranges and Variability
Community studies shows that the normal range of Trp and kynurenine pathway

metabolite concentrations are quite wide, with Trp ranging from 41.6 to 98.2 µmol/L, Kyn
from 0.94 to 2.86 µmol/L and KA from 20.4–93.2 nmol/L [38,152]. Extreme values are
related specially to kidney function, BMI and smoking [38]. Looking at the baseline levels
of the studies included in the current review (Figure 3), there was also large variation in
baseline concentrations of Trp and kynurenines, both for patients and controls.

Clinically harmful ranges of kynurenines are not well established, and it is not known
what a given concentration of kynurenines means for an individual’s health. Abnormal
levels are usually defined in each individual study, based on comparisons between patients
and groups of healthy individuals. However, given the wide normal range and the large
spread of concentration means in the reviewed studies, it seems unreliable, at least for
small studies, to use control groups as a reference point for determining whether biomarker
concentrations in patients are abnormal and in what direction they may change. Instead,
population studies and meta-analyses should be used to provide points of reference.

Similarly, there are important challenges related to interpretation of change. In the
current review, three included studies found significant changes in controls groups: in
two studies samples were collected before and after anesthesia [69,74], and in the third, at
baseline and at eight-week follow-up without any intervention [35]. These control groups
were small (n = 4, 11 and 12 respectively), but the results suggest that the study design
has important weaknesses. While the first two hint to a role of anesthesia and fasting
in this type of study design, the changes in the third study were unexpected and the
reasons unclear.
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baselineconcentrations.AspartofthefocusonTrpavailabilityasessentialforcerebral
serotoninproduction,twoofthereviewstudiesinvestigatedwhetheradministrationof
theessentialaminoacidcouldbebeneficialtothetreatmenteffectofECT[66,68].While
theuseofTrpadministrationindepressiontreatmentiscontroversial[116],theunderlying
questionoftheimportanceofbaselineconcentrationsforremissionremainsunanswered.
Someofthereviewedstudiesinvestigatedtherelationshipbetweenbaselinelevelsof
Trp/kynureninesandvariablessuchastreatmentresponseandpre-andpost-treatment
inflammatorymarkerlevelsandsymptomscores[33,34,37,66].Suchanalysesareimportant
toshedlightontheclinicalroleofbaselinelevels,forinstance,aspredictorsofclinical
response,butshouldalsotakeintoaccountthedeterminantsofkynureninestoavoid
confoundedresults.

Theheterogeneityofdepressionanddifferencesbetweenstudiesintermsofdiagnoses
andclinicalcharacteristicsofincludedpatientsarewell-knownchallengesinthesearch
forbiomarkers.Diversityinpatientcharacteristicscouldcontributetodifferencesbetween
studiesinbaselinemeasuresandchangesaftertreatment,duetobothvariableweight
ofthefactorsdiscussedaboveanddifferencesintreatmentoutcome.Consequently,the
generalizabilityofeachstudy’sfindingscouldbelimited.Especiallyforthepurposeof
evaluatingthecomparabilityofstudiesinthecontextreviewsandmeta-analyses,itis
importantthatinformationisavailableforthemostrelevantandinfluentialfactors.

4.3.ChallengesRegardingtheClinicalUseofTryptophanandKynurenineMeasures
Someofthevariablesdiscussedabovemayreducetheprecisionofchangeestimates

orevencausemisleadingresults.However,evenwithsufficienthandlingofsuchfactors,
thereareadditionalchallengesregardingtheinterpretationandapplicationofTrpand
kynureninemeasuresinaclinicalsetting.Theseare,especially:(1)insufficientknowledge
onnormalrangesandvariability,(2)uncertaintyregardingthevalueofbloodmeasuresas
opposedtoCSFmeasuresinthecontextofneuropsychiatricdisorders,and(3)difficulties
relatingtostudydesignandstatisticalanalyses,includingalackofmethodstointerpret
changesinthepathwayasaninteractivenetworkinsteadofsinglemarkers.

4.3.1.NormalRangesandVariability
CommunitystudiesshowsthatthenormalrangeofTrpandkynureninepathway

metaboliteconcentrationsarequitewide,withTrprangingfrom41.6to98.2µmol/L,Kyn
from0.94to2.86µmol/LandKAfrom20.4–93.2nmol/L[38,152].Extremevaluesare
relatedspeciallytokidneyfunction,BMIandsmoking[38].Lookingatthebaselinelevels
ofthestudiesincludedinthecurrentreview(Figure3),therewasalsolargevariationin
baselineconcentrationsofTrpandkynurenines,bothforpatientsandcontrols.

Clinicallyharmfulrangesofkynureninesarenotwellestablished,anditisnotknown
whatagivenconcentrationofkynureninesmeansforanindividual’shealth.Abnormal
levelsareusuallydefinedineachindividualstudy,basedoncomparisonsbetweenpatients
andgroupsofhealthyindividuals.However,giventhewidenormalrangeandthelarge
spreadofconcentrationmeansinthereviewedstudies,itseemsunreliable,atleastfor
smallstudies,tousecontrolgroupsasareferencepointfordeterminingwhetherbiomarker
concentrationsinpatientsareabnormalandinwhatdirectiontheymaychange.Instead,
populationstudiesandmeta-analysesshouldbeusedtoprovidepointsofreference.

Similarly,thereareimportantchallengesrelatedtointerpretationofchange.Inthe
currentreview,threeincludedstudiesfoundsignificantchangesincontrolsgroups:in
twostudiessampleswerecollectedbeforeandafteranesthesia[69,74],andinthethird,at
baselineandateight-weekfollow-upwithoutanyintervention[35].Thesecontrolgroups
weresmall(n=4,11and12respectively),buttheresultssuggestthatthestudydesign
hasimportantweaknesses.Whilethefirsttwohinttoaroleofanesthesiaandfasting
inthistypeofstudydesign,thechangesinthethirdstudywereunexpectedandthe
reasonsunclear.
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Investigations of metabolite levels depend on these concentrations being relatively
stable over time, so that any observed changes can be attributed to the intervention rather
than normal individual variation. Levels of Trp and kynurenines have been investigated
with plasma measures in two cohorts without intervention, one with two samples 1–2 years
apart (n = 40), and another with two samples 3.5 years apart (n = 402–545) [152]. Here,
intraclass correlation coefficients (ICCs) were used to evaluate how much of the total sample
variance was attributable to within-person variance as opposed to between-person variance.
A high ICC indicates that the concentration of metabolite is quite stable if measured at two
or more time points from the same individual, and the total sample variance is mainly due
to concentration differences between individuals. High ICCs are preferable in intervention
studies, as large within-person variance makes it difficult to distinguish the intervention
effect from the normal individual variations. In the samples taken 3.5 years apart, Kyn,
HK, KA, XA, AA and HAA all changed significantly. With ICCs corresponding to a
reproducibility of fair-to-good (0.4–0.75), this study indicates that a substantial portion
of the total variation was due to within-person variance. To our knowledge, there are no
published studies on changes over a shorter period of time, mimicking clinical therapy
trials. However, shorter time between samples and larger number of sample sizes both
contribute to higher ICC and more reliable estimation of the intervention effect.

Alternatively, control groups that follow the same study structure as the depressed
patients, only without the intervention, could provide a reference for normal variation over
the timespan of the study [33,69]. This could also be useful for correction for the effect of
factors relating to treatment, such as fasting and anesthesia. Such control groups could, for
instance, be patients referred to procedures involving anesthesia.

4.3.2. Peripheral and Central Concentrations
Among the studies reviewed here, only two collected CSF samples (Abrams (1976),

Kirkegaard (1978)). The problem with using peripheral blood versus cerebrospinal fluid
measures and the question of the relevance of blood samples are commonly discussed
in studies of biomarkers in relation to neuropsychiatric disorders, including kynurenine
metabolism. There is a general lack of studies investigating kynurenines in CSF. More
and larger CSF studies could be important to study the biology of psychiatric disorders.
However, recent studies point to a high correlation between serum and CSF levels, in
healthy individuals, but also in depression [121,153,154] and other conditions such as
Alzheimer’s disease [155].

4.3.3. Research Questions, Study Design and Methods of Analysis
There were two main categories of studies included in this review: studies that

investigated changes after a single ECT and those that investigated changes after a series
of ECT. These two designs present two quite different approaches to the topic of Trp
metabolism in relation to ECT. The former considers the effect of ECT independent of the
anti-depressant effect, while the latter addresses the changes in depression symptoms that
follows from the treatment.

For investigating the first mechanism, one or a few ECT sessions with blood measures
before and after each session might suffice to investigate changes in concentrations related
to the effect of ECT. Here, it is important that patients are matched, and that each patient
receive the same numbers of ECT sessions, preferably with the equivalent settings, so
that the study exposure is as similar as possible between subjects. Although the results
are intrinsically linked to the diagnostic criteria for referral to ECT, the patients’ clinical
response is not the focus. This design is especially vulnerable, however, to intervention
related effects such as anesthesia and fasting. To shed light on the second mechanism, ECT
serves as a convenient setting that can bring about dramatic changes in depression symptom
levels. Here, the clinical response is an essential variable and should preferably be closely
monitored. However, observed covariation, or change in response groups, is not easily
separated from the direct effect of ECT considered using the first approach. Therefore, the
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4.3.2.PeripheralandCentralConcentrations
Amongthestudiesreviewedhere,onlytwocollectedCSFsamples(Abrams(1976),
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metabolism.ThereisagenerallackofstudiesinvestigatingkynureninesinCSF.More
andlargerCSFstudiescouldbeimportanttostudythebiologyofpsychiatricdisorders.
However,recentstudiespointtoahighcorrelationbetweenserumandCSFlevels,in
healthyindividuals,butalsoindepression[121,153,154]andotherconditionssuchas
Alzheimer’sdisease[155].

4.3.3.ResearchQuestions,StudyDesignandMethodsofAnalysis
Thereweretwomaincategoriesofstudiesincludedinthisreview:studiesthat

investigatedchangesafterasingleECTandthosethatinvestigatedchangesafteraseries
ofECT.ThesetwodesignspresenttwoquitedifferentapproachestothetopicofTrp
metabolisminrelationtoECT.TheformerconsiderstheeffectofECTindependentofthe
anti-depressanteffect,whilethelatteraddressesthechangesindepressionsymptomsthat
followsfromthetreatment.

Forinvestigatingthefirstmechanism,oneorafewECTsessionswithbloodmeasures
beforeandaftereachsessionmightsufficetoinvestigatechangesinconcentrationsrelated
totheeffectofECT.Here,itisimportantthatpatientsarematched,andthateachpatient
receivethesamenumbersofECTsessions,preferablywiththeequivalentsettings,so
thatthestudyexposureisassimilaraspossiblebetweensubjects.Althoughtheresults
areintrinsicallylinkedtothediagnosticcriteriaforreferraltoECT,thepatients’clinical
responseisnotthefocus.Thisdesignisespeciallyvulnerable,however,tointervention
relatedeffectssuchasanesthesiaandfasting.Toshedlightonthesecondmechanism,ECT
servesasaconvenientsettingthatcanbringaboutdramaticchangesindepressionsymptom
levels.Here,theclinicalresponseisanessentialvariableandshouldpreferablybeclosely
monitored.However,observedcovariation,orchangeinresponsegroups,isnoteasily
separatedfromthedirecteffectofECTconsideredusingthefirstapproach.Therefore,the
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Investigations of metabolite levels depend on these concentrations being relatively
stable over time, so that any observed changes can be attributed to the intervention rather
than normal individual variation. Levels of Trp and kynurenines have been investigated
with plasma measures in two cohorts without intervention, one with two samples 1–2 years
apart (n = 40), and another with two samples 3.5 years apart (n = 402–545) [152]. Here,
intraclass correlation coefficients (ICCs) were used to evaluate how much of the total sample
variance was attributable to within-person variance as opposed to between-person variance.
A high ICC indicates that the concentration of metabolite is quite stable if measured at two
or more time points from the same individual, and the total sample variance is mainly due
to concentration differences between individuals. High ICCs are preferable in intervention
studies, as large within-person variance makes it difficult to distinguish the intervention
effect from the normal individual variations. In the samples taken 3.5 years apart, Kyn,
HK, KA, XA, AA and HAA all changed significantly. With ICCs corresponding to a
reproducibility of fair-to-good (0.4–0.75), this study indicates that a substantial portion
of the total variation was due to within-person variance. To our knowledge, there are no
published studies on changes over a shorter period of time, mimicking clinical therapy
trials. However, shorter time between samples and larger number of sample sizes both
contribute to higher ICC and more reliable estimation of the intervention effect.

Alternatively, control groups that follow the same study structure as the depressed
patients, only without the intervention, could provide a reference for normal variation over
the timespan of the study [33,69]. This could also be useful for correction for the effect of
factors relating to treatment, such as fasting and anesthesia. Such control groups could, for
instance, be patients referred to procedures involving anesthesia.

4.3.2. Peripheral and Central Concentrations
Among the studies reviewed here, only two collected CSF samples (Abrams (1976),

Kirkegaard (1978)). The problem with using peripheral blood versus cerebrospinal fluid
measures and the question of the relevance of blood samples are commonly discussed
in studies of biomarkers in relation to neuropsychiatric disorders, including kynurenine
metabolism. There is a general lack of studies investigating kynurenines in CSF. More
and larger CSF studies could be important to study the biology of psychiatric disorders.
However, recent studies point to a high correlation between serum and CSF levels, in
healthy individuals, but also in depression [121,153,154] and other conditions such as
Alzheimer’s disease [155].

4.3.3. Research Questions, Study Design and Methods of Analysis
There were two main categories of studies included in this review: studies that

investigated changes after a single ECT and those that investigated changes after a series
of ECT. These two designs present two quite different approaches to the topic of Trp
metabolism in relation to ECT. The former considers the effect of ECT independent of the
anti-depressant effect, while the latter addresses the changes in depression symptoms that
follows from the treatment.

For investigating the first mechanism, one or a few ECT sessions with blood measures
before and after each session might suffice to investigate changes in concentrations related
to the effect of ECT. Here, it is important that patients are matched, and that each patient
receive the same numbers of ECT sessions, preferably with the equivalent settings, so
that the study exposure is as similar as possible between subjects. Although the results
are intrinsically linked to the diagnostic criteria for referral to ECT, the patients’ clinical
response is not the focus. This design is especially vulnerable, however, to intervention
related effects such as anesthesia and fasting. To shed light on the second mechanism, ECT
serves as a convenient setting that can bring about dramatic changes in depression symptom
levels. Here, the clinical response is an essential variable and should preferably be closely
monitored. However, observed covariation, or change in response groups, is not easily
separated from the direct effect of ECT considered using the first approach. Therefore, the
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Investigationsofmetabolitelevelsdependontheseconcentrationsbeingrelatively
stableovertime,sothatanyobservedchangescanbeattributedtotheinterventionrather
thannormalindividualvariation.LevelsofTrpandkynurenineshavebeeninvestigated
withplasmameasuresintwocohortswithoutintervention,onewithtwosamples1–2years
apart(n=40),andanotherwithtwosamples3.5yearsapart(n=402–545)[152].Here,
intraclasscorrelationcoefficients(ICCs)wereusedtoevaluatehowmuchofthetotalsample
variancewasattributabletowithin-personvarianceasopposedtobetween-personvariance.
AhighICCindicatesthattheconcentrationofmetaboliteisquitestableifmeasuredattwo
ormoretimepointsfromthesameindividual,andthetotalsamplevarianceismainlydue
toconcentrationdifferencesbetweenindividuals.HighICCsarepreferableinintervention
studies,aslargewithin-personvariancemakesitdifficulttodistinguishtheintervention
effectfromthenormalindividualvariations.Inthesamplestaken3.5yearsapart,Kyn,
HK,KA,XA,AAandHAAallchangedsignificantly.WithICCscorrespondingtoa
reproducibilityoffair-to-good(0.4–0.75),thisstudyindicatesthatasubstantialportion
ofthetotalvariationwasduetowithin-personvariance.Toourknowledge,thereareno
publishedstudiesonchangesoverashorterperiodoftime,mimickingclinicaltherapy
trials.However,shortertimebetweensamplesandlargernumberofsamplesizesboth
contributetohigherICCandmorereliableestimationoftheinterventioneffect.

Alternatively,controlgroupsthatfollowthesamestudystructureasthedepressed
patients,onlywithouttheintervention,couldprovideareferencefornormalvariationover
thetimespanofthestudy[33,69].Thiscouldalsobeusefulforcorrectionfortheeffectof
factorsrelatingtotreatment,suchasfastingandanesthesia.Suchcontrolgroupscould,for
instance,bepatientsreferredtoproceduresinvolvinganesthesia.

4.3.2.PeripheralandCentralConcentrations
Amongthestudiesreviewedhere,onlytwocollectedCSFsamples(Abrams(1976),

Kirkegaard(1978)).Theproblemwithusingperipheralbloodversuscerebrospinalfluid
measuresandthequestionoftherelevanceofbloodsamplesarecommonlydiscussed
instudiesofbiomarkersinrelationtoneuropsychiatricdisorders,includingkynurenine
metabolism.ThereisagenerallackofstudiesinvestigatingkynureninesinCSF.More
andlargerCSFstudiescouldbeimportanttostudythebiologyofpsychiatricdisorders.
However,recentstudiespointtoahighcorrelationbetweenserumandCSFlevels,in
healthyindividuals,butalsoindepression[121,153,154]andotherconditionssuchas
Alzheimer’sdisease[155].

4.3.3.ResearchQuestions,StudyDesignandMethodsofAnalysis
Thereweretwomaincategoriesofstudiesincludedinthisreview:studiesthat

investigatedchangesafterasingleECTandthosethatinvestigatedchangesafteraseries
ofECT.ThesetwodesignspresenttwoquitedifferentapproachestothetopicofTrp
metabolisminrelationtoECT.TheformerconsiderstheeffectofECTindependentofthe
anti-depressanteffect,whilethelatteraddressesthechangesindepressionsymptomsthat
followsfromthetreatment.

Forinvestigatingthefirstmechanism,oneorafewECTsessionswithbloodmeasures
beforeandaftereachsessionmightsufficetoinvestigatechangesinconcentrationsrelated
totheeffectofECT.Here,itisimportantthatpatientsarematched,andthateachpatient
receivethesamenumbersofECTsessions,preferablywiththeequivalentsettings,so
thatthestudyexposureisassimilaraspossiblebetweensubjects.Althoughtheresults
areintrinsicallylinkedtothediagnosticcriteriaforreferraltoECT,thepatients’clinical
responseisnotthefocus.Thisdesignisespeciallyvulnerable,however,tointervention
relatedeffectssuchasanesthesiaandfasting.Toshedlightonthesecondmechanism,ECT
servesasaconvenientsettingthatcanbringaboutdramaticchangesindepressionsymptom
levels.Here,theclinicalresponseisanessentialvariableandshouldpreferablybeclosely
monitored.However,observedcovariation,orchangeinresponsegroups,isnoteasily
separatedfromthedirecteffectofECTconsideredusingthefirstapproach.Therefore,the
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levels.Here,theclinicalresponseisanessentialvariableandshouldpreferablybeclosely
monitored.However,observedcovariation,orchangeinresponsegroups,isnoteasily
separatedfromthedirecteffectofECTconsideredusingthefirstapproach.Therefore,the
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two designs should preferably be combined and the two mechanisms addressed together in
the same study, with samples collected both before and after single sessions and complete
treatment series (such as in [74]).

Analytical methods have evolved during the period covered in this review. While the
earlier studies mainly utilized fluorescence-based detection, recent studies have mainly
used liquid chromatography combined with mass spectrometry (Supplementary Table S3).
Differences in analytical procedures may have contributed to differences in results. How-
ever, such effects are likely of minor relevance compared to variations in sample collection
and handling and in patient and control populations.

Finally, all the included studies in this review considered Trp or kynurenine pathway
changes through single metabolites or ratios of two metabolites. Given the large number of
metabolites in the pathway and their mutual dependence, a systems biology approach may
be warranted as a complement to investigations of each metabolite in isolation.

4.4. Suggestions for Future Studies
The relationship between depression, ECT and the kynurenine metabolism is complex,

and as put forward in this review, the current study groups are too small to reliably detect
the effect of ECT on Trp and kynurenines. Future studies should investigate changes in Trp
and kynurenines while reporting, considering and adjusting for factors that could affect
Trp metabolism, ECT outcome or both. Studies should seek to include larger patient groups
with standardized intervention, fasting and timepoints for sampling and matched control
groups that follow the same procedures and timeline. In such analyses, kynurenines should
be considered interdependent, and attempts should be made to analyze changes at the
pathway level, not only in single metabolites or ratios. Besides the studies on ECT, studies
are also needed that investigate between- and within-subject variability in kynurenines
under normal physiological conditions, as well as the effect of fasting. Future studies
should also analyze changes in light of response or remission status and consider if there
are clinical subgroups in which alterations in Trp metabolism could be a more decisive
aspect than in others, e.g., older patients. Additionally, a focus on dimensional scores as
opposed to diagnoses could reduce variation between study populations and aid the search
for generalizable results regarding the effects of ECT. To ensure comparability between
studies, inclusion and exclusion criteria should be clearly described, and studies should
strive for open datasets for transparency and to enable meta-analyses.

4.5. Strengths and Limitations
This review was based on a systematic literature search in four databases using a wide

selection of relevant terms, with a Supplementary search in June 2022. No exclusion criteria
were used in the search process. In addition, references of included studies were scanned
for studies not found in the systematic search. Still, since the search only assessed title
and abstract, studies may have been overlooked. In the synthesis of this review, changes
in biomarkers were presented using percentage change. Alternative ways of analyzing
changes could have yielded more or other types of information. Effect sizes could have been
calculated based on mean and SD, and the difference between timepoints could have been
evaluated in relation to the standard error to estimate clinical significance of the reported
changes. Furthermore, more attention could have been given to analyses in subgroups
of patients, for example, response or remission subgroups, or to correlation analyses of
change in biomarkers in relation to change in symptom scores. Finally, the vote counting
synthesis method does not consider size or significance of change, nor the quality of the
included studies [42]. However, conclusions drawn from this material, even based on more
advanced synthesis methods, would have high risk of bias given the large heterogeneity
between studies, small study groups and the exploratory nature of this field.

Pharmaceuticals2022,15,143921of29

twodesignsshouldpreferablybecombinedandthetwomechanismsaddressedtogetherin
thesamestudy,withsamplescollectedbothbeforeandaftersinglesessionsandcomplete
treatmentseries(suchasin[74]).

Analyticalmethodshaveevolvedduringtheperiodcoveredinthisreview.Whilethe
earlierstudiesmainlyutilizedfluorescence-baseddetection,recentstudieshavemainly
usedliquidchromatographycombinedwithmassspectrometry(SupplementaryTableS3).
Differencesinanalyticalproceduresmayhavecontributedtodifferencesinresults.How-
ever,sucheffectsarelikelyofminorrelevancecomparedtovariationsinsamplecollection
andhandlingandinpatientandcontrolpopulations.

Finally,alltheincludedstudiesinthisreviewconsideredTrporkynureninepathway
changesthroughsinglemetabolitesorratiosoftwometabolites.Giventhelargenumberof
metabolitesinthepathwayandtheirmutualdependence,asystemsbiologyapproachmay
bewarrantedasacomplementtoinvestigationsofeachmetaboliteinisolation.

4.4.SuggestionsforFutureStudies
Therelationshipbetweendepression,ECTandthekynureninemetabolismiscomplex,

andasputforwardinthisreview,thecurrentstudygroupsaretoosmalltoreliablydetect
theeffectofECTonTrpandkynurenines.FuturestudiesshouldinvestigatechangesinTrp
andkynurenineswhilereporting,consideringandadjustingforfactorsthatcouldaffect
Trpmetabolism,ECToutcomeorboth.Studiesshouldseektoincludelargerpatientgroups
withstandardizedintervention,fastingandtimepointsforsamplingandmatchedcontrol
groupsthatfollowthesameproceduresandtimeline.Insuchanalyses,kynureninesshould
beconsideredinterdependent,andattemptsshouldbemadetoanalyzechangesatthe
pathwaylevel,notonlyinsinglemetabolitesorratios.BesidesthestudiesonECT,studies
arealsoneededthatinvestigatebetween-andwithin-subjectvariabilityinkynurenines
undernormalphysiologicalconditions,aswellastheeffectoffasting.Futurestudies
shouldalsoanalyzechangesinlightofresponseorremissionstatusandconsiderifthere
areclinicalsubgroupsinwhichalterationsinTrpmetabolismcouldbeamoredecisive
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opposedtodiagnosescouldreducevariationbetweenstudypopulationsandaidthesearch
forgeneralizableresultsregardingtheeffectsofECT.Toensurecomparabilitybetween
studies,inclusionandexclusioncriteriashouldbeclearlydescribed,andstudiesshould
striveforopendatasetsfortransparencyandtoenablemeta-analyses.

4.5.StrengthsandLimitations
Thisreviewwasbasedonasystematicliteraturesearchinfourdatabasesusingawide

selectionofrelevantterms,withaSupplementarysearchinJune2022.Noexclusioncriteria
wereusedinthesearchprocess.Inaddition,referencesofincludedstudieswerescanned
forstudiesnotfoundinthesystematicsearch.Still,sincethesearchonlyassessedtitle
andabstract,studiesmayhavebeenoverlooked.Inthesynthesisofthisreview,changes
inbiomarkerswerepresentedusingpercentagechange.Alternativewaysofanalyzing
changescouldhaveyieldedmoreorothertypesofinformation.Effectsizescouldhavebeen
calculatedbasedonmeanandSD,andthedifferencebetweentimepointscouldhavebeen
evaluatedinrelationtothestandarderrortoestimateclinicalsignificanceofthereported
changes.Furthermore,moreattentioncouldhavebeengiventoanalysesinsubgroups
ofpatients,forexample,responseorremissionsubgroups,ortocorrelationanalysesof
changeinbiomarkersinrelationtochangeinsymptomscores.Finally,thevotecounting
synthesismethoddoesnotconsidersizeorsignificanceofchange,northequalityofthe
includedstudies[42].However,conclusionsdrawnfromthismaterial,evenbasedonmore
advancedsynthesismethods,wouldhavehighriskofbiasgiventhelargeheterogeneity
betweenstudies,smallstudygroupsandtheexploratorynatureofthisfield.
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two designs should preferably be combined and the two mechanisms addressed together in
the same study, with samples collected both before and after single sessions and complete
treatment series (such as in [74]).

Analytical methods have evolved during the period covered in this review. While the
earlier studies mainly utilized fluorescence-based detection, recent studies have mainly
used liquid chromatography combined with mass spectrometry (Supplementary Table S3).
Differences in analytical procedures may have contributed to differences in results. How-
ever, such effects are likely of minor relevance compared to variations in sample collection
and handling and in patient and control populations.

Finally, all the included studies in this review considered Trp or kynurenine pathway
changes through single metabolites or ratios of two metabolites. Given the large number of
metabolites in the pathway and their mutual dependence, a systems biology approach may
be warranted as a complement to investigations of each metabolite in isolation.

4.4. Suggestions for Future Studies
The relationship between depression, ECT and the kynurenine metabolism is complex,

and as put forward in this review, the current study groups are too small to reliably detect
the effect of ECT on Trp and kynurenines. Future studies should investigate changes in Trp
and kynurenines while reporting, considering and adjusting for factors that could affect
Trp metabolism, ECT outcome or both. Studies should seek to include larger patient groups
with standardized intervention, fasting and timepoints for sampling and matched control
groups that follow the same procedures and timeline. In such analyses, kynurenines should
be considered interdependent, and attempts should be made to analyze changes at the
pathway level, not only in single metabolites or ratios. Besides the studies on ECT, studies
are also needed that investigate between- and within-subject variability in kynurenines
under normal physiological conditions, as well as the effect of fasting. Future studies
should also analyze changes in light of response or remission status and consider if there
are clinical subgroups in which alterations in Trp metabolism could be a more decisive
aspect than in others, e.g., older patients. Additionally, a focus on dimensional scores as
opposed to diagnoses could reduce variation between study populations and aid the search
for generalizable results regarding the effects of ECT. To ensure comparability between
studies, inclusion and exclusion criteria should be clearly described, and studies should
strive for open datasets for transparency and to enable meta-analyses.

4.5. Strengths and Limitations
This review was based on a systematic literature search in four databases using a wide

selection of relevant terms, with a Supplementary search in June 2022. No exclusion criteria
were used in the search process. In addition, references of included studies were scanned
for studies not found in the systematic search. Still, since the search only assessed title
and abstract, studies may have been overlooked. In the synthesis of this review, changes
in biomarkers were presented using percentage change. Alternative ways of analyzing
changes could have yielded more or other types of information. Effect sizes could have been
calculated based on mean and SD, and the difference between timepoints could have been
evaluated in relation to the standard error to estimate clinical significance of the reported
changes. Furthermore, more attention could have been given to analyses in subgroups
of patients, for example, response or remission subgroups, or to correlation analyses of
change in biomarkers in relation to change in symptom scores. Finally, the vote counting
synthesis method does not consider size or significance of change, nor the quality of the
included studies [42]. However, conclusions drawn from this material, even based on more
advanced synthesis methods, would have high risk of bias given the large heterogeneity
between studies, small study groups and the exploratory nature of this field.
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forgeneralizableresultsregardingtheeffectsofECT.Toensurecomparabilitybetween
studies,inclusionandexclusioncriteriashouldbeclearlydescribed,andstudiesshould
striveforopendatasetsfortransparencyandtoenablemeta-analyses.

4.5.StrengthsandLimitations
Thisreviewwasbasedonasystematicliteraturesearchinfourdatabasesusingawide

selectionofrelevantterms,withaSupplementarysearchinJune2022.Noexclusioncriteria
wereusedinthesearchprocess.Inaddition,referencesofincludedstudieswerescanned
forstudiesnotfoundinthesystematicsearch.Still,sincethesearchonlyassessedtitle
andabstract,studiesmayhavebeenoverlooked.Inthesynthesisofthisreview,changes
inbiomarkerswerepresentedusingpercentagechange.Alternativewaysofanalyzing
changescouldhaveyieldedmoreorothertypesofinformation.Effectsizescouldhavebeen
calculatedbasedonmeanandSD,andthedifferencebetweentimepointscouldhavebeen
evaluatedinrelationtothestandarderrortoestimateclinicalsignificanceofthereported
changes.Furthermore,moreattentioncouldhavebeengiventoanalysesinsubgroups
ofpatients,forexample,responseorremissionsubgroups,ortocorrelationanalysesof
changeinbiomarkersinrelationtochangeinsymptomscores.Finally,thevotecounting
synthesismethoddoesnotconsidersizeorsignificanceofchange,northequalityofthe
includedstudies[42].However,conclusionsdrawnfromthismaterial,evenbasedonmore
advancedsynthesismethods,wouldhavehighriskofbiasgiventhelargeheterogeneity
betweenstudies,smallstudygroupsandtheexploratorynatureofthisfield.
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5. Conclusions

In this systematic review, there was no overall evidence of change in Trp, kynurenines
or ratios after ECT. This could reflect that the kynurenine pathway is not altered by this
intervention. Alternatively, it may be due to limitations of the cited studies, such as the
relatively low number of participants in each study, and the challenge of isolating the
effect of ECT from the influence of other factors such as inflammation, stress and medica-
tion. Additionally, patients with depression are a heterogenous group, and differences in
pathophysiology, clinical characteristics, treatment response and baseline concentrations
of biomarkers could be of great importance. Finally, there is limited knowledge about the
between- and within-individual variability in kynurenine metabolism and about the effect
of fasting and the significance of differences in blood sample timing. However, despite
the challenges involved, it is important to continue investigating the role of kynurenine
metabolism in depression treatment, as this pathway could be crucial for understanding
the pathophysiology of mood disorders and contains several potentially important targets
for therapeutic interventions.
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In this systematic review, there was no overall evidence of change in Trp, kynurenines
or ratios after ECT. This could reflect that the kynurenine pathway is not altered by this
intervention. Alternatively, it may be due to limitations of the cited studies, such as the
relatively low number of participants in each study, and the challenge of isolating the
effect of ECT from the influence of other factors such as inflammation, stress and medica-
tion. Additionally, patients with depression are a heterogenous group, and differences in
pathophysiology, clinical characteristics, treatment response and baseline concentrations
of biomarkers could be of great importance. Finally, there is limited knowledge about the
between- and within-individual variability in kynurenine metabolism and about the effect
of fasting and the significance of differences in blood sample timing. However, despite
the challenges involved, it is important to continue investigating the role of kynurenine
metabolism in depression treatment, as this pathway could be crucial for understanding
the pathophysiology of mood disorders and contains several potentially important targets
for therapeutic interventions.

Supplementary Materials: The Table following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ph15111439/: Table S1: Reported levels of tryptophan,
kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding
analyses of change; Table S2: Detailed overview of the reviewed studies’ declaration and handling of
factors that can affect analyses of tryptophan and kynurenines in the context of ECT; Table S3: Data
on storage and analytical procedures in the reviewed studies. Document S1: Syntax for systematic
literature search, july 2022.

Author Contributions: Conceptualization, T.I.M.A., J.T.I., U.K., J.H.; software, T.I.M.A.; validation,
T.I.M.A., U.K.; formal analysis, T.I.M.A.; writing—original draft preparation, T.I.M.A., J.T.I.; writing—
review and editing, M.-B.R.P., A.U., U.K., J.H.; visualization, T.I.M.A.; funding acquisition, J.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Bergen and Stiftelsen Kristian Gerhard
Jebsen, grant number SKJ-MED-02.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We wish to thank Per Magne Ueland and Adrian McCann for their invaluable
input and Regina Küfner Lein for her contribution to the development of the systematic literature
search syntax.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

AA anthranilic acid
BMI body mass index
CAA competing amino acid
ECT electroconvulsive therapy
FAD flavin adenine dinucleotide
HAA 3-hydroxyanthranilic acid
HK 3-hydroxykynurenine
ICC intraclass correlation coefficient
IDO indoleamine 2,3-dioxygenase
IFN interferon; KA, kynurenic acid
KYNU kynureninase
Kyn kynurenine

Pharmaceuticals 2022, 15, 1439 22 of 29

5. Conclusions

In this systematic review, there was no overall evidence of change in Trp, kynurenines
or ratios after ECT. This could reflect that the kynurenine pathway is not altered by this
intervention. Alternatively, it may be due to limitations of the cited studies, such as the
relatively low number of participants in each study, and the challenge of isolating the
effect of ECT from the influence of other factors such as inflammation, stress and medica-
tion. Additionally, patients with depression are a heterogenous group, and differences in
pathophysiology, clinical characteristics, treatment response and baseline concentrations
of biomarkers could be of great importance. Finally, there is limited knowledge about the
between- and within-individual variability in kynurenine metabolism and about the effect
of fasting and the significance of differences in blood sample timing. However, despite
the challenges involved, it is important to continue investigating the role of kynurenine
metabolism in depression treatment, as this pathway could be crucial for understanding
the pathophysiology of mood disorders and contains several potentially important targets
for therapeutic interventions.

Supplementary Materials: The Table following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ph15111439/: Table S1: Reported levels of tryptophan,
kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding
analyses of change; Table S2: Detailed overview of the reviewed studies’ declaration and handling of
factors that can affect analyses of tryptophan and kynurenines in the context of ECT; Table S3: Data
on storage and analytical procedures in the reviewed studies. Document S1: Syntax for systematic
literature search, july 2022.

Author Contributions: Conceptualization, T.I.M.A., J.T.I., U.K., J.H.; software, T.I.M.A.; validation,
T.I.M.A., U.K.; formal analysis, T.I.M.A.; writing—original draft preparation, T.I.M.A., J.T.I.; writing—
review and editing, M.-B.R.P., A.U., U.K., J.H.; visualization, T.I.M.A.; funding acquisition, J.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Bergen and Stiftelsen Kristian Gerhard
Jebsen, grant number SKJ-MED-02.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We wish to thank Per Magne Ueland and Adrian McCann for their invaluable
input and Regina Küfner Lein for her contribution to the development of the systematic literature
search syntax.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

AA anthranilic acid
BMI body mass index
CAA competing amino acid
ECT electroconvulsive therapy
FAD flavin adenine dinucleotide
HAA 3-hydroxyanthranilic acid
HK 3-hydroxykynurenine
ICC intraclass correlation coefficient
IDO indoleamine 2,3-dioxygenase
IFN interferon; KA, kynurenic acid
KYNU kynureninase
Kyn kynurenine

Pharmaceuticals2022,15,143922of29

5.Conclusions

Inthissystematicreview,therewasnooverallevidenceofchangeinTrp,kynurenines
orratiosafterECT.Thiscouldreflectthatthekynureninepathwayisnotalteredbythis
intervention.Alternatively,itmaybeduetolimitationsofthecitedstudies,suchasthe
relativelylownumberofparticipantsineachstudy,andthechallengeofisolatingthe
effectofECTfromtheinfluenceofotherfactorssuchasinflammation,stressandmedica-
tion.Additionally,patientswithdepressionareaheterogenousgroup,anddifferencesin
pathophysiology,clinicalcharacteristics,treatmentresponseandbaselineconcentrations
ofbiomarkerscouldbeofgreatimportance.Finally,thereislimitedknowledgeaboutthe
between-andwithin-individualvariabilityinkynureninemetabolismandabouttheeffect
offastingandthesignificanceofdifferencesinbloodsampletiming.However,despite
thechallengesinvolved,itisimportanttocontinueinvestigatingtheroleofkynurenine
metabolismindepressiontreatment,asthispathwaycouldbecrucialforunderstanding
thepathophysiologyofmooddisordersandcontainsseveralpotentiallyimportanttargets
fortherapeuticinterventions.

SupplementaryMaterials:TheTablefollowingsupportinginformationcanbedownloadedat
https://www.mdpi.com/article/10.3390/ph15111439/:TableS1:Reportedlevelsoftryptophan,
kynurenines,ratiosandrelatedbiomarkersbeforeandafteraseriesofECTandcorresponding
analysesofchange;TableS2:Detailedoverviewofthereviewedstudies’declarationandhandlingof
factorsthatcanaffectanalysesoftryptophanandkynureninesinthecontextofECT;TableS3:Data
onstorageandanalyticalproceduresinthereviewedstudies.DocumentS1:Syntaxforsystematic
literaturesearch,july2022.

AuthorContributions:Conceptualization,T.I.M.A.,J.T.I.,U.K.,J.H.;software,T.I.M.A.;validation,
T.I.M.A.,U.K.;formalanalysis,T.I.M.A.;writing—originaldraftpreparation,T.I.M.A.,J.T.I.;writing—
reviewandediting,M.-B.R.P.,A.U.,U.K.,J.H.;visualization,T.I.M.A.;fundingacquisition,J.H.All
authorshavereadandagreedtothepublishedversionofthemanuscript.

Funding:ThisresearchwasfundedbytheUniversityofBergenandStiftelsenKristianGerhard
Jebsen,grantnumberSKJ-MED-02.

InstitutionalReviewBoardStatement:Notapplicable.

InformedConsentStatement:Notapplicable.

DataAvailabilityStatement:Notapplicable.

Acknowledgments:WewishtothankPerMagneUelandandAdrianMcCannfortheirinvaluable
inputandReginaKüfnerLeinforhercontributiontothedevelopmentofthesystematicliterature
searchsyntax.

ConflictsofInterest:Theauthorsdeclarenoconflictofinterest.Thefundershadnoroleinthedesign
ofthestudy;inthecollection,analysesorinterpretationofdata;inthewritingofthemanuscript;or
inthedecisiontopublishtheresults.

Abbreviations

AAanthranilicacid
BMIbodymassindex
CAAcompetingaminoacid
ECTelectroconvulsivetherapy
FADflavinadeninedinucleotide
HAA3-hydroxyanthranilicacid
HK3-hydroxykynurenine
ICCintraclasscorrelationcoefficient
IDOindoleamine2,3-dioxygenase
IFNinterferon;KA,kynurenicacid
KYNUkynureninase
Kynkynurenine

Pharmaceuticals2022,15,143922of29

5.Conclusions

Inthissystematicreview,therewasnooverallevidenceofchangeinTrp,kynurenines
orratiosafterECT.Thiscouldreflectthatthekynureninepathwayisnotalteredbythis
intervention.Alternatively,itmaybeduetolimitationsofthecitedstudies,suchasthe
relativelylownumberofparticipantsineachstudy,andthechallengeofisolatingthe
effectofECTfromtheinfluenceofotherfactorssuchasinflammation,stressandmedica-
tion.Additionally,patientswithdepressionareaheterogenousgroup,anddifferencesin
pathophysiology,clinicalcharacteristics,treatmentresponseandbaselineconcentrations
ofbiomarkerscouldbeofgreatimportance.Finally,thereislimitedknowledgeaboutthe
between-andwithin-individualvariabilityinkynureninemetabolismandabouttheeffect
offastingandthesignificanceofdifferencesinbloodsampletiming.However,despite
thechallengesinvolved,itisimportanttocontinueinvestigatingtheroleofkynurenine
metabolismindepressiontreatment,asthispathwaycouldbecrucialforunderstanding
thepathophysiologyofmooddisordersandcontainsseveralpotentiallyimportanttargets
fortherapeuticinterventions.

SupplementaryMaterials:TheTablefollowingsupportinginformationcanbedownloadedat
https://www.mdpi.com/article/10.3390/ph15111439/:TableS1:Reportedlevelsoftryptophan,
kynurenines,ratiosandrelatedbiomarkersbeforeandafteraseriesofECTandcorresponding
analysesofchange;TableS2:Detailedoverviewofthereviewedstudies’declarationandhandlingof
factorsthatcanaffectanalysesoftryptophanandkynureninesinthecontextofECT;TableS3:Data
onstorageandanalyticalproceduresinthereviewedstudies.DocumentS1:Syntaxforsystematic
literaturesearch,july2022.

AuthorContributions:Conceptualization,T.I.M.A.,J.T.I.,U.K.,J.H.;software,T.I.M.A.;validation,
T.I.M.A.,U.K.;formalanalysis,T.I.M.A.;writing—originaldraftpreparation,T.I.M.A.,J.T.I.;writing—
reviewandediting,M.-B.R.P.,A.U.,U.K.,J.H.;visualization,T.I.M.A.;fundingacquisition,J.H.All
authorshavereadandagreedtothepublishedversionofthemanuscript.

Funding:ThisresearchwasfundedbytheUniversityofBergenandStiftelsenKristianGerhard
Jebsen,grantnumberSKJ-MED-02.

InstitutionalReviewBoardStatement:Notapplicable.

InformedConsentStatement:Notapplicable.

DataAvailabilityStatement:Notapplicable.

Acknowledgments:WewishtothankPerMagneUelandandAdrianMcCannfortheirinvaluable
inputandReginaKüfnerLeinforhercontributiontothedevelopmentofthesystematicliterature
searchsyntax.

ConflictsofInterest:Theauthorsdeclarenoconflictofinterest.Thefundershadnoroleinthedesign
ofthestudy;inthecollection,analysesorinterpretationofdata;inthewritingofthemanuscript;or
inthedecisiontopublishtheresults.

Abbreviations

AAanthranilicacid
BMIbodymassindex
CAAcompetingaminoacid
ECTelectroconvulsivetherapy
FADflavinadeninedinucleotide
HAA3-hydroxyanthranilicacid
HK3-hydroxykynurenine
ICCintraclasscorrelationcoefficient
IDOindoleamine2,3-dioxygenase
IFNinterferon;KA,kynurenicacid
KYNUkynureninase
Kynkynurenine

Pharmaceuticals2022,15,143922of29

5.Conclusions

Inthissystematicreview,therewasnooverallevidenceofchangeinTrp,kynurenines
orratiosafterECT.Thiscouldreflectthatthekynureninepathwayisnotalteredbythis
intervention.Alternatively,itmaybeduetolimitationsofthecitedstudies,suchasthe
relativelylownumberofparticipantsineachstudy,andthechallengeofisolatingthe
effectofECTfromtheinfluenceofotherfactorssuchasinflammation,stressandmedica-
tion.Additionally,patientswithdepressionareaheterogenousgroup,anddifferencesin
pathophysiology,clinicalcharacteristics,treatmentresponseandbaselineconcentrations
ofbiomarkerscouldbeofgreatimportance.Finally,thereislimitedknowledgeaboutthe
between-andwithin-individualvariabilityinkynureninemetabolismandabouttheeffect
offastingandthesignificanceofdifferencesinbloodsampletiming.However,despite
thechallengesinvolved,itisimportanttocontinueinvestigatingtheroleofkynurenine
metabolismindepressiontreatment,asthispathwaycouldbecrucialforunderstanding
thepathophysiologyofmooddisordersandcontainsseveralpotentiallyimportanttargets
fortherapeuticinterventions.

SupplementaryMaterials:TheTablefollowingsupportinginformationcanbedownloadedat
https://www.mdpi.com/article/10.3390/ph15111439/:TableS1:Reportedlevelsoftryptophan,
kynurenines,ratiosandrelatedbiomarkersbeforeandafteraseriesofECTandcorresponding
analysesofchange;TableS2:Detailedoverviewofthereviewedstudies’declarationandhandlingof
factorsthatcanaffectanalysesoftryptophanandkynureninesinthecontextofECT;TableS3:Data
onstorageandanalyticalproceduresinthereviewedstudies.DocumentS1:Syntaxforsystematic
literaturesearch,july2022.

AuthorContributions:Conceptualization,T.I.M.A.,J.T.I.,U.K.,J.H.;software,T.I.M.A.;validation,
T.I.M.A.,U.K.;formalanalysis,T.I.M.A.;writing—originaldraftpreparation,T.I.M.A.,J.T.I.;writing—
reviewandediting,M.-B.R.P.,A.U.,U.K.,J.H.;visualization,T.I.M.A.;fundingacquisition,J.H.All
authorshavereadandagreedtothepublishedversionofthemanuscript.

Funding:ThisresearchwasfundedbytheUniversityofBergenandStiftelsenKristianGerhard
Jebsen,grantnumberSKJ-MED-02.

InstitutionalReviewBoardStatement:Notapplicable.

InformedConsentStatement:Notapplicable.

DataAvailabilityStatement:Notapplicable.

Acknowledgments:WewishtothankPerMagneUelandandAdrianMcCannfortheirinvaluable
inputandReginaKüfnerLeinforhercontributiontothedevelopmentofthesystematicliterature
searchsyntax.

ConflictsofInterest:Theauthorsdeclarenoconflictofinterest.Thefundershadnoroleinthedesign
ofthestudy;inthecollection,analysesorinterpretationofdata;inthewritingofthemanuscript;or
inthedecisiontopublishtheresults.

Abbreviations

AAanthranilicacid
BMIbodymassindex
CAAcompetingaminoacid
ECTelectroconvulsivetherapy
FADflavinadeninedinucleotide
HAA3-hydroxyanthranilicacid
HK3-hydroxykynurenine
ICCintraclasscorrelationcoefficient
IDOindoleamine2,3-dioxygenase
IFNinterferon;KA,kynurenicacid
KYNUkynureninase
Kynkynurenine

Pharmaceuticals2022,15,143922of29

5.Conclusions

Inthissystematicreview,therewasnooverallevidenceofchangeinTrp,kynurenines
orratiosafterECT.Thiscouldreflectthatthekynureninepathwayisnotalteredbythis
intervention.Alternatively,itmaybeduetolimitationsofthecitedstudies,suchasthe
relativelylownumberofparticipantsineachstudy,andthechallengeofisolatingthe
effectofECTfromtheinfluenceofotherfactorssuchasinflammation,stressandmedica-
tion.Additionally,patientswithdepressionareaheterogenousgroup,anddifferencesin
pathophysiology,clinicalcharacteristics,treatmentresponseandbaselineconcentrations
ofbiomarkerscouldbeofgreatimportance.Finally,thereislimitedknowledgeaboutthe
between-andwithin-individualvariabilityinkynureninemetabolismandabouttheeffect
offastingandthesignificanceofdifferencesinbloodsampletiming.However,despite
thechallengesinvolved,itisimportanttocontinueinvestigatingtheroleofkynurenine
metabolismindepressiontreatment,asthispathwaycouldbecrucialforunderstanding
thepathophysiologyofmooddisordersandcontainsseveralpotentiallyimportanttargets
fortherapeuticinterventions.

SupplementaryMaterials:TheTablefollowingsupportinginformationcanbedownloadedat
https://www.mdpi.com/article/10.3390/ph15111439/:TableS1:Reportedlevelsoftryptophan,
kynurenines,ratiosandrelatedbiomarkersbeforeandafteraseriesofECTandcorresponding
analysesofchange;TableS2:Detailedoverviewofthereviewedstudies’declarationandhandlingof
factorsthatcanaffectanalysesoftryptophanandkynureninesinthecontextofECT;TableS3:Data
onstorageandanalyticalproceduresinthereviewedstudies.DocumentS1:Syntaxforsystematic
literaturesearch,july2022.

AuthorContributions:Conceptualization,T.I.M.A.,J.T.I.,U.K.,J.H.;software,T.I.M.A.;validation,
T.I.M.A.,U.K.;formalanalysis,T.I.M.A.;writing—originaldraftpreparation,T.I.M.A.,J.T.I.;writing—
reviewandediting,M.-B.R.P.,A.U.,U.K.,J.H.;visualization,T.I.M.A.;fundingacquisition,J.H.All
authorshavereadandagreedtothepublishedversionofthemanuscript.

Funding:ThisresearchwasfundedbytheUniversityofBergenandStiftelsenKristianGerhard
Jebsen,grantnumberSKJ-MED-02.

InstitutionalReviewBoardStatement:Notapplicable.

InformedConsentStatement:Notapplicable.

DataAvailabilityStatement:Notapplicable.

Acknowledgments:WewishtothankPerMagneUelandandAdrianMcCannfortheirinvaluable
inputandReginaKüfnerLeinforhercontributiontothedevelopmentofthesystematicliterature
searchsyntax.

ConflictsofInterest:Theauthorsdeclarenoconflictofinterest.Thefundershadnoroleinthedesign
ofthestudy;inthecollection,analysesorinterpretationofdata;inthewritingofthemanuscript;or
inthedecisiontopublishtheresults.

Abbreviations

AAanthranilicacid
BMIbodymassindex
CAAcompetingaminoacid
ECTelectroconvulsivetherapy
FADflavinadeninedinucleotide
HAA3-hydroxyanthranilicacid
HK3-hydroxykynurenine
ICCintraclasscorrelationcoefficient
IDOindoleamine2,3-dioxygenase
IFNinterferon;KA,kynurenicacid
KYNUkynureninase
Kynkynurenine



Pharmaceuticals 2022, 15, 1439 23 of 29

KAT kynurenine aminotransferase
KMO kynurenine monooxygenase
KTR kynurenine-tryptophan-ratio
NEFA non-esterified fatty acid
NMDAr N-methyl-D-aspartate receptor
Pic picolinic acid
PLP pyridoxal 5‘-phosphate
QA quinolinic acid
SSRI selective serotonin reuptake inhibitor
TDO tryptophan 2,3-dioxygenase
TNF tumor necrosis factor
Trp tryptophan
XA xanthurenic acid

References

1. Arnone, D.; Saraykar, S.; Salem, H.; Teixeira, A.L.; Dantzer, R.; Selvaraj, S. Role of Kynurenine pathway and its metabolites in
mood disorders: A systematic review and meta-analysis of clinical studies. Neurosci. Biobehav. Rev. 2018, 92, 477–485. [CrossRef]
[PubMed]

2. Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2020, 25, 131–147. [CrossRef] [PubMed]
3. Wirthgen, E.; Hoeflich, A.; Rebl, A.; Gunther, J. Kynurenic Acid: The Janus-Faced Role of an Immunomodulatory Tryptophan

Metabolite and Its Link to Pathological Conditions. Front. Immunol. 2017, 8, 1957. [CrossRef] [PubMed]
4. Ogyu, K.; Kubo, K.; Noda, Y.; Iwata, Y.; Tsugawa, S.; Omura, Y.; Wada, M.; Tarumi, R.; Plitman, E.; Moriguchi, S.; et al. Kynurenine

pathway in depression: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2018, 90, 16–25. [CrossRef] [PubMed]
5. Reus, G.Z.; Jansen, K.; Titus, S.; Carvalho, A.F.; Gabbay, V.; Quevedo, J. Kynurenine pathway dysfunction in the pathophysiology

and treatment of depression: Evidences from animal and human studies. J. Psychiatr Res. 2015, 68, 316–328. [CrossRef] [PubMed]
6. Ogawa, S.; Fujii, T.; Koga, N.; Hori, H.; Teraishi, T.; Hattori, K.; Noda, T.; Higuchi, T.; Motohashi, N.; Kunugi, H. Plasma

L-tryptophan concentration in major depressive disorder: New data and meta-analysis. J. Clin. Psychiatry 2014, 75, e906–e915.
[CrossRef]

7. Massudi, H.; Grant, R.; Guillemin, G.J.; Braidy, N. NAD+ metabolism and oxidative stress: The golden nucleotide on a crown of
thorns. Redox Rep. 2012, 17, 28–46. [CrossRef]

8. Moffett, J.R.; Arun, P.; Puthillathu, N.; Vengilote, R.; Ives, J.A.; Badawy, A.A.; Namboodiri, A.M. Quinolinate as a Marker for
Kynurenine Metabolite Formation and the Unresolved Question of NAD(+) Synthesis During Inflammation and Infection. Front.
Immunol. 2020, 11, 31. [CrossRef]

9. Vecsei, L.; Szalardy, L.; Fulop, F.; Toldi, J. Kynurenines in the CNS: Recent advances and new questions. Nat. Rev. Drug Discov.
2013, 12, 64–82. [CrossRef]

10. Tanaka, M.; Toth, F.; Polyak, H.; Szabo, A.; Mandi, Y.; Vecsei, L. Immune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

11. Mor, A.; Tankiewicz-Kwedlo, A.; Krupa, A.; Pawlak, D. Role of Kynurenine Pathway in Oxidative Stress during Neurodegenera-
tive Disorders. Cells 2021, 10, 1603. [CrossRef] [PubMed]

12. Cervenka, I.; Agudelo, L.Z.; Ruas, J.L. Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health.
Science 2017, 357, eaaf9794. [CrossRef]

13. O’Farrell, K.; Harkin, A. Stress-related regulation of the kynurenine pathway: Relevance to neuropsychiatric and degenerative
disorders. Neuropharmacology 2017, 112, 307–323. [CrossRef]

14. Platten, M.; Nollen, E.A.A.; Rohrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in
cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef]

15. Oxenkrug, G. Serotonin-kynurenine hypothesis of depression: Historical overview and recent developments. Curr. Drug Targets
2013, 14, 514–521. [CrossRef]

16. Moir, A.T.; Eccleston, D. The effects of precursor loading in the cerebral metabolism of 5-hydroxyindoles. J. Neurochem. 1968, 15,
1093–1108. [CrossRef]

17. Bender, D.A. Effects of a dietary excess of leucine on the metabolism of tryptophan in the rat: A mechanism for the pellagragenic
action of leucine. Br. J. Nutr. 1983, 50, 25–32. [CrossRef]

18. Kohler, C.A.; Freitas, T.H.; Maes, M.; de Andrade, N.Q.; Liu, C.S.; Fernandes, B.S.; Stubbs, B.; Solmi, M.; Veronese, N.; Herrmann,
N.; et al. Peripheral cytokine and chemokine alterations in depression: A meta-analysis of 82 studies. Acta Psychiatr. Scand. 2017,
135, 373–387. [CrossRef]

19. Smith, K.J.; Au, B.; Ollis, L.; Schmitz, N. The association between C-reactive protein, Interleukin-6 and depression among older
adults in the community: A systematic review and meta-analysis. Exp. Gerontol. 2018, 102, 109–132. [CrossRef]

20. Pitharouli, M.C.; Hagenaars, S.P.; Glanville, K.P.; Coleman, J.R.I.; Hotopf, M.; Lewis, C.M.; Pariante, C.M. Elevated C-Reactive
Protein in Patients With Depression, Independent of Genetic, Health, and Psychosocial Factors: Results From the UK Biobank.
Am. J. Psychiatry 2021, 178, 522–529. [CrossRef]

Pharmaceuticals2022,15,143923of29

KATkynurenineaminotransferase
KMOkynureninemonooxygenase
KTRkynurenine-tryptophan-ratio
NEFAnon-esterifiedfattyacid
NMDArN-methyl-D-aspartatereceptor
Picpicolinicacid
PLPpyridoxal5‘-phosphate
QAquinolinicacid
SSRIselectiveserotoninreuptakeinhibitor
TDOtryptophan2,3-dioxygenase
TNFtumornecrosisfactor
Trptryptophan
XAxanthurenicacid

References

1.Arnone,D.;Saraykar,S.;Salem,H.;Teixeira,A.L.;Dantzer,R.;Selvaraj,S.RoleofKynureninepathwayanditsmetabolitesin
mooddisorders:Asystematicreviewandmeta-analysisofclinicalstudies.Neurosci.Biobehav.Rev.2018,92,477–485.[CrossRef]
[PubMed]

2.Savitz,J.Thekynureninepathway:Afingerineverypie.Mol.Psychiatry2020,25,131–147.[CrossRef][PubMed]
3.Wirthgen,E.;Hoeflich,A.;Rebl,A.;Gunther,J.KynurenicAcid:TheJanus-FacedRoleofanImmunomodulatoryTryptophan

MetaboliteandItsLinktoPathologicalConditions.Front.Immunol.2017,8,1957.[CrossRef][PubMed]
4.Ogyu,K.;Kubo,K.;Noda,Y.;Iwata,Y.;Tsugawa,S.;Omura,Y.;Wada,M.;Tarumi,R.;Plitman,E.;Moriguchi,S.;etal.Kynurenine

pathwayindepression:Asystematicreviewandmeta-analysis.Neurosci.Biobehav.Rev.2018,90,16–25.[CrossRef][PubMed]
5.Reus,G.Z.;Jansen,K.;Titus,S.;Carvalho,A.F.;Gabbay,V.;Quevedo,J.Kynureninepathwaydysfunctioninthepathophysiology

andtreatmentofdepression:Evidencesfromanimalandhumanstudies.J.PsychiatrRes.2015,68,316–328.[CrossRef][PubMed]
6.Ogawa,S.;Fujii,T.;Koga,N.;Hori,H.;Teraishi,T.;Hattori,K.;Noda,T.;Higuchi,T.;Motohashi,N.;Kunugi,H.Plasma

L-tryptophanconcentrationinmajordepressivedisorder:Newdataandmeta-analysis.J.Clin.Psychiatry2014,75,e906–e915.
[CrossRef]

7.Massudi,H.;Grant,R.;Guillemin,G.J.;Braidy,N.NAD+metabolismandoxidativestress:Thegoldennucleotideonacrownof
thorns.RedoxRep.2012,17,28–46.[CrossRef]

8.Moffett,J.R.;Arun,P.;Puthillathu,N.;Vengilote,R.;Ives,J.A.;Badawy,A.A.;Namboodiri,A.M.QuinolinateasaMarkerfor
KynurenineMetaboliteFormationandtheUnresolvedQuestionofNAD(+)SynthesisDuringInflammationandInfection.Front.
Immunol.2020,11,31.[CrossRef]

9.Vecsei,L.;Szalardy,L.;Fulop,F.;Toldi,J.KynureninesintheCNS:Recentadvancesandnewquestions.Nat.Rev.DrugDiscov.
2013,12,64–82.[CrossRef]

10.Tanaka,M.;Toth,F.;Polyak,H.;Szabo,A.;Mandi,Y.;Vecsei,L.ImmuneInfluencersinAction:MetabolitesandEnzymesofthe
Tryptophan-KynurenineMetabolicPathway.Biomedicines2021,9,734.[CrossRef]

11.Mor,A.;Tankiewicz-Kwedlo,A.;Krupa,A.;Pawlak,D.RoleofKynureninePathwayinOxidativeStressduringNeurodegenera-
tiveDisorders.Cells2021,10,1603.[CrossRef][PubMed]

12.Cervenka,I.;Agudelo,L.Z.;Ruas,J.L.Kynurenines:Tryptophan’smetabolitesinexercise,inflammation,andmentalhealth.
Science2017,357,eaaf9794.[CrossRef]

13.O’Farrell,K.;Harkin,A.Stress-relatedregulationofthekynureninepathway:Relevancetoneuropsychiatricanddegenerative
disorders.Neuropharmacology2017,112,307–323.[CrossRef]

14.Platten,M.;Nollen,E.A.A.;Rohrig,U.F.;Fallarino,F.;Opitz,C.A.Tryptophanmetabolismasacommontherapeutictargetin
cancer,neurodegenerationandbeyond.Nat.Rev.DrugDiscov.2019,18,379–401.[CrossRef]

15.Oxenkrug,G.Serotonin-kynureninehypothesisofdepression:Historicaloverviewandrecentdevelopments.Curr.DrugTargets
2013,14,514–521.[CrossRef]

16.Moir,A.T.;Eccleston,D.Theeffectsofprecursorloadinginthecerebralmetabolismof5-hydroxyindoles.J.Neurochem.1968,15,
1093–1108.[CrossRef]

17.Bender,D.A.Effectsofadietaryexcessofleucineonthemetabolismoftryptophanintherat:Amechanismforthepellagragenic
actionofleucine.Br.J.Nutr.1983,50,25–32.[CrossRef]

18.Kohler,C.A.;Freitas,T.H.;Maes,M.;deAndrade,N.Q.;Liu,C.S.;Fernandes,B.S.;Stubbs,B.;Solmi,M.;Veronese,N.;Herrmann,
N.;etal.Peripheralcytokineandchemokinealterationsindepression:Ameta-analysisof82studies.ActaPsychiatr.Scand.2017,
135,373–387.[CrossRef]

19.Smith,K.J.;Au,B.;Ollis,L.;Schmitz,N.TheassociationbetweenC-reactiveprotein,Interleukin-6anddepressionamongolder
adultsinthecommunity:Asystematicreviewandmeta-analysis.Exp.Gerontol.2018,102,109–132.[CrossRef]

20.Pitharouli,M.C.;Hagenaars,S.P.;Glanville,K.P.;Coleman,J.R.I.;Hotopf,M.;Lewis,C.M.;Pariante,C.M.ElevatedC-Reactive
ProteininPatientsWithDepression,IndependentofGenetic,Health,andPsychosocialFactors:ResultsFromtheUKBiobank.
Am.J.Psychiatry2021,178,522–529.[CrossRef]

Pharmaceuticals2022,15,143923of29

KATkynurenineaminotransferase
KMOkynureninemonooxygenase
KTRkynurenine-tryptophan-ratio
NEFAnon-esterifiedfattyacid
NMDArN-methyl-D-aspartatereceptor
Picpicolinicacid
PLPpyridoxal5‘-phosphate
QAquinolinicacid
SSRIselectiveserotoninreuptakeinhibitor
TDOtryptophan2,3-dioxygenase
TNFtumornecrosisfactor
Trptryptophan
XAxanthurenicacid

References

1.Arnone,D.;Saraykar,S.;Salem,H.;Teixeira,A.L.;Dantzer,R.;Selvaraj,S.RoleofKynureninepathwayanditsmetabolitesin
mooddisorders:Asystematicreviewandmeta-analysisofclinicalstudies.Neurosci.Biobehav.Rev.2018,92,477–485.[CrossRef]
[PubMed]

2.Savitz,J.Thekynureninepathway:Afingerineverypie.Mol.Psychiatry2020,25,131–147.[CrossRef][PubMed]
3.Wirthgen,E.;Hoeflich,A.;Rebl,A.;Gunther,J.KynurenicAcid:TheJanus-FacedRoleofanImmunomodulatoryTryptophan

MetaboliteandItsLinktoPathologicalConditions.Front.Immunol.2017,8,1957.[CrossRef][PubMed]
4.Ogyu,K.;Kubo,K.;Noda,Y.;Iwata,Y.;Tsugawa,S.;Omura,Y.;Wada,M.;Tarumi,R.;Plitman,E.;Moriguchi,S.;etal.Kynurenine

pathwayindepression:Asystematicreviewandmeta-analysis.Neurosci.Biobehav.Rev.2018,90,16–25.[CrossRef][PubMed]
5.Reus,G.Z.;Jansen,K.;Titus,S.;Carvalho,A.F.;Gabbay,V.;Quevedo,J.Kynureninepathwaydysfunctioninthepathophysiology

andtreatmentofdepression:Evidencesfromanimalandhumanstudies.J.PsychiatrRes.2015,68,316–328.[CrossRef][PubMed]
6.Ogawa,S.;Fujii,T.;Koga,N.;Hori,H.;Teraishi,T.;Hattori,K.;Noda,T.;Higuchi,T.;Motohashi,N.;Kunugi,H.Plasma

L-tryptophanconcentrationinmajordepressivedisorder:Newdataandmeta-analysis.J.Clin.Psychiatry2014,75,e906–e915.
[CrossRef]

7.Massudi,H.;Grant,R.;Guillemin,G.J.;Braidy,N.NAD+metabolismandoxidativestress:Thegoldennucleotideonacrownof
thorns.RedoxRep.2012,17,28–46.[CrossRef]

8.Moffett,J.R.;Arun,P.;Puthillathu,N.;Vengilote,R.;Ives,J.A.;Badawy,A.A.;Namboodiri,A.M.QuinolinateasaMarkerfor
KynurenineMetaboliteFormationandtheUnresolvedQuestionofNAD(+)SynthesisDuringInflammationandInfection.Front.
Immunol.2020,11,31.[CrossRef]

9.Vecsei,L.;Szalardy,L.;Fulop,F.;Toldi,J.KynureninesintheCNS:Recentadvancesandnewquestions.Nat.Rev.DrugDiscov.
2013,12,64–82.[CrossRef]

10.Tanaka,M.;Toth,F.;Polyak,H.;Szabo,A.;Mandi,Y.;Vecsei,L.ImmuneInfluencersinAction:MetabolitesandEnzymesofthe
Tryptophan-KynurenineMetabolicPathway.Biomedicines2021,9,734.[CrossRef]

11.Mor,A.;Tankiewicz-Kwedlo,A.;Krupa,A.;Pawlak,D.RoleofKynureninePathwayinOxidativeStressduringNeurodegenera-
tiveDisorders.Cells2021,10,1603.[CrossRef][PubMed]

12.Cervenka,I.;Agudelo,L.Z.;Ruas,J.L.Kynurenines:Tryptophan’smetabolitesinexercise,inflammation,andmentalhealth.
Science2017,357,eaaf9794.[CrossRef]

13.O’Farrell,K.;Harkin,A.Stress-relatedregulationofthekynureninepathway:Relevancetoneuropsychiatricanddegenerative
disorders.Neuropharmacology2017,112,307–323.[CrossRef]

14.Platten,M.;Nollen,E.A.A.;Rohrig,U.F.;Fallarino,F.;Opitz,C.A.Tryptophanmetabolismasacommontherapeutictargetin
cancer,neurodegenerationandbeyond.Nat.Rev.DrugDiscov.2019,18,379–401.[CrossRef]

15.Oxenkrug,G.Serotonin-kynureninehypothesisofdepression:Historicaloverviewandrecentdevelopments.Curr.DrugTargets
2013,14,514–521.[CrossRef]

16.Moir,A.T.;Eccleston,D.Theeffectsofprecursorloadinginthecerebralmetabolismof5-hydroxyindoles.J.Neurochem.1968,15,
1093–1108.[CrossRef]

17.Bender,D.A.Effectsofadietaryexcessofleucineonthemetabolismoftryptophanintherat:Amechanismforthepellagragenic
actionofleucine.Br.J.Nutr.1983,50,25–32.[CrossRef]

18.Kohler,C.A.;Freitas,T.H.;Maes,M.;deAndrade,N.Q.;Liu,C.S.;Fernandes,B.S.;Stubbs,B.;Solmi,M.;Veronese,N.;Herrmann,
N.;etal.Peripheralcytokineandchemokinealterationsindepression:Ameta-analysisof82studies.ActaPsychiatr.Scand.2017,
135,373–387.[CrossRef]

19.Smith,K.J.;Au,B.;Ollis,L.;Schmitz,N.TheassociationbetweenC-reactiveprotein,Interleukin-6anddepressionamongolder
adultsinthecommunity:Asystematicreviewandmeta-analysis.Exp.Gerontol.2018,102,109–132.[CrossRef]

20.Pitharouli,M.C.;Hagenaars,S.P.;Glanville,K.P.;Coleman,J.R.I.;Hotopf,M.;Lewis,C.M.;Pariante,C.M.ElevatedC-Reactive
ProteininPatientsWithDepression,IndependentofGenetic,Health,andPsychosocialFactors:ResultsFromtheUKBiobank.
Am.J.Psychiatry2021,178,522–529.[CrossRef]

Pharmaceuticals 2022, 15, 1439 23 of 29

KAT kynurenine aminotransferase
KMO kynurenine monooxygenase
KTR kynurenine-tryptophan-ratio
NEFA non-esterified fatty acid
NMDAr N-methyl-D-aspartate receptor
Pic picolinic acid
PLP pyridoxal 5‘-phosphate
QA quinolinic acid
SSRI selective serotonin reuptake inhibitor
TDO tryptophan 2,3-dioxygenase
TNF tumor necrosis factor
Trp tryptophan
XA xanthurenic acid

References

1. Arnone, D.; Saraykar, S.; Salem, H.; Teixeira, A.L.; Dantzer, R.; Selvaraj, S. Role of Kynurenine pathway and its metabolites in
mood disorders: A systematic review and meta-analysis of clinical studies. Neurosci. Biobehav. Rev. 2018, 92, 477–485. [CrossRef]
[PubMed]

2. Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2020, 25, 131–147. [CrossRef] [PubMed]
3. Wirthgen, E.; Hoeflich, A.; Rebl, A.; Gunther, J. Kynurenic Acid: The Janus-Faced Role of an Immunomodulatory Tryptophan

Metabolite and Its Link to Pathological Conditions. Front. Immunol. 2017, 8, 1957. [CrossRef] [PubMed]
4. Ogyu, K.; Kubo, K.; Noda, Y.; Iwata, Y.; Tsugawa, S.; Omura, Y.; Wada, M.; Tarumi, R.; Plitman, E.; Moriguchi, S.; et al. Kynurenine

pathway in depression: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2018, 90, 16–25. [CrossRef] [PubMed]
5. Reus, G.Z.; Jansen, K.; Titus, S.; Carvalho, A.F.; Gabbay, V.; Quevedo, J. Kynurenine pathway dysfunction in the pathophysiology

and treatment of depression: Evidences from animal and human studies. J. Psychiatr Res. 2015, 68, 316–328. [CrossRef] [PubMed]
6. Ogawa, S.; Fujii, T.; Koga, N.; Hori, H.; Teraishi, T.; Hattori, K.; Noda, T.; Higuchi, T.; Motohashi, N.; Kunugi, H. Plasma

L-tryptophan concentration in major depressive disorder: New data and meta-analysis. J. Clin. Psychiatry 2014, 75, e906–e915.
[CrossRef]

7. Massudi, H.; Grant, R.; Guillemin, G.J.; Braidy, N. NAD+ metabolism and oxidative stress: The golden nucleotide on a crown of
thorns. Redox Rep. 2012, 17, 28–46. [CrossRef]

8. Moffett, J.R.; Arun, P.; Puthillathu, N.; Vengilote, R.; Ives, J.A.; Badawy, A.A.; Namboodiri, A.M. Quinolinate as a Marker for
Kynurenine Metabolite Formation and the Unresolved Question of NAD(+) Synthesis During Inflammation and Infection. Front.
Immunol. 2020, 11, 31. [CrossRef]

9. Vecsei, L.; Szalardy, L.; Fulop, F.; Toldi, J. Kynurenines in the CNS: Recent advances and new questions. Nat. Rev. Drug Discov.
2013, 12, 64–82. [CrossRef]

10. Tanaka, M.; Toth, F.; Polyak, H.; Szabo, A.; Mandi, Y.; Vecsei, L. Immune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

11. Mor, A.; Tankiewicz-Kwedlo, A.; Krupa, A.; Pawlak, D. Role of Kynurenine Pathway in Oxidative Stress during Neurodegenera-
tive Disorders. Cells 2021, 10, 1603. [CrossRef] [PubMed]

12. Cervenka, I.; Agudelo, L.Z.; Ruas, J.L. Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health.
Science 2017, 357, eaaf9794. [CrossRef]

13. O’Farrell, K.; Harkin, A. Stress-related regulation of the kynurenine pathway: Relevance to neuropsychiatric and degenerative
disorders. Neuropharmacology 2017, 112, 307–323. [CrossRef]

14. Platten, M.; Nollen, E.A.A.; Rohrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in
cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef]

15. Oxenkrug, G. Serotonin-kynurenine hypothesis of depression: Historical overview and recent developments. Curr. Drug Targets
2013, 14, 514–521. [CrossRef]

16. Moir, A.T.; Eccleston, D. The effects of precursor loading in the cerebral metabolism of 5-hydroxyindoles. J. Neurochem. 1968, 15,
1093–1108. [CrossRef]

17. Bender, D.A. Effects of a dietary excess of leucine on the metabolism of tryptophan in the rat: A mechanism for the pellagragenic
action of leucine. Br. J. Nutr. 1983, 50, 25–32. [CrossRef]

18. Kohler, C.A.; Freitas, T.H.; Maes, M.; de Andrade, N.Q.; Liu, C.S.; Fernandes, B.S.; Stubbs, B.; Solmi, M.; Veronese, N.; Herrmann,
N.; et al. Peripheral cytokine and chemokine alterations in depression: A meta-analysis of 82 studies. Acta Psychiatr. Scand. 2017,
135, 373–387. [CrossRef]

19. Smith, K.J.; Au, B.; Ollis, L.; Schmitz, N. The association between C-reactive protein, Interleukin-6 and depression among older
adults in the community: A systematic review and meta-analysis. Exp. Gerontol. 2018, 102, 109–132. [CrossRef]

20. Pitharouli, M.C.; Hagenaars, S.P.; Glanville, K.P.; Coleman, J.R.I.; Hotopf, M.; Lewis, C.M.; Pariante, C.M. Elevated C-Reactive
Protein in Patients With Depression, Independent of Genetic, Health, and Psychosocial Factors: Results From the UK Biobank.
Am. J. Psychiatry 2021, 178, 522–529. [CrossRef]

Pharmaceuticals 2022, 15, 1439 23 of 29

KAT kynurenine aminotransferase
KMO kynurenine monooxygenase
KTR kynurenine-tryptophan-ratio
NEFA non-esterified fatty acid
NMDAr N-methyl-D-aspartate receptor
Pic picolinic acid
PLP pyridoxal 5‘-phosphate
QA quinolinic acid
SSRI selective serotonin reuptake inhibitor
TDO tryptophan 2,3-dioxygenase
TNF tumor necrosis factor
Trp tryptophan
XA xanthurenic acid

References

1. Arnone, D.; Saraykar, S.; Salem, H.; Teixeira, A.L.; Dantzer, R.; Selvaraj, S. Role of Kynurenine pathway and its metabolites in
mood disorders: A systematic review and meta-analysis of clinical studies. Neurosci. Biobehav. Rev. 2018, 92, 477–485. [CrossRef]
[PubMed]

2. Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2020, 25, 131–147. [CrossRef] [PubMed]
3. Wirthgen, E.; Hoeflich, A.; Rebl, A.; Gunther, J. Kynurenic Acid: The Janus-Faced Role of an Immunomodulatory Tryptophan

Metabolite and Its Link to Pathological Conditions. Front. Immunol. 2017, 8, 1957. [CrossRef] [PubMed]
4. Ogyu, K.; Kubo, K.; Noda, Y.; Iwata, Y.; Tsugawa, S.; Omura, Y.; Wada, M.; Tarumi, R.; Plitman, E.; Moriguchi, S.; et al. Kynurenine

pathway in depression: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2018, 90, 16–25. [CrossRef] [PubMed]
5. Reus, G.Z.; Jansen, K.; Titus, S.; Carvalho, A.F.; Gabbay, V.; Quevedo, J. Kynurenine pathway dysfunction in the pathophysiology

and treatment of depression: Evidences from animal and human studies. J. Psychiatr Res. 2015, 68, 316–328. [CrossRef] [PubMed]
6. Ogawa, S.; Fujii, T.; Koga, N.; Hori, H.; Teraishi, T.; Hattori, K.; Noda, T.; Higuchi, T.; Motohashi, N.; Kunugi, H. Plasma

L-tryptophan concentration in major depressive disorder: New data and meta-analysis. J. Clin. Psychiatry 2014, 75, e906–e915.
[CrossRef]

7. Massudi, H.; Grant, R.; Guillemin, G.J.; Braidy, N. NAD+ metabolism and oxidative stress: The golden nucleotide on a crown of
thorns. Redox Rep. 2012, 17, 28–46. [CrossRef]

8. Moffett, J.R.; Arun, P.; Puthillathu, N.; Vengilote, R.; Ives, J.A.; Badawy, A.A.; Namboodiri, A.M. Quinolinate as a Marker for
Kynurenine Metabolite Formation and the Unresolved Question of NAD(+) Synthesis During Inflammation and Infection. Front.
Immunol. 2020, 11, 31. [CrossRef]

9. Vecsei, L.; Szalardy, L.; Fulop, F.; Toldi, J. Kynurenines in the CNS: Recent advances and new questions. Nat. Rev. Drug Discov.
2013, 12, 64–82. [CrossRef]

10. Tanaka, M.; Toth, F.; Polyak, H.; Szabo, A.; Mandi, Y.; Vecsei, L. Immune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

11. Mor, A.; Tankiewicz-Kwedlo, A.; Krupa, A.; Pawlak, D. Role of Kynurenine Pathway in Oxidative Stress during Neurodegenera-
tive Disorders. Cells 2021, 10, 1603. [CrossRef] [PubMed]

12. Cervenka, I.; Agudelo, L.Z.; Ruas, J.L. Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health.
Science 2017, 357, eaaf9794. [CrossRef]

13. O’Farrell, K.; Harkin, A. Stress-related regulation of the kynurenine pathway: Relevance to neuropsychiatric and degenerative
disorders. Neuropharmacology 2017, 112, 307–323. [CrossRef]

14. Platten, M.; Nollen, E.A.A.; Rohrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in
cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef]

15. Oxenkrug, G. Serotonin-kynurenine hypothesis of depression: Historical overview and recent developments. Curr. Drug Targets
2013, 14, 514–521. [CrossRef]

16. Moir, A.T.; Eccleston, D. The effects of precursor loading in the cerebral metabolism of 5-hydroxyindoles. J. Neurochem. 1968, 15,
1093–1108. [CrossRef]

17. Bender, D.A. Effects of a dietary excess of leucine on the metabolism of tryptophan in the rat: A mechanism for the pellagragenic
action of leucine. Br. J. Nutr. 1983, 50, 25–32. [CrossRef]

18. Kohler, C.A.; Freitas, T.H.; Maes, M.; de Andrade, N.Q.; Liu, C.S.; Fernandes, B.S.; Stubbs, B.; Solmi, M.; Veronese, N.; Herrmann,
N.; et al. Peripheral cytokine and chemokine alterations in depression: A meta-analysis of 82 studies. Acta Psychiatr. Scand. 2017,
135, 373–387. [CrossRef]

19. Smith, K.J.; Au, B.; Ollis, L.; Schmitz, N. The association between C-reactive protein, Interleukin-6 and depression among older
adults in the community: A systematic review and meta-analysis. Exp. Gerontol. 2018, 102, 109–132. [CrossRef]

20. Pitharouli, M.C.; Hagenaars, S.P.; Glanville, K.P.; Coleman, J.R.I.; Hotopf, M.; Lewis, C.M.; Pariante, C.M. Elevated C-Reactive
Protein in Patients With Depression, Independent of Genetic, Health, and Psychosocial Factors: Results From the UK Biobank.
Am. J. Psychiatry 2021, 178, 522–529. [CrossRef]

Pharmaceuticals2022,15,143923of29

KATkynurenineaminotransferase
KMOkynureninemonooxygenase
KTRkynurenine-tryptophan-ratio
NEFAnon-esterifiedfattyacid
NMDArN-methyl-D-aspartatereceptor
Picpicolinicacid
PLPpyridoxal5‘-phosphate
QAquinolinicacid
SSRIselectiveserotoninreuptakeinhibitor
TDOtryptophan2,3-dioxygenase
TNFtumornecrosisfactor
Trptryptophan
XAxanthurenicacid

References

1.Arnone,D.;Saraykar,S.;Salem,H.;Teixeira,A.L.;Dantzer,R.;Selvaraj,S.RoleofKynureninepathwayanditsmetabolitesin
mooddisorders:Asystematicreviewandmeta-analysisofclinicalstudies.Neurosci.Biobehav.Rev.2018,92,477–485.[CrossRef]
[PubMed]

2.Savitz,J.Thekynureninepathway:Afingerineverypie.Mol.Psychiatry2020,25,131–147.[CrossRef][PubMed]
3.Wirthgen,E.;Hoeflich,A.;Rebl,A.;Gunther,J.KynurenicAcid:TheJanus-FacedRoleofanImmunomodulatoryTryptophan

MetaboliteandItsLinktoPathologicalConditions.Front.Immunol.2017,8,1957.[CrossRef][PubMed]
4.Ogyu,K.;Kubo,K.;Noda,Y.;Iwata,Y.;Tsugawa,S.;Omura,Y.;Wada,M.;Tarumi,R.;Plitman,E.;Moriguchi,S.;etal.Kynurenine

pathwayindepression:Asystematicreviewandmeta-analysis.Neurosci.Biobehav.Rev.2018,90,16–25.[CrossRef][PubMed]
5.Reus,G.Z.;Jansen,K.;Titus,S.;Carvalho,A.F.;Gabbay,V.;Quevedo,J.Kynureninepathwaydysfunctioninthepathophysiology

andtreatmentofdepression:Evidencesfromanimalandhumanstudies.J.PsychiatrRes.2015,68,316–328.[CrossRef][PubMed]
6.Ogawa,S.;Fujii,T.;Koga,N.;Hori,H.;Teraishi,T.;Hattori,K.;Noda,T.;Higuchi,T.;Motohashi,N.;Kunugi,H.Plasma

L-tryptophanconcentrationinmajordepressivedisorder:Newdataandmeta-analysis.J.Clin.Psychiatry2014,75,e906–e915.
[CrossRef]

7.Massudi,H.;Grant,R.;Guillemin,G.J.;Braidy,N.NAD+metabolismandoxidativestress:Thegoldennucleotideonacrownof
thorns.RedoxRep.2012,17,28–46.[CrossRef]

8.Moffett,J.R.;Arun,P.;Puthillathu,N.;Vengilote,R.;Ives,J.A.;Badawy,A.A.;Namboodiri,A.M.QuinolinateasaMarkerfor
KynurenineMetaboliteFormationandtheUnresolvedQuestionofNAD(+)SynthesisDuringInflammationandInfection.Front.
Immunol.2020,11,31.[CrossRef]

9.Vecsei,L.;Szalardy,L.;Fulop,F.;Toldi,J.KynureninesintheCNS:Recentadvancesandnewquestions.Nat.Rev.DrugDiscov.
2013,12,64–82.[CrossRef]

10.Tanaka,M.;Toth,F.;Polyak,H.;Szabo,A.;Mandi,Y.;Vecsei,L.ImmuneInfluencersinAction:MetabolitesandEnzymesofthe
Tryptophan-KynurenineMetabolicPathway.Biomedicines2021,9,734.[CrossRef]

11.Mor,A.;Tankiewicz-Kwedlo,A.;Krupa,A.;Pawlak,D.RoleofKynureninePathwayinOxidativeStressduringNeurodegenera-
tiveDisorders.Cells2021,10,1603.[CrossRef][PubMed]

12.Cervenka,I.;Agudelo,L.Z.;Ruas,J.L.Kynurenines:Tryptophan’smetabolitesinexercise,inflammation,andmentalhealth.
Science2017,357,eaaf9794.[CrossRef]

13.O’Farrell,K.;Harkin,A.Stress-relatedregulationofthekynureninepathway:Relevancetoneuropsychiatricanddegenerative
disorders.Neuropharmacology2017,112,307–323.[CrossRef]

14.Platten,M.;Nollen,E.A.A.;Rohrig,U.F.;Fallarino,F.;Opitz,C.A.Tryptophanmetabolismasacommontherapeutictargetin
cancer,neurodegenerationandbeyond.Nat.Rev.DrugDiscov.2019,18,379–401.[CrossRef]

15.Oxenkrug,G.Serotonin-kynureninehypothesisofdepression:Historicaloverviewandrecentdevelopments.Curr.DrugTargets
2013,14,514–521.[CrossRef]

16.Moir,A.T.;Eccleston,D.Theeffectsofprecursorloadinginthecerebralmetabolismof5-hydroxyindoles.J.Neurochem.1968,15,
1093–1108.[CrossRef]

17.Bender,D.A.Effectsofadietaryexcessofleucineonthemetabolismoftryptophanintherat:Amechanismforthepellagragenic
actionofleucine.Br.J.Nutr.1983,50,25–32.[CrossRef]

18.Kohler,C.A.;Freitas,T.H.;Maes,M.;deAndrade,N.Q.;Liu,C.S.;Fernandes,B.S.;Stubbs,B.;Solmi,M.;Veronese,N.;Herrmann,
N.;etal.Peripheralcytokineandchemokinealterationsindepression:Ameta-analysisof82studies.ActaPsychiatr.Scand.2017,
135,373–387.[CrossRef]

19.Smith,K.J.;Au,B.;Ollis,L.;Schmitz,N.TheassociationbetweenC-reactiveprotein,Interleukin-6anddepressionamongolder
adultsinthecommunity:Asystematicreviewandmeta-analysis.Exp.Gerontol.2018,102,109–132.[CrossRef]

20.Pitharouli,M.C.;Hagenaars,S.P.;Glanville,K.P.;Coleman,J.R.I.;Hotopf,M.;Lewis,C.M.;Pariante,C.M.ElevatedC-Reactive
ProteininPatientsWithDepression,IndependentofGenetic,Health,andPsychosocialFactors:ResultsFromtheUKBiobank.
Am.J.Psychiatry2021,178,522–529.[CrossRef]

Pharmaceuticals2022,15,143923of29

KATkynurenineaminotransferase
KMOkynureninemonooxygenase
KTRkynurenine-tryptophan-ratio
NEFAnon-esterifiedfattyacid
NMDArN-methyl-D-aspartatereceptor
Picpicolinicacid
PLPpyridoxal5‘-phosphate
QAquinolinicacid
SSRIselectiveserotoninreuptakeinhibitor
TDOtryptophan2,3-dioxygenase
TNFtumornecrosisfactor
Trptryptophan
XAxanthurenicacid

References

1.Arnone,D.;Saraykar,S.;Salem,H.;Teixeira,A.L.;Dantzer,R.;Selvaraj,S.RoleofKynureninepathwayanditsmetabolitesin
mooddisorders:Asystematicreviewandmeta-analysisofclinicalstudies.Neurosci.Biobehav.Rev.2018,92,477–485.[CrossRef]
[PubMed]

2.Savitz,J.Thekynureninepathway:Afingerineverypie.Mol.Psychiatry2020,25,131–147.[CrossRef][PubMed]
3.Wirthgen,E.;Hoeflich,A.;Rebl,A.;Gunther,J.KynurenicAcid:TheJanus-FacedRoleofanImmunomodulatoryTryptophan

MetaboliteandItsLinktoPathologicalConditions.Front.Immunol.2017,8,1957.[CrossRef][PubMed]
4.Ogyu,K.;Kubo,K.;Noda,Y.;Iwata,Y.;Tsugawa,S.;Omura,Y.;Wada,M.;Tarumi,R.;Plitman,E.;Moriguchi,S.;etal.Kynurenine

pathwayindepression:Asystematicreviewandmeta-analysis.Neurosci.Biobehav.Rev.2018,90,16–25.[CrossRef][PubMed]
5.Reus,G.Z.;Jansen,K.;Titus,S.;Carvalho,A.F.;Gabbay,V.;Quevedo,J.Kynureninepathwaydysfunctioninthepathophysiology

andtreatmentofdepression:Evidencesfromanimalandhumanstudies.J.PsychiatrRes.2015,68,316–328.[CrossRef][PubMed]
6.Ogawa,S.;Fujii,T.;Koga,N.;Hori,H.;Teraishi,T.;Hattori,K.;Noda,T.;Higuchi,T.;Motohashi,N.;Kunugi,H.Plasma

L-tryptophanconcentrationinmajordepressivedisorder:Newdataandmeta-analysis.J.Clin.Psychiatry2014,75,e906–e915.
[CrossRef]

7.Massudi,H.;Grant,R.;Guillemin,G.J.;Braidy,N.NAD+metabolismandoxidativestress:Thegoldennucleotideonacrownof
thorns.RedoxRep.2012,17,28–46.[CrossRef]

8.Moffett,J.R.;Arun,P.;Puthillathu,N.;Vengilote,R.;Ives,J.A.;Badawy,A.A.;Namboodiri,A.M.QuinolinateasaMarkerfor
KynurenineMetaboliteFormationandtheUnresolvedQuestionofNAD(+)SynthesisDuringInflammationandInfection.Front.
Immunol.2020,11,31.[CrossRef]

9.Vecsei,L.;Szalardy,L.;Fulop,F.;Toldi,J.KynureninesintheCNS:Recentadvancesandnewquestions.Nat.Rev.DrugDiscov.
2013,12,64–82.[CrossRef]

10.Tanaka,M.;Toth,F.;Polyak,H.;Szabo,A.;Mandi,Y.;Vecsei,L.ImmuneInfluencersinAction:MetabolitesandEnzymesofthe
Tryptophan-KynurenineMetabolicPathway.Biomedicines2021,9,734.[CrossRef]

11.Mor,A.;Tankiewicz-Kwedlo,A.;Krupa,A.;Pawlak,D.RoleofKynureninePathwayinOxidativeStressduringNeurodegenera-
tiveDisorders.Cells2021,10,1603.[CrossRef][PubMed]

12.Cervenka,I.;Agudelo,L.Z.;Ruas,J.L.Kynurenines:Tryptophan’smetabolitesinexercise,inflammation,andmentalhealth.
Science2017,357,eaaf9794.[CrossRef]

13.O’Farrell,K.;Harkin,A.Stress-relatedregulationofthekynureninepathway:Relevancetoneuropsychiatricanddegenerative
disorders.Neuropharmacology2017,112,307–323.[CrossRef]

14.Platten,M.;Nollen,E.A.A.;Rohrig,U.F.;Fallarino,F.;Opitz,C.A.Tryptophanmetabolismasacommontherapeutictargetin
cancer,neurodegenerationandbeyond.Nat.Rev.DrugDiscov.2019,18,379–401.[CrossRef]

15.Oxenkrug,G.Serotonin-kynureninehypothesisofdepression:Historicaloverviewandrecentdevelopments.Curr.DrugTargets
2013,14,514–521.[CrossRef]

16.Moir,A.T.;Eccleston,D.Theeffectsofprecursorloadinginthecerebralmetabolismof5-hydroxyindoles.J.Neurochem.1968,15,
1093–1108.[CrossRef]

17.Bender,D.A.Effectsofadietaryexcessofleucineonthemetabolismoftryptophanintherat:Amechanismforthepellagragenic
actionofleucine.Br.J.Nutr.1983,50,25–32.[CrossRef]

18.Kohler,C.A.;Freitas,T.H.;Maes,M.;deAndrade,N.Q.;Liu,C.S.;Fernandes,B.S.;Stubbs,B.;Solmi,M.;Veronese,N.;Herrmann,
N.;etal.Peripheralcytokineandchemokinealterationsindepression:Ameta-analysisof82studies.ActaPsychiatr.Scand.2017,
135,373–387.[CrossRef]

19.Smith,K.J.;Au,B.;Ollis,L.;Schmitz,N.TheassociationbetweenC-reactiveprotein,Interleukin-6anddepressionamongolder
adultsinthecommunity:Asystematicreviewandmeta-analysis.Exp.Gerontol.2018,102,109–132.[CrossRef]

20.Pitharouli,M.C.;Hagenaars,S.P.;Glanville,K.P.;Coleman,J.R.I.;Hotopf,M.;Lewis,C.M.;Pariante,C.M.ElevatedC-Reactive
ProteininPatientsWithDepression,IndependentofGenetic,Health,andPsychosocialFactors:ResultsFromtheUKBiobank.
Am.J.Psychiatry2021,178,522–529.[CrossRef]

Pharmaceuticals2022,15,143923of29

KATkynurenineaminotransferase
KMOkynureninemonooxygenase
KTRkynurenine-tryptophan-ratio
NEFAnon-esterifiedfattyacid
NMDArN-methyl-D-aspartatereceptor
Picpicolinicacid
PLPpyridoxal5‘-phosphate
QAquinolinicacid
SSRIselectiveserotoninreuptakeinhibitor
TDOtryptophan2,3-dioxygenase
TNFtumornecrosisfactor
Trptryptophan
XAxanthurenicacid

References

1.Arnone,D.;Saraykar,S.;Salem,H.;Teixeira,A.L.;Dantzer,R.;Selvaraj,S.RoleofKynureninepathwayanditsmetabolitesin
mooddisorders:Asystematicreviewandmeta-analysisofclinicalstudies.Neurosci.Biobehav.Rev.2018,92,477–485.[CrossRef]
[PubMed]

2.Savitz,J.Thekynureninepathway:Afingerineverypie.Mol.Psychiatry2020,25,131–147.[CrossRef][PubMed]
3.Wirthgen,E.;Hoeflich,A.;Rebl,A.;Gunther,J.KynurenicAcid:TheJanus-FacedRoleofanImmunomodulatoryTryptophan

MetaboliteandItsLinktoPathologicalConditions.Front.Immunol.2017,8,1957.[CrossRef][PubMed]
4.Ogyu,K.;Kubo,K.;Noda,Y.;Iwata,Y.;Tsugawa,S.;Omura,Y.;Wada,M.;Tarumi,R.;Plitman,E.;Moriguchi,S.;etal.Kynurenine

pathwayindepression:Asystematicreviewandmeta-analysis.Neurosci.Biobehav.Rev.2018,90,16–25.[CrossRef][PubMed]
5.Reus,G.Z.;Jansen,K.;Titus,S.;Carvalho,A.F.;Gabbay,V.;Quevedo,J.Kynureninepathwaydysfunctioninthepathophysiology

andtreatmentofdepression:Evidencesfromanimalandhumanstudies.J.PsychiatrRes.2015,68,316–328.[CrossRef][PubMed]
6.Ogawa,S.;Fujii,T.;Koga,N.;Hori,H.;Teraishi,T.;Hattori,K.;Noda,T.;Higuchi,T.;Motohashi,N.;Kunugi,H.Plasma

L-tryptophanconcentrationinmajordepressivedisorder:Newdataandmeta-analysis.J.Clin.Psychiatry2014,75,e906–e915.
[CrossRef]

7.Massudi,H.;Grant,R.;Guillemin,G.J.;Braidy,N.NAD+metabolismandoxidativestress:Thegoldennucleotideonacrownof
thorns.RedoxRep.2012,17,28–46.[CrossRef]

8.Moffett,J.R.;Arun,P.;Puthillathu,N.;Vengilote,R.;Ives,J.A.;Badawy,A.A.;Namboodiri,A.M.QuinolinateasaMarkerfor
KynurenineMetaboliteFormationandtheUnresolvedQuestionofNAD(+)SynthesisDuringInflammationandInfection.Front.
Immunol.2020,11,31.[CrossRef]

9.Vecsei,L.;Szalardy,L.;Fulop,F.;Toldi,J.KynureninesintheCNS:Recentadvancesandnewquestions.Nat.Rev.DrugDiscov.
2013,12,64–82.[CrossRef]

10.Tanaka,M.;Toth,F.;Polyak,H.;Szabo,A.;Mandi,Y.;Vecsei,L.ImmuneInfluencersinAction:MetabolitesandEnzymesofthe
Tryptophan-KynurenineMetabolicPathway.Biomedicines2021,9,734.[CrossRef]

11.Mor,A.;Tankiewicz-Kwedlo,A.;Krupa,A.;Pawlak,D.RoleofKynureninePathwayinOxidativeStressduringNeurodegenera-
tiveDisorders.Cells2021,10,1603.[CrossRef][PubMed]

12.Cervenka,I.;Agudelo,L.Z.;Ruas,J.L.Kynurenines:Tryptophan’smetabolitesinexercise,inflammation,andmentalhealth.
Science2017,357,eaaf9794.[CrossRef]

13.O’Farrell,K.;Harkin,A.Stress-relatedregulationofthekynureninepathway:Relevancetoneuropsychiatricanddegenerative
disorders.Neuropharmacology2017,112,307–323.[CrossRef]

14.Platten,M.;Nollen,E.A.A.;Rohrig,U.F.;Fallarino,F.;Opitz,C.A.Tryptophanmetabolismasacommontherapeutictargetin
cancer,neurodegenerationandbeyond.Nat.Rev.DrugDiscov.2019,18,379–401.[CrossRef]

15.Oxenkrug,G.Serotonin-kynureninehypothesisofdepression:Historicaloverviewandrecentdevelopments.Curr.DrugTargets
2013,14,514–521.[CrossRef]

16.Moir,A.T.;Eccleston,D.Theeffectsofprecursorloadinginthecerebralmetabolismof5-hydroxyindoles.J.Neurochem.1968,15,
1093–1108.[CrossRef]

17.Bender,D.A.Effectsofadietaryexcessofleucineonthemetabolismoftryptophanintherat:Amechanismforthepellagragenic
actionofleucine.Br.J.Nutr.1983,50,25–32.[CrossRef]

18.Kohler,C.A.;Freitas,T.H.;Maes,M.;deAndrade,N.Q.;Liu,C.S.;Fernandes,B.S.;Stubbs,B.;Solmi,M.;Veronese,N.;Herrmann,
N.;etal.Peripheralcytokineandchemokinealterationsindepression:Ameta-analysisof82studies.ActaPsychiatr.Scand.2017,
135,373–387.[CrossRef]

19.Smith,K.J.;Au,B.;Ollis,L.;Schmitz,N.TheassociationbetweenC-reactiveprotein,Interleukin-6anddepressionamongolder
adultsinthecommunity:Asystematicreviewandmeta-analysis.Exp.Gerontol.2018,102,109–132.[CrossRef]

20.Pitharouli,M.C.;Hagenaars,S.P.;Glanville,K.P.;Coleman,J.R.I.;Hotopf,M.;Lewis,C.M.;Pariante,C.M.ElevatedC-Reactive
ProteininPatientsWithDepression,IndependentofGenetic,Health,andPsychosocialFactors:ResultsFromtheUKBiobank.
Am.J.Psychiatry2021,178,522–529.[CrossRef]

Pharmaceuticals2022,15,143923of29

KATkynurenineaminotransferase
KMOkynureninemonooxygenase
KTRkynurenine-tryptophan-ratio
NEFAnon-esterifiedfattyacid
NMDArN-methyl-D-aspartatereceptor
Picpicolinicacid
PLPpyridoxal5‘-phosphate
QAquinolinicacid
SSRIselectiveserotoninreuptakeinhibitor
TDOtryptophan2,3-dioxygenase
TNFtumornecrosisfactor
Trptryptophan
XAxanthurenicacid

References

1.Arnone,D.;Saraykar,S.;Salem,H.;Teixeira,A.L.;Dantzer,R.;Selvaraj,S.RoleofKynureninepathwayanditsmetabolitesin
mooddisorders:Asystematicreviewandmeta-analysisofclinicalstudies.Neurosci.Biobehav.Rev.2018,92,477–485.[CrossRef]
[PubMed]

2.Savitz,J.Thekynureninepathway:Afingerineverypie.Mol.Psychiatry2020,25,131–147.[CrossRef][PubMed]
3.Wirthgen,E.;Hoeflich,A.;Rebl,A.;Gunther,J.KynurenicAcid:TheJanus-FacedRoleofanImmunomodulatoryTryptophan

MetaboliteandItsLinktoPathologicalConditions.Front.Immunol.2017,8,1957.[CrossRef][PubMed]
4.Ogyu,K.;Kubo,K.;Noda,Y.;Iwata,Y.;Tsugawa,S.;Omura,Y.;Wada,M.;Tarumi,R.;Plitman,E.;Moriguchi,S.;etal.Kynurenine

pathwayindepression:Asystematicreviewandmeta-analysis.Neurosci.Biobehav.Rev.2018,90,16–25.[CrossRef][PubMed]
5.Reus,G.Z.;Jansen,K.;Titus,S.;Carvalho,A.F.;Gabbay,V.;Quevedo,J.Kynureninepathwaydysfunctioninthepathophysiology

andtreatmentofdepression:Evidencesfromanimalandhumanstudies.J.PsychiatrRes.2015,68,316–328.[CrossRef][PubMed]
6.Ogawa,S.;Fujii,T.;Koga,N.;Hori,H.;Teraishi,T.;Hattori,K.;Noda,T.;Higuchi,T.;Motohashi,N.;Kunugi,H.Plasma

L-tryptophanconcentrationinmajordepressivedisorder:Newdataandmeta-analysis.J.Clin.Psychiatry2014,75,e906–e915.
[CrossRef]

7.Massudi,H.;Grant,R.;Guillemin,G.J.;Braidy,N.NAD+metabolismandoxidativestress:Thegoldennucleotideonacrownof
thorns.RedoxRep.2012,17,28–46.[CrossRef]

8.Moffett,J.R.;Arun,P.;Puthillathu,N.;Vengilote,R.;Ives,J.A.;Badawy,A.A.;Namboodiri,A.M.QuinolinateasaMarkerfor
KynurenineMetaboliteFormationandtheUnresolvedQuestionofNAD(+)SynthesisDuringInflammationandInfection.Front.
Immunol.2020,11,31.[CrossRef]

9.Vecsei,L.;Szalardy,L.;Fulop,F.;Toldi,J.KynureninesintheCNS:Recentadvancesandnewquestions.Nat.Rev.DrugDiscov.
2013,12,64–82.[CrossRef]

10.Tanaka,M.;Toth,F.;Polyak,H.;Szabo,A.;Mandi,Y.;Vecsei,L.ImmuneInfluencersinAction:MetabolitesandEnzymesofthe
Tryptophan-KynurenineMetabolicPathway.Biomedicines2021,9,734.[CrossRef]

11.Mor,A.;Tankiewicz-Kwedlo,A.;Krupa,A.;Pawlak,D.RoleofKynureninePathwayinOxidativeStressduringNeurodegenera-
tiveDisorders.Cells2021,10,1603.[CrossRef][PubMed]

12.Cervenka,I.;Agudelo,L.Z.;Ruas,J.L.Kynurenines:Tryptophan’smetabolitesinexercise,inflammation,andmentalhealth.
Science2017,357,eaaf9794.[CrossRef]

13.O’Farrell,K.;Harkin,A.Stress-relatedregulationofthekynureninepathway:Relevancetoneuropsychiatricanddegenerative
disorders.Neuropharmacology2017,112,307–323.[CrossRef]

14.Platten,M.;Nollen,E.A.A.;Rohrig,U.F.;Fallarino,F.;Opitz,C.A.Tryptophanmetabolismasacommontherapeutictargetin
cancer,neurodegenerationandbeyond.Nat.Rev.DrugDiscov.2019,18,379–401.[CrossRef]

15.Oxenkrug,G.Serotonin-kynureninehypothesisofdepression:Historicaloverviewandrecentdevelopments.Curr.DrugTargets
2013,14,514–521.[CrossRef]

16.Moir,A.T.;Eccleston,D.Theeffectsofprecursorloadinginthecerebralmetabolismof5-hydroxyindoles.J.Neurochem.1968,15,
1093–1108.[CrossRef]

17.Bender,D.A.Effectsofadietaryexcessofleucineonthemetabolismoftryptophanintherat:Amechanismforthepellagragenic
actionofleucine.Br.J.Nutr.1983,50,25–32.[CrossRef]

18.Kohler,C.A.;Freitas,T.H.;Maes,M.;deAndrade,N.Q.;Liu,C.S.;Fernandes,B.S.;Stubbs,B.;Solmi,M.;Veronese,N.;Herrmann,
N.;etal.Peripheralcytokineandchemokinealterationsindepression:Ameta-analysisof82studies.ActaPsychiatr.Scand.2017,
135,373–387.[CrossRef]

19.Smith,K.J.;Au,B.;Ollis,L.;Schmitz,N.TheassociationbetweenC-reactiveprotein,Interleukin-6anddepressionamongolder
adultsinthecommunity:Asystematicreviewandmeta-analysis.Exp.Gerontol.2018,102,109–132.[CrossRef]

20.Pitharouli,M.C.;Hagenaars,S.P.;Glanville,K.P.;Coleman,J.R.I.;Hotopf,M.;Lewis,C.M.;Pariante,C.M.ElevatedC-Reactive
ProteininPatientsWithDepression,IndependentofGenetic,Health,andPsychosocialFactors:ResultsFromtheUKBiobank.
Am.J.Psychiatry2021,178,522–529.[CrossRef]



Pharmaceuticals 2022, 15, 1439 24 of 29

21. Martinez-Cengotitabengoa, M.; Carrascon, L.; O’Brien, J.T.; Diaz-Gutierrez, M.J.; Bermudez-Ampudia, C.; Sanada, K.; Arrasate,
M.; Gonzalez-Pinto, A. Peripheral Inflammatory Parameters in Late-Life Depression: A Systematic Review. Int. J. Mol. Sci. 2016,
17, 2022. [CrossRef] [PubMed]

22. Lapin, I.P. Kynurenines as probable participants of depression. Pharmakopsychiatr. Neuropsychopharmakol. 1973, 6, 273–279.
[CrossRef]

23. Myint, A.M.; Kim, Y.K. Cytokine-serotonin interaction through IDO: A neurodegeneration hypothesis of depression. Med.
Hypotheses 2003, 61, 519–525. [CrossRef]

24. Schwarcz, R.; Bruno, J.P.; Muchowski, P.J.; Wu, H.Q. Kynurenines in the mammalian brain: When physiology meets pathology.
Nat. Rev. Neurosci. 2012, 13, 465–477. [CrossRef]

25. Maes, M.; Leonard, B.E.; Myint, A.M.; Kubera, M.; Verkerk, R. The new ‘5-HT’ hypothesis of depression: Cell-mediated
immune activation induces indoleamine 2,3-dioxygenase, which leads to lower plasma tryptophan and an increased synthesis of
detrimental tryptophan catabolites (TRYCATs), both of which contribute to the onset of depression. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2011, 35, 702–721. [CrossRef]

26. Perkins, M.N.; Stone, T.W. An iontophoretic investigation of the actions of convulsant kynurenines and their interaction with the
endogenous excitant quinolinic acid. Brain Res. 1982, 247, 184–187. [CrossRef]

27. Carpenedo, R.; Pittaluga, A.; Cozzi, A.; Attucci, S.; Galli, A.; Raiteri, M.; Moroni, F. Presynaptic kynurenate-sensitive receptors
inhibit glutamate release. Eur. J. Neurosci. 2001, 13, 2141–2147. [CrossRef]

28. Guillemin, G.J. Quinolinic acid, the inescapable neurotoxin. FEBS J. 2012, 279, 1356–1365. [CrossRef]
29. Okuda, S.; Nishiyama, N.; Saito, H.; Katsuki, H. Hydrogen peroxide-mediated neuronal cell death induced by an endogenous

neurotoxin, 3-hydroxykynurenine. Proc. Natl. Acad. Sci. USA 1996, 93, 12553–12558. [CrossRef]
30. Bartoli, F.; Misiak, B.; Callovini, T.; Cavaleri, D.; Cioni, R.M.; Crocamo, C.; Savitz, J.B.; Carra, G. The kynurenine pathway in

bipolar disorder: A meta-analysis on the peripheral blood levels of tryptophan and related metabolites. Mol. Psychiatry 2021, 26,
3419–3429. [CrossRef]

31. Marx, W.; McGuinness, A.J.; Rocks, T.; Ruusunen, A.; Cleminson, J.; Walker, A.J.; Gomes-da-Costa, S.; Lane, M.; Sanches, M.; Diaz,
A.P.; et al. The kynurenine pathway in major depressive disorder, bipolar disorder, and schizophrenia: A meta-analysis of 101
studies. Mol. Psychiatry 2021, 26, 4158–4178. [CrossRef]

32. Kocki, T.; Wnuk, S.; Kloc, R.; Kocki, J.; Owe-Larsson, B.; Urbanska, E.M. New insight into the antidepressants action: Modulation
of kynurenine pathway by increasing the kynurenic acid/3-hydroxykynurenine ratio. J. Neural. Transm. 2012, 119, 235–243.
[CrossRef]

33. Guloksuz, S.; Arts, B.; Walter, S.; Drukker, M.; Rodriguez, L.; Myint, A.M.; Schwarz, M.J.; Ponds, R.; van Os, J.; Kenis, G.; et al.
The impact of electroconvulsive therapy on the tryptophan-kynurenine metabolic pathway. Brain Behav. Immun. 2015, 48, 48–52.
[CrossRef]

34. Schwieler, L.; Samuelsson, M.; Frye, M.A.; Bhat, M.; Schuppe-Koistinen, I.; Jungholm, O.; Johansson, A.G.; Landen, M.; Sellgren,
C.M.; Erhardt, S. Electroconvulsive therapy suppresses the neurotoxic branch of the kynurenine pathway in treatment-resistant
depressed patients. J. Neuroinflammation 2016, 13, 51. [CrossRef]

35. Aarsland, T.I.; Leskauskaite, I.; Midttun, O.; Ulvik, A.; Ueland, P.M.; Oltedal, L.; Erchinger, V.J.; Oedegaard, K.J.; Haavik, J.;
Kessler, U. The effect of electroconvulsive therapy (ECT) on serum tryptophan metabolites. Brain Stimul. 2019, 12, 1135–1142.
[CrossRef]

36. Allen, A.P.; Naughton, M.; Dowling, J.; Walsh, A.; O’Shea, R.; Shorten, G.; Scott, L.; McLoughlin, D.M.; Cryan, J.F.; Clarke, G.; et al.
Kynurenine pathway metabolism and the neurobiology of treatment-resistant depression: Comparison of multiple ketamine
infusions and electroconvulsive therapy. J. Psychiatr. Res. 2018, 100, 24–32. [CrossRef]

37. Ryan, K.M.; Allers, K.A.; McLoughlin, D.M.; Harkin, A. Tryptophan metabolite concentrations in depressed patients before and
after electroconvulsive therapy. Brain Behav. Immun. 2020, 83, 153–162. [CrossRef]

38. Theofylaktopoulou, D.; Midttun, O.; Ulvik, A.; Ueland, P.M.; Tell, G.S.; Vollset, S.E.; Nygard, O.; Eussen, S.J. A community-based
study on determinants of circulating markers of cellular immune activation and kynurenines: The Hordaland Health Study. Clin.
Exp. Immunol. 2013, 173, 121–130. [CrossRef]

39. Badawy, A.A. Plasma free tryptophan revisited: What you need to know and do before measuring it. J. Psychopharmacol. 2010, 24,
809–815. [CrossRef]

40. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

41. Campbell, M.; McKenzie, J.E.; Sowden, A.; Katikireddi, S.V.; Brennan, S.E.; Ellis, S.; Hartmann-Boyce, J.; Ryan, R.; Shepperd,
S.; Thomas, J.; et al. Synthesis without meta-analysis (SWiM) in systematic reviews: Reporting guideline. BMJ 2020, 368, l6890.
[CrossRef] [PubMed]

42. McKenzie, J.E.; Brennan, S.E. Chapter 12: Synthesizing and presenting findings using other methods. In: Higgins JPT, Thomas
J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors). Cochrane Handbook for Systematic Reviews of Interventions
version 6.3 (updated February 2022). Cochrane, 2022. Available online: www.training.cochrane.org/handbook (accessed on 4
November 2022).

Pharmaceuticals2022,15,143924of29

21.Martinez-Cengotitabengoa,M.;Carrascon,L.;O’Brien,J.T.;Diaz-Gutierrez,M.J.;Bermudez-Ampudia,C.;Sanada,K.;Arrasate,
M.;Gonzalez-Pinto,A.PeripheralInflammatoryParametersinLate-LifeDepression:ASystematicReview.Int.J.Mol.Sci.2016,
17,2022.[CrossRef][PubMed]

22.Lapin,I.P.Kynureninesasprobableparticipantsofdepression.Pharmakopsychiatr.Neuropsychopharmakol.1973,6,273–279.
[CrossRef]

23.Myint,A.M.;Kim,Y.K.Cytokine-serotonininteractionthroughIDO:Aneurodegenerationhypothesisofdepression.Med.
Hypotheses2003,61,519–525.[CrossRef]

24.Schwarcz,R.;Bruno,J.P.;Muchowski,P.J.;Wu,H.Q.Kynureninesinthemammalianbrain:Whenphysiologymeetspathology.
Nat.Rev.Neurosci.2012,13,465–477.[CrossRef]

25.Maes,M.;Leonard,B.E.;Myint,A.M.;Kubera,M.;Verkerk,R.Thenew‘5-HT’hypothesisofdepression:Cell-mediated
immuneactivationinducesindoleamine2,3-dioxygenase,whichleadstolowerplasmatryptophanandanincreasedsynthesisof
detrimentaltryptophancatabolites(TRYCATs),bothofwhichcontributetotheonsetofdepression.Prog.Neuropsychopharmacol.
Biol.Psychiatry2011,35,702–721.[CrossRef]

26.Perkins,M.N.;Stone,T.W.Aniontophoreticinvestigationoftheactionsofconvulsantkynureninesandtheirinteractionwiththe
endogenousexcitantquinolinicacid.BrainRes.1982,247,184–187.[CrossRef]

27.Carpenedo,R.;Pittaluga,A.;Cozzi,A.;Attucci,S.;Galli,A.;Raiteri,M.;Moroni,F.Presynaptickynurenate-sensitivereceptors
inhibitglutamaterelease.Eur.J.Neurosci.2001,13,2141–2147.[CrossRef]

28.Guillemin,G.J.Quinolinicacid,theinescapableneurotoxin.FEBSJ.2012,279,1356–1365.[CrossRef]
29.Okuda,S.;Nishiyama,N.;Saito,H.;Katsuki,H.Hydrogenperoxide-mediatedneuronalcelldeathinducedbyanendogenous

neurotoxin,3-hydroxykynurenine.Proc.Natl.Acad.Sci.USA1996,93,12553–12558.[CrossRef]
30.Bartoli,F.;Misiak,B.;Callovini,T.;Cavaleri,D.;Cioni,R.M.;Crocamo,C.;Savitz,J.B.;Carra,G.Thekynureninepathwayin

bipolardisorder:Ameta-analysisontheperipheralbloodlevelsoftryptophanandrelatedmetabolites.Mol.Psychiatry2021,26,
3419–3429.[CrossRef]

31.Marx,W.;McGuinness,A.J.;Rocks,T.;Ruusunen,A.;Cleminson,J.;Walker,A.J.;Gomes-da-Costa,S.;Lane,M.;Sanches,M.;Diaz,
A.P.;etal.Thekynureninepathwayinmajordepressivedisorder,bipolardisorder,andschizophrenia:Ameta-analysisof101
studies.Mol.Psychiatry2021,26,4158–4178.[CrossRef]

32.Kocki,T.;Wnuk,S.;Kloc,R.;Kocki,J.;Owe-Larsson,B.;Urbanska,E.M.Newinsightintotheantidepressantsaction:Modulation
ofkynureninepathwaybyincreasingthekynurenicacid/3-hydroxykynurenineratio.J.Neural.Transm.2012,119,235–243.
[CrossRef]

33.Guloksuz,S.;Arts,B.;Walter,S.;Drukker,M.;Rodriguez,L.;Myint,A.M.;Schwarz,M.J.;Ponds,R.;vanOs,J.;Kenis,G.;etal.
Theimpactofelectroconvulsivetherapyonthetryptophan-kynureninemetabolicpathway.BrainBehav.Immun.2015,48,48–52.
[CrossRef]

34.Schwieler,L.;Samuelsson,M.;Frye,M.A.;Bhat,M.;Schuppe-Koistinen,I.;Jungholm,O.;Johansson,A.G.;Landen,M.;Sellgren,
C.M.;Erhardt,S.Electroconvulsivetherapysuppressestheneurotoxicbranchofthekynureninepathwayintreatment-resistant
depressedpatients.J.Neuroinflammation2016,13,51.[CrossRef]

35.Aarsland,T.I.;Leskauskaite,I.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Oltedal,L.;Erchinger,V.J.;Oedegaard,K.J.;Haavik,J.;
Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophanmetabolites.BrainStimul.2019,12,1135–1142.
[CrossRef]

36.Allen,A.P.;Naughton,M.;Dowling,J.;Walsh,A.;O’Shea,R.;Shorten,G.;Scott,L.;McLoughlin,D.M.;Cryan,J.F.;Clarke,G.;etal.
Kynureninepathwaymetabolismandtheneurobiologyoftreatment-resistantdepression:Comparisonofmultipleketamine
infusionsandelectroconvulsivetherapy.J.Psychiatr.Res.2018,100,24–32.[CrossRef]

37.Ryan,K.M.;Allers,K.A.;McLoughlin,D.M.;Harkin,A.Tryptophanmetaboliteconcentrationsindepressedpatientsbeforeand
afterelectroconvulsivetherapy.BrainBehav.Immun.2020,83,153–162.[CrossRef]

38.Theofylaktopoulou,D.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Tell,G.S.;Vollset,S.E.;Nygard,O.;Eussen,S.J.Acommunity-based
studyondeterminantsofcirculatingmarkersofcellularimmuneactivationandkynurenines:TheHordalandHealthStudy.Clin.
Exp.Immunol.2013,173,121–130.[CrossRef]

39.Badawy,A.A.Plasmafreetryptophanrevisited:Whatyouneedtoknowanddobeforemeasuringit.J.Psychopharmacol.2010,24,
809–815.[CrossRef]

40.Page,M.J.;McKenzie,J.E.;Bossuyt,P.M.;Boutron,I.;Hoffmann,T.C.;Mulrow,C.D.;Shamseer,L.;Tetzlaff,J.M.;Akl,E.A.;
Brennan,S.E.;etal.ThePRISMA2020statement:Anupdatedguidelineforreportingsystematicreviews.BMJ2021,372,n71.
[CrossRef]

41.Campbell,M.;McKenzie,J.E.;Sowden,A.;Katikireddi,S.V.;Brennan,S.E.;Ellis,S.;Hartmann-Boyce,J.;Ryan,R.;Shepperd,
S.;Thomas,J.;etal.Synthesiswithoutmeta-analysis(SWiM)insystematicreviews:Reportingguideline.BMJ2020,368,l6890.
[CrossRef][PubMed]

42.McKenzie,J.E.;Brennan,S.E.Chapter12:Synthesizingandpresentingfindingsusingothermethods.In:HigginsJPT,Thomas
J,ChandlerJ,CumpstonM,LiT,PageMJ,WelchVA(editors).CochraneHandbookforSystematicReviewsofInterventions
version6.3(updatedFebruary2022).Cochrane,2022.Availableonline:www.training.cochrane.org/handbook(accessedon4
November2022).

Pharmaceuticals2022,15,143924of29

21.Martinez-Cengotitabengoa,M.;Carrascon,L.;O’Brien,J.T.;Diaz-Gutierrez,M.J.;Bermudez-Ampudia,C.;Sanada,K.;Arrasate,
M.;Gonzalez-Pinto,A.PeripheralInflammatoryParametersinLate-LifeDepression:ASystematicReview.Int.J.Mol.Sci.2016,
17,2022.[CrossRef][PubMed]

22.Lapin,I.P.Kynureninesasprobableparticipantsofdepression.Pharmakopsychiatr.Neuropsychopharmakol.1973,6,273–279.
[CrossRef]

23.Myint,A.M.;Kim,Y.K.Cytokine-serotonininteractionthroughIDO:Aneurodegenerationhypothesisofdepression.Med.
Hypotheses2003,61,519–525.[CrossRef]

24.Schwarcz,R.;Bruno,J.P.;Muchowski,P.J.;Wu,H.Q.Kynureninesinthemammalianbrain:Whenphysiologymeetspathology.
Nat.Rev.Neurosci.2012,13,465–477.[CrossRef]

25.Maes,M.;Leonard,B.E.;Myint,A.M.;Kubera,M.;Verkerk,R.Thenew‘5-HT’hypothesisofdepression:Cell-mediated
immuneactivationinducesindoleamine2,3-dioxygenase,whichleadstolowerplasmatryptophanandanincreasedsynthesisof
detrimentaltryptophancatabolites(TRYCATs),bothofwhichcontributetotheonsetofdepression.Prog.Neuropsychopharmacol.
Biol.Psychiatry2011,35,702–721.[CrossRef]

26.Perkins,M.N.;Stone,T.W.Aniontophoreticinvestigationoftheactionsofconvulsantkynureninesandtheirinteractionwiththe
endogenousexcitantquinolinicacid.BrainRes.1982,247,184–187.[CrossRef]

27.Carpenedo,R.;Pittaluga,A.;Cozzi,A.;Attucci,S.;Galli,A.;Raiteri,M.;Moroni,F.Presynaptickynurenate-sensitivereceptors
inhibitglutamaterelease.Eur.J.Neurosci.2001,13,2141–2147.[CrossRef]

28.Guillemin,G.J.Quinolinicacid,theinescapableneurotoxin.FEBSJ.2012,279,1356–1365.[CrossRef]
29.Okuda,S.;Nishiyama,N.;Saito,H.;Katsuki,H.Hydrogenperoxide-mediatedneuronalcelldeathinducedbyanendogenous

neurotoxin,3-hydroxykynurenine.Proc.Natl.Acad.Sci.USA1996,93,12553–12558.[CrossRef]
30.Bartoli,F.;Misiak,B.;Callovini,T.;Cavaleri,D.;Cioni,R.M.;Crocamo,C.;Savitz,J.B.;Carra,G.Thekynureninepathwayin

bipolardisorder:Ameta-analysisontheperipheralbloodlevelsoftryptophanandrelatedmetabolites.Mol.Psychiatry2021,26,
3419–3429.[CrossRef]

31.Marx,W.;McGuinness,A.J.;Rocks,T.;Ruusunen,A.;Cleminson,J.;Walker,A.J.;Gomes-da-Costa,S.;Lane,M.;Sanches,M.;Diaz,
A.P.;etal.Thekynureninepathwayinmajordepressivedisorder,bipolardisorder,andschizophrenia:Ameta-analysisof101
studies.Mol.Psychiatry2021,26,4158–4178.[CrossRef]

32.Kocki,T.;Wnuk,S.;Kloc,R.;Kocki,J.;Owe-Larsson,B.;Urbanska,E.M.Newinsightintotheantidepressantsaction:Modulation
ofkynureninepathwaybyincreasingthekynurenicacid/3-hydroxykynurenineratio.J.Neural.Transm.2012,119,235–243.
[CrossRef]

33.Guloksuz,S.;Arts,B.;Walter,S.;Drukker,M.;Rodriguez,L.;Myint,A.M.;Schwarz,M.J.;Ponds,R.;vanOs,J.;Kenis,G.;etal.
Theimpactofelectroconvulsivetherapyonthetryptophan-kynureninemetabolicpathway.BrainBehav.Immun.2015,48,48–52.
[CrossRef]

34.Schwieler,L.;Samuelsson,M.;Frye,M.A.;Bhat,M.;Schuppe-Koistinen,I.;Jungholm,O.;Johansson,A.G.;Landen,M.;Sellgren,
C.M.;Erhardt,S.Electroconvulsivetherapysuppressestheneurotoxicbranchofthekynureninepathwayintreatment-resistant
depressedpatients.J.Neuroinflammation2016,13,51.[CrossRef]

35.Aarsland,T.I.;Leskauskaite,I.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Oltedal,L.;Erchinger,V.J.;Oedegaard,K.J.;Haavik,J.;
Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophanmetabolites.BrainStimul.2019,12,1135–1142.
[CrossRef]

36.Allen,A.P.;Naughton,M.;Dowling,J.;Walsh,A.;O’Shea,R.;Shorten,G.;Scott,L.;McLoughlin,D.M.;Cryan,J.F.;Clarke,G.;etal.
Kynureninepathwaymetabolismandtheneurobiologyoftreatment-resistantdepression:Comparisonofmultipleketamine
infusionsandelectroconvulsivetherapy.J.Psychiatr.Res.2018,100,24–32.[CrossRef]

37.Ryan,K.M.;Allers,K.A.;McLoughlin,D.M.;Harkin,A.Tryptophanmetaboliteconcentrationsindepressedpatientsbeforeand
afterelectroconvulsivetherapy.BrainBehav.Immun.2020,83,153–162.[CrossRef]

38.Theofylaktopoulou,D.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Tell,G.S.;Vollset,S.E.;Nygard,O.;Eussen,S.J.Acommunity-based
studyondeterminantsofcirculatingmarkersofcellularimmuneactivationandkynurenines:TheHordalandHealthStudy.Clin.
Exp.Immunol.2013,173,121–130.[CrossRef]

39.Badawy,A.A.Plasmafreetryptophanrevisited:Whatyouneedtoknowanddobeforemeasuringit.J.Psychopharmacol.2010,24,
809–815.[CrossRef]

40.Page,M.J.;McKenzie,J.E.;Bossuyt,P.M.;Boutron,I.;Hoffmann,T.C.;Mulrow,C.D.;Shamseer,L.;Tetzlaff,J.M.;Akl,E.A.;
Brennan,S.E.;etal.ThePRISMA2020statement:Anupdatedguidelineforreportingsystematicreviews.BMJ2021,372,n71.
[CrossRef]

41.Campbell,M.;McKenzie,J.E.;Sowden,A.;Katikireddi,S.V.;Brennan,S.E.;Ellis,S.;Hartmann-Boyce,J.;Ryan,R.;Shepperd,
S.;Thomas,J.;etal.Synthesiswithoutmeta-analysis(SWiM)insystematicreviews:Reportingguideline.BMJ2020,368,l6890.
[CrossRef][PubMed]

42.McKenzie,J.E.;Brennan,S.E.Chapter12:Synthesizingandpresentingfindingsusingothermethods.In:HigginsJPT,Thomas
J,ChandlerJ,CumpstonM,LiT,PageMJ,WelchVA(editors).CochraneHandbookforSystematicReviewsofInterventions
version6.3(updatedFebruary2022).Cochrane,2022.Availableonline:www.training.cochrane.org/handbook(accessedon4
November2022).

Pharmaceuticals 2022, 15, 1439 24 of 29

21. Martinez-Cengotitabengoa, M.; Carrascon, L.; O’Brien, J.T.; Diaz-Gutierrez, M.J.; Bermudez-Ampudia, C.; Sanada, K.; Arrasate,
M.; Gonzalez-Pinto, A. Peripheral Inflammatory Parameters in Late-Life Depression: A Systematic Review. Int. J. Mol. Sci. 2016,
17, 2022. [CrossRef] [PubMed]

22. Lapin, I.P. Kynurenines as probable participants of depression. Pharmakopsychiatr. Neuropsychopharmakol. 1973, 6, 273–279.
[CrossRef]

23. Myint, A.M.; Kim, Y.K. Cytokine-serotonin interaction through IDO: A neurodegeneration hypothesis of depression. Med.
Hypotheses 2003, 61, 519–525. [CrossRef]

24. Schwarcz, R.; Bruno, J.P.; Muchowski, P.J.; Wu, H.Q. Kynurenines in the mammalian brain: When physiology meets pathology.
Nat. Rev. Neurosci. 2012, 13, 465–477. [CrossRef]

25. Maes, M.; Leonard, B.E.; Myint, A.M.; Kubera, M.; Verkerk, R. The new ‘5-HT’ hypothesis of depression: Cell-mediated
immune activation induces indoleamine 2,3-dioxygenase, which leads to lower plasma tryptophan and an increased synthesis of
detrimental tryptophan catabolites (TRYCATs), both of which contribute to the onset of depression. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2011, 35, 702–721. [CrossRef]

26. Perkins, M.N.; Stone, T.W. An iontophoretic investigation of the actions of convulsant kynurenines and their interaction with the
endogenous excitant quinolinic acid. Brain Res. 1982, 247, 184–187. [CrossRef]

27. Carpenedo, R.; Pittaluga, A.; Cozzi, A.; Attucci, S.; Galli, A.; Raiteri, M.; Moroni, F. Presynaptic kynurenate-sensitive receptors
inhibit glutamate release. Eur. J. Neurosci. 2001, 13, 2141–2147. [CrossRef]

28. Guillemin, G.J. Quinolinic acid, the inescapable neurotoxin. FEBS J. 2012, 279, 1356–1365. [CrossRef]
29. Okuda, S.; Nishiyama, N.; Saito, H.; Katsuki, H. Hydrogen peroxide-mediated neuronal cell death induced by an endogenous

neurotoxin, 3-hydroxykynurenine. Proc. Natl. Acad. Sci. USA 1996, 93, 12553–12558. [CrossRef]
30. Bartoli, F.; Misiak, B.; Callovini, T.; Cavaleri, D.; Cioni, R.M.; Crocamo, C.; Savitz, J.B.; Carra, G. The kynurenine pathway in

bipolar disorder: A meta-analysis on the peripheral blood levels of tryptophan and related metabolites. Mol. Psychiatry 2021, 26,
3419–3429. [CrossRef]

31. Marx, W.; McGuinness, A.J.; Rocks, T.; Ruusunen, A.; Cleminson, J.; Walker, A.J.; Gomes-da-Costa, S.; Lane, M.; Sanches, M.; Diaz,
A.P.; et al. The kynurenine pathway in major depressive disorder, bipolar disorder, and schizophrenia: A meta-analysis of 101
studies. Mol. Psychiatry 2021, 26, 4158–4178. [CrossRef]

32. Kocki, T.; Wnuk, S.; Kloc, R.; Kocki, J.; Owe-Larsson, B.; Urbanska, E.M. New insight into the antidepressants action: Modulation
of kynurenine pathway by increasing the kynurenic acid/3-hydroxykynurenine ratio. J. Neural. Transm. 2012, 119, 235–243.
[CrossRef]

33. Guloksuz, S.; Arts, B.; Walter, S.; Drukker, M.; Rodriguez, L.; Myint, A.M.; Schwarz, M.J.; Ponds, R.; van Os, J.; Kenis, G.; et al.
The impact of electroconvulsive therapy on the tryptophan-kynurenine metabolic pathway. Brain Behav. Immun. 2015, 48, 48–52.
[CrossRef]

34. Schwieler, L.; Samuelsson, M.; Frye, M.A.; Bhat, M.; Schuppe-Koistinen, I.; Jungholm, O.; Johansson, A.G.; Landen, M.; Sellgren,
C.M.; Erhardt, S. Electroconvulsive therapy suppresses the neurotoxic branch of the kynurenine pathway in treatment-resistant
depressed patients. J. Neuroinflammation 2016, 13, 51. [CrossRef]

35. Aarsland, T.I.; Leskauskaite, I.; Midttun, O.; Ulvik, A.; Ueland, P.M.; Oltedal, L.; Erchinger, V.J.; Oedegaard, K.J.; Haavik, J.;
Kessler, U. The effect of electroconvulsive therapy (ECT) on serum tryptophan metabolites. Brain Stimul. 2019, 12, 1135–1142.
[CrossRef]

36. Allen, A.P.; Naughton, M.; Dowling, J.; Walsh, A.; O’Shea, R.; Shorten, G.; Scott, L.; McLoughlin, D.M.; Cryan, J.F.; Clarke, G.; et al.
Kynurenine pathway metabolism and the neurobiology of treatment-resistant depression: Comparison of multiple ketamine
infusions and electroconvulsive therapy. J. Psychiatr. Res. 2018, 100, 24–32. [CrossRef]

37. Ryan, K.M.; Allers, K.A.; McLoughlin, D.M.; Harkin, A. Tryptophan metabolite concentrations in depressed patients before and
after electroconvulsive therapy. Brain Behav. Immun. 2020, 83, 153–162. [CrossRef]

38. Theofylaktopoulou, D.; Midttun, O.; Ulvik, A.; Ueland, P.M.; Tell, G.S.; Vollset, S.E.; Nygard, O.; Eussen, S.J. A community-based
study on determinants of circulating markers of cellular immune activation and kynurenines: The Hordaland Health Study. Clin.
Exp. Immunol. 2013, 173, 121–130. [CrossRef]

39. Badawy, A.A. Plasma free tryptophan revisited: What you need to know and do before measuring it. J. Psychopharmacol. 2010, 24,
809–815. [CrossRef]

40. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

41. Campbell, M.; McKenzie, J.E.; Sowden, A.; Katikireddi, S.V.; Brennan, S.E.; Ellis, S.; Hartmann-Boyce, J.; Ryan, R.; Shepperd,
S.; Thomas, J.; et al. Synthesis without meta-analysis (SWiM) in systematic reviews: Reporting guideline. BMJ 2020, 368, l6890.
[CrossRef] [PubMed]

42. McKenzie, J.E.; Brennan, S.E. Chapter 12: Synthesizing and presenting findings using other methods. In: Higgins JPT, Thomas
J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors). Cochrane Handbook for Systematic Reviews of Interventions
version 6.3 (updated February 2022). Cochrane, 2022. Available online: www.training.cochrane.org/handbook (accessed on 4
November 2022).

Pharmaceuticals 2022, 15, 1439 24 of 29

21. Martinez-Cengotitabengoa, M.; Carrascon, L.; O’Brien, J.T.; Diaz-Gutierrez, M.J.; Bermudez-Ampudia, C.; Sanada, K.; Arrasate,
M.; Gonzalez-Pinto, A. Peripheral Inflammatory Parameters in Late-Life Depression: A Systematic Review. Int. J. Mol. Sci. 2016,
17, 2022. [CrossRef] [PubMed]

22. Lapin, I.P. Kynurenines as probable participants of depression. Pharmakopsychiatr. Neuropsychopharmakol. 1973, 6, 273–279.
[CrossRef]

23. Myint, A.M.; Kim, Y.K. Cytokine-serotonin interaction through IDO: A neurodegeneration hypothesis of depression. Med.
Hypotheses 2003, 61, 519–525. [CrossRef]

24. Schwarcz, R.; Bruno, J.P.; Muchowski, P.J.; Wu, H.Q. Kynurenines in the mammalian brain: When physiology meets pathology.
Nat. Rev. Neurosci. 2012, 13, 465–477. [CrossRef]

25. Maes, M.; Leonard, B.E.; Myint, A.M.; Kubera, M.; Verkerk, R. The new ‘5-HT’ hypothesis of depression: Cell-mediated
immune activation induces indoleamine 2,3-dioxygenase, which leads to lower plasma tryptophan and an increased synthesis of
detrimental tryptophan catabolites (TRYCATs), both of which contribute to the onset of depression. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2011, 35, 702–721. [CrossRef]

26. Perkins, M.N.; Stone, T.W. An iontophoretic investigation of the actions of convulsant kynurenines and their interaction with the
endogenous excitant quinolinic acid. Brain Res. 1982, 247, 184–187. [CrossRef]

27. Carpenedo, R.; Pittaluga, A.; Cozzi, A.; Attucci, S.; Galli, A.; Raiteri, M.; Moroni, F. Presynaptic kynurenate-sensitive receptors
inhibit glutamate release. Eur. J. Neurosci. 2001, 13, 2141–2147. [CrossRef]

28. Guillemin, G.J. Quinolinic acid, the inescapable neurotoxin. FEBS J. 2012, 279, 1356–1365. [CrossRef]
29. Okuda, S.; Nishiyama, N.; Saito, H.; Katsuki, H. Hydrogen peroxide-mediated neuronal cell death induced by an endogenous

neurotoxin, 3-hydroxykynurenine. Proc. Natl. Acad. Sci. USA 1996, 93, 12553–12558. [CrossRef]
30. Bartoli, F.; Misiak, B.; Callovini, T.; Cavaleri, D.; Cioni, R.M.; Crocamo, C.; Savitz, J.B.; Carra, G. The kynurenine pathway in

bipolar disorder: A meta-analysis on the peripheral blood levels of tryptophan and related metabolites. Mol. Psychiatry 2021, 26,
3419–3429. [CrossRef]

31. Marx, W.; McGuinness, A.J.; Rocks, T.; Ruusunen, A.; Cleminson, J.; Walker, A.J.; Gomes-da-Costa, S.; Lane, M.; Sanches, M.; Diaz,
A.P.; et al. The kynurenine pathway in major depressive disorder, bipolar disorder, and schizophrenia: A meta-analysis of 101
studies. Mol. Psychiatry 2021, 26, 4158–4178. [CrossRef]

32. Kocki, T.; Wnuk, S.; Kloc, R.; Kocki, J.; Owe-Larsson, B.; Urbanska, E.M. New insight into the antidepressants action: Modulation
of kynurenine pathway by increasing the kynurenic acid/3-hydroxykynurenine ratio. J. Neural. Transm. 2012, 119, 235–243.
[CrossRef]

33. Guloksuz, S.; Arts, B.; Walter, S.; Drukker, M.; Rodriguez, L.; Myint, A.M.; Schwarz, M.J.; Ponds, R.; van Os, J.; Kenis, G.; et al.
The impact of electroconvulsive therapy on the tryptophan-kynurenine metabolic pathway. Brain Behav. Immun. 2015, 48, 48–52.
[CrossRef]

34. Schwieler, L.; Samuelsson, M.; Frye, M.A.; Bhat, M.; Schuppe-Koistinen, I.; Jungholm, O.; Johansson, A.G.; Landen, M.; Sellgren,
C.M.; Erhardt, S. Electroconvulsive therapy suppresses the neurotoxic branch of the kynurenine pathway in treatment-resistant
depressed patients. J. Neuroinflammation 2016, 13, 51. [CrossRef]

35. Aarsland, T.I.; Leskauskaite, I.; Midttun, O.; Ulvik, A.; Ueland, P.M.; Oltedal, L.; Erchinger, V.J.; Oedegaard, K.J.; Haavik, J.;
Kessler, U. The effect of electroconvulsive therapy (ECT) on serum tryptophan metabolites. Brain Stimul. 2019, 12, 1135–1142.
[CrossRef]

36. Allen, A.P.; Naughton, M.; Dowling, J.; Walsh, A.; O’Shea, R.; Shorten, G.; Scott, L.; McLoughlin, D.M.; Cryan, J.F.; Clarke, G.; et al.
Kynurenine pathway metabolism and the neurobiology of treatment-resistant depression: Comparison of multiple ketamine
infusions and electroconvulsive therapy. J. Psychiatr. Res. 2018, 100, 24–32. [CrossRef]

37. Ryan, K.M.; Allers, K.A.; McLoughlin, D.M.; Harkin, A. Tryptophan metabolite concentrations in depressed patients before and
after electroconvulsive therapy. Brain Behav. Immun. 2020, 83, 153–162. [CrossRef]

38. Theofylaktopoulou, D.; Midttun, O.; Ulvik, A.; Ueland, P.M.; Tell, G.S.; Vollset, S.E.; Nygard, O.; Eussen, S.J. A community-based
study on determinants of circulating markers of cellular immune activation and kynurenines: The Hordaland Health Study. Clin.
Exp. Immunol. 2013, 173, 121–130. [CrossRef]

39. Badawy, A.A. Plasma free tryptophan revisited: What you need to know and do before measuring it. J. Psychopharmacol. 2010, 24,
809–815. [CrossRef]

40. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

41. Campbell, M.; McKenzie, J.E.; Sowden, A.; Katikireddi, S.V.; Brennan, S.E.; Ellis, S.; Hartmann-Boyce, J.; Ryan, R.; Shepperd,
S.; Thomas, J.; et al. Synthesis without meta-analysis (SWiM) in systematic reviews: Reporting guideline. BMJ 2020, 368, l6890.
[CrossRef] [PubMed]

42. McKenzie, J.E.; Brennan, S.E. Chapter 12: Synthesizing and presenting findings using other methods. In: Higgins JPT, Thomas
J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors). Cochrane Handbook for Systematic Reviews of Interventions
version 6.3 (updated February 2022). Cochrane, 2022. Available online: www.training.cochrane.org/handbook (accessed on 4
November 2022).

Pharmaceuticals2022,15,143924of29

21.Martinez-Cengotitabengoa,M.;Carrascon,L.;O’Brien,J.T.;Diaz-Gutierrez,M.J.;Bermudez-Ampudia,C.;Sanada,K.;Arrasate,
M.;Gonzalez-Pinto,A.PeripheralInflammatoryParametersinLate-LifeDepression:ASystematicReview.Int.J.Mol.Sci.2016,
17,2022.[CrossRef][PubMed]

22.Lapin,I.P.Kynureninesasprobableparticipantsofdepression.Pharmakopsychiatr.Neuropsychopharmakol.1973,6,273–279.
[CrossRef]

23.Myint,A.M.;Kim,Y.K.Cytokine-serotonininteractionthroughIDO:Aneurodegenerationhypothesisofdepression.Med.
Hypotheses2003,61,519–525.[CrossRef]

24.Schwarcz,R.;Bruno,J.P.;Muchowski,P.J.;Wu,H.Q.Kynureninesinthemammalianbrain:Whenphysiologymeetspathology.
Nat.Rev.Neurosci.2012,13,465–477.[CrossRef]

25.Maes,M.;Leonard,B.E.;Myint,A.M.;Kubera,M.;Verkerk,R.Thenew‘5-HT’hypothesisofdepression:Cell-mediated
immuneactivationinducesindoleamine2,3-dioxygenase,whichleadstolowerplasmatryptophanandanincreasedsynthesisof
detrimentaltryptophancatabolites(TRYCATs),bothofwhichcontributetotheonsetofdepression.Prog.Neuropsychopharmacol.
Biol.Psychiatry2011,35,702–721.[CrossRef]

26.Perkins,M.N.;Stone,T.W.Aniontophoreticinvestigationoftheactionsofconvulsantkynureninesandtheirinteractionwiththe
endogenousexcitantquinolinicacid.BrainRes.1982,247,184–187.[CrossRef]

27.Carpenedo,R.;Pittaluga,A.;Cozzi,A.;Attucci,S.;Galli,A.;Raiteri,M.;Moroni,F.Presynaptickynurenate-sensitivereceptors
inhibitglutamaterelease.Eur.J.Neurosci.2001,13,2141–2147.[CrossRef]

28.Guillemin,G.J.Quinolinicacid,theinescapableneurotoxin.FEBSJ.2012,279,1356–1365.[CrossRef]
29.Okuda,S.;Nishiyama,N.;Saito,H.;Katsuki,H.Hydrogenperoxide-mediatedneuronalcelldeathinducedbyanendogenous

neurotoxin,3-hydroxykynurenine.Proc.Natl.Acad.Sci.USA1996,93,12553–12558.[CrossRef]
30.Bartoli,F.;Misiak,B.;Callovini,T.;Cavaleri,D.;Cioni,R.M.;Crocamo,C.;Savitz,J.B.;Carra,G.Thekynureninepathwayin

bipolardisorder:Ameta-analysisontheperipheralbloodlevelsoftryptophanandrelatedmetabolites.Mol.Psychiatry2021,26,
3419–3429.[CrossRef]

31.Marx,W.;McGuinness,A.J.;Rocks,T.;Ruusunen,A.;Cleminson,J.;Walker,A.J.;Gomes-da-Costa,S.;Lane,M.;Sanches,M.;Diaz,
A.P.;etal.Thekynureninepathwayinmajordepressivedisorder,bipolardisorder,andschizophrenia:Ameta-analysisof101
studies.Mol.Psychiatry2021,26,4158–4178.[CrossRef]

32.Kocki,T.;Wnuk,S.;Kloc,R.;Kocki,J.;Owe-Larsson,B.;Urbanska,E.M.Newinsightintotheantidepressantsaction:Modulation
ofkynureninepathwaybyincreasingthekynurenicacid/3-hydroxykynurenineratio.J.Neural.Transm.2012,119,235–243.
[CrossRef]

33.Guloksuz,S.;Arts,B.;Walter,S.;Drukker,M.;Rodriguez,L.;Myint,A.M.;Schwarz,M.J.;Ponds,R.;vanOs,J.;Kenis,G.;etal.
Theimpactofelectroconvulsivetherapyonthetryptophan-kynureninemetabolicpathway.BrainBehav.Immun.2015,48,48–52.
[CrossRef]

34.Schwieler,L.;Samuelsson,M.;Frye,M.A.;Bhat,M.;Schuppe-Koistinen,I.;Jungholm,O.;Johansson,A.G.;Landen,M.;Sellgren,
C.M.;Erhardt,S.Electroconvulsivetherapysuppressestheneurotoxicbranchofthekynureninepathwayintreatment-resistant
depressedpatients.J.Neuroinflammation2016,13,51.[CrossRef]

35.Aarsland,T.I.;Leskauskaite,I.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Oltedal,L.;Erchinger,V.J.;Oedegaard,K.J.;Haavik,J.;
Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophanmetabolites.BrainStimul.2019,12,1135–1142.
[CrossRef]

36.Allen,A.P.;Naughton,M.;Dowling,J.;Walsh,A.;O’Shea,R.;Shorten,G.;Scott,L.;McLoughlin,D.M.;Cryan,J.F.;Clarke,G.;etal.
Kynureninepathwaymetabolismandtheneurobiologyoftreatment-resistantdepression:Comparisonofmultipleketamine
infusionsandelectroconvulsivetherapy.J.Psychiatr.Res.2018,100,24–32.[CrossRef]

37.Ryan,K.M.;Allers,K.A.;McLoughlin,D.M.;Harkin,A.Tryptophanmetaboliteconcentrationsindepressedpatientsbeforeand
afterelectroconvulsivetherapy.BrainBehav.Immun.2020,83,153–162.[CrossRef]

38.Theofylaktopoulou,D.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Tell,G.S.;Vollset,S.E.;Nygard,O.;Eussen,S.J.Acommunity-based
studyondeterminantsofcirculatingmarkersofcellularimmuneactivationandkynurenines:TheHordalandHealthStudy.Clin.
Exp.Immunol.2013,173,121–130.[CrossRef]

39.Badawy,A.A.Plasmafreetryptophanrevisited:Whatyouneedtoknowanddobeforemeasuringit.J.Psychopharmacol.2010,24,
809–815.[CrossRef]

40.Page,M.J.;McKenzie,J.E.;Bossuyt,P.M.;Boutron,I.;Hoffmann,T.C.;Mulrow,C.D.;Shamseer,L.;Tetzlaff,J.M.;Akl,E.A.;
Brennan,S.E.;etal.ThePRISMA2020statement:Anupdatedguidelineforreportingsystematicreviews.BMJ2021,372,n71.
[CrossRef]

41.Campbell,M.;McKenzie,J.E.;Sowden,A.;Katikireddi,S.V.;Brennan,S.E.;Ellis,S.;Hartmann-Boyce,J.;Ryan,R.;Shepperd,
S.;Thomas,J.;etal.Synthesiswithoutmeta-analysis(SWiM)insystematicreviews:Reportingguideline.BMJ2020,368,l6890.
[CrossRef][PubMed]

42.McKenzie,J.E.;Brennan,S.E.Chapter12:Synthesizingandpresentingfindingsusingothermethods.In:HigginsJPT,Thomas
J,ChandlerJ,CumpstonM,LiT,PageMJ,WelchVA(editors).CochraneHandbookforSystematicReviewsofInterventions
version6.3(updatedFebruary2022).Cochrane,2022.Availableonline:www.training.cochrane.org/handbook(accessedon4
November2022).

Pharmaceuticals2022,15,143924of29

21.Martinez-Cengotitabengoa,M.;Carrascon,L.;O’Brien,J.T.;Diaz-Gutierrez,M.J.;Bermudez-Ampudia,C.;Sanada,K.;Arrasate,
M.;Gonzalez-Pinto,A.PeripheralInflammatoryParametersinLate-LifeDepression:ASystematicReview.Int.J.Mol.Sci.2016,
17,2022.[CrossRef][PubMed]

22.Lapin,I.P.Kynureninesasprobableparticipantsofdepression.Pharmakopsychiatr.Neuropsychopharmakol.1973,6,273–279.
[CrossRef]

23.Myint,A.M.;Kim,Y.K.Cytokine-serotonininteractionthroughIDO:Aneurodegenerationhypothesisofdepression.Med.
Hypotheses2003,61,519–525.[CrossRef]

24.Schwarcz,R.;Bruno,J.P.;Muchowski,P.J.;Wu,H.Q.Kynureninesinthemammalianbrain:Whenphysiologymeetspathology.
Nat.Rev.Neurosci.2012,13,465–477.[CrossRef]

25.Maes,M.;Leonard,B.E.;Myint,A.M.;Kubera,M.;Verkerk,R.Thenew‘5-HT’hypothesisofdepression:Cell-mediated
immuneactivationinducesindoleamine2,3-dioxygenase,whichleadstolowerplasmatryptophanandanincreasedsynthesisof
detrimentaltryptophancatabolites(TRYCATs),bothofwhichcontributetotheonsetofdepression.Prog.Neuropsychopharmacol.
Biol.Psychiatry2011,35,702–721.[CrossRef]

26.Perkins,M.N.;Stone,T.W.Aniontophoreticinvestigationoftheactionsofconvulsantkynureninesandtheirinteractionwiththe
endogenousexcitantquinolinicacid.BrainRes.1982,247,184–187.[CrossRef]

27.Carpenedo,R.;Pittaluga,A.;Cozzi,A.;Attucci,S.;Galli,A.;Raiteri,M.;Moroni,F.Presynaptickynurenate-sensitivereceptors
inhibitglutamaterelease.Eur.J.Neurosci.2001,13,2141–2147.[CrossRef]

28.Guillemin,G.J.Quinolinicacid,theinescapableneurotoxin.FEBSJ.2012,279,1356–1365.[CrossRef]
29.Okuda,S.;Nishiyama,N.;Saito,H.;Katsuki,H.Hydrogenperoxide-mediatedneuronalcelldeathinducedbyanendogenous

neurotoxin,3-hydroxykynurenine.Proc.Natl.Acad.Sci.USA1996,93,12553–12558.[CrossRef]
30.Bartoli,F.;Misiak,B.;Callovini,T.;Cavaleri,D.;Cioni,R.M.;Crocamo,C.;Savitz,J.B.;Carra,G.Thekynureninepathwayin

bipolardisorder:Ameta-analysisontheperipheralbloodlevelsoftryptophanandrelatedmetabolites.Mol.Psychiatry2021,26,
3419–3429.[CrossRef]

31.Marx,W.;McGuinness,A.J.;Rocks,T.;Ruusunen,A.;Cleminson,J.;Walker,A.J.;Gomes-da-Costa,S.;Lane,M.;Sanches,M.;Diaz,
A.P.;etal.Thekynureninepathwayinmajordepressivedisorder,bipolardisorder,andschizophrenia:Ameta-analysisof101
studies.Mol.Psychiatry2021,26,4158–4178.[CrossRef]

32.Kocki,T.;Wnuk,S.;Kloc,R.;Kocki,J.;Owe-Larsson,B.;Urbanska,E.M.Newinsightintotheantidepressantsaction:Modulation
ofkynureninepathwaybyincreasingthekynurenicacid/3-hydroxykynurenineratio.J.Neural.Transm.2012,119,235–243.
[CrossRef]

33.Guloksuz,S.;Arts,B.;Walter,S.;Drukker,M.;Rodriguez,L.;Myint,A.M.;Schwarz,M.J.;Ponds,R.;vanOs,J.;Kenis,G.;etal.
Theimpactofelectroconvulsivetherapyonthetryptophan-kynureninemetabolicpathway.BrainBehav.Immun.2015,48,48–52.
[CrossRef]

34.Schwieler,L.;Samuelsson,M.;Frye,M.A.;Bhat,M.;Schuppe-Koistinen,I.;Jungholm,O.;Johansson,A.G.;Landen,M.;Sellgren,
C.M.;Erhardt,S.Electroconvulsivetherapysuppressestheneurotoxicbranchofthekynureninepathwayintreatment-resistant
depressedpatients.J.Neuroinflammation2016,13,51.[CrossRef]

35.Aarsland,T.I.;Leskauskaite,I.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Oltedal,L.;Erchinger,V.J.;Oedegaard,K.J.;Haavik,J.;
Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophanmetabolites.BrainStimul.2019,12,1135–1142.
[CrossRef]

36.Allen,A.P.;Naughton,M.;Dowling,J.;Walsh,A.;O’Shea,R.;Shorten,G.;Scott,L.;McLoughlin,D.M.;Cryan,J.F.;Clarke,G.;etal.
Kynureninepathwaymetabolismandtheneurobiologyoftreatment-resistantdepression:Comparisonofmultipleketamine
infusionsandelectroconvulsivetherapy.J.Psychiatr.Res.2018,100,24–32.[CrossRef]

37.Ryan,K.M.;Allers,K.A.;McLoughlin,D.M.;Harkin,A.Tryptophanmetaboliteconcentrationsindepressedpatientsbeforeand
afterelectroconvulsivetherapy.BrainBehav.Immun.2020,83,153–162.[CrossRef]

38.Theofylaktopoulou,D.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Tell,G.S.;Vollset,S.E.;Nygard,O.;Eussen,S.J.Acommunity-based
studyondeterminantsofcirculatingmarkersofcellularimmuneactivationandkynurenines:TheHordalandHealthStudy.Clin.
Exp.Immunol.2013,173,121–130.[CrossRef]

39.Badawy,A.A.Plasmafreetryptophanrevisited:Whatyouneedtoknowanddobeforemeasuringit.J.Psychopharmacol.2010,24,
809–815.[CrossRef]

40.Page,M.J.;McKenzie,J.E.;Bossuyt,P.M.;Boutron,I.;Hoffmann,T.C.;Mulrow,C.D.;Shamseer,L.;Tetzlaff,J.M.;Akl,E.A.;
Brennan,S.E.;etal.ThePRISMA2020statement:Anupdatedguidelineforreportingsystematicreviews.BMJ2021,372,n71.
[CrossRef]

41.Campbell,M.;McKenzie,J.E.;Sowden,A.;Katikireddi,S.V.;Brennan,S.E.;Ellis,S.;Hartmann-Boyce,J.;Ryan,R.;Shepperd,
S.;Thomas,J.;etal.Synthesiswithoutmeta-analysis(SWiM)insystematicreviews:Reportingguideline.BMJ2020,368,l6890.
[CrossRef][PubMed]

42.McKenzie,J.E.;Brennan,S.E.Chapter12:Synthesizingandpresentingfindingsusingothermethods.In:HigginsJPT,Thomas
J,ChandlerJ,CumpstonM,LiT,PageMJ,WelchVA(editors).CochraneHandbookforSystematicReviewsofInterventions
version6.3(updatedFebruary2022).Cochrane,2022.Availableonline:www.training.cochrane.org/handbook(accessedon4
November2022).

Pharmaceuticals2022,15,143924of29

21.Martinez-Cengotitabengoa,M.;Carrascon,L.;O’Brien,J.T.;Diaz-Gutierrez,M.J.;Bermudez-Ampudia,C.;Sanada,K.;Arrasate,
M.;Gonzalez-Pinto,A.PeripheralInflammatoryParametersinLate-LifeDepression:ASystematicReview.Int.J.Mol.Sci.2016,
17,2022.[CrossRef][PubMed]

22.Lapin,I.P.Kynureninesasprobableparticipantsofdepression.Pharmakopsychiatr.Neuropsychopharmakol.1973,6,273–279.
[CrossRef]

23.Myint,A.M.;Kim,Y.K.Cytokine-serotonininteractionthroughIDO:Aneurodegenerationhypothesisofdepression.Med.
Hypotheses2003,61,519–525.[CrossRef]

24.Schwarcz,R.;Bruno,J.P.;Muchowski,P.J.;Wu,H.Q.Kynureninesinthemammalianbrain:Whenphysiologymeetspathology.
Nat.Rev.Neurosci.2012,13,465–477.[CrossRef]

25.Maes,M.;Leonard,B.E.;Myint,A.M.;Kubera,M.;Verkerk,R.Thenew‘5-HT’hypothesisofdepression:Cell-mediated
immuneactivationinducesindoleamine2,3-dioxygenase,whichleadstolowerplasmatryptophanandanincreasedsynthesisof
detrimentaltryptophancatabolites(TRYCATs),bothofwhichcontributetotheonsetofdepression.Prog.Neuropsychopharmacol.
Biol.Psychiatry2011,35,702–721.[CrossRef]

26.Perkins,M.N.;Stone,T.W.Aniontophoreticinvestigationoftheactionsofconvulsantkynureninesandtheirinteractionwiththe
endogenousexcitantquinolinicacid.BrainRes.1982,247,184–187.[CrossRef]

27.Carpenedo,R.;Pittaluga,A.;Cozzi,A.;Attucci,S.;Galli,A.;Raiteri,M.;Moroni,F.Presynaptickynurenate-sensitivereceptors
inhibitglutamaterelease.Eur.J.Neurosci.2001,13,2141–2147.[CrossRef]

28.Guillemin,G.J.Quinolinicacid,theinescapableneurotoxin.FEBSJ.2012,279,1356–1365.[CrossRef]
29.Okuda,S.;Nishiyama,N.;Saito,H.;Katsuki,H.Hydrogenperoxide-mediatedneuronalcelldeathinducedbyanendogenous

neurotoxin,3-hydroxykynurenine.Proc.Natl.Acad.Sci.USA1996,93,12553–12558.[CrossRef]
30.Bartoli,F.;Misiak,B.;Callovini,T.;Cavaleri,D.;Cioni,R.M.;Crocamo,C.;Savitz,J.B.;Carra,G.Thekynureninepathwayin

bipolardisorder:Ameta-analysisontheperipheralbloodlevelsoftryptophanandrelatedmetabolites.Mol.Psychiatry2021,26,
3419–3429.[CrossRef]

31.Marx,W.;McGuinness,A.J.;Rocks,T.;Ruusunen,A.;Cleminson,J.;Walker,A.J.;Gomes-da-Costa,S.;Lane,M.;Sanches,M.;Diaz,
A.P.;etal.Thekynureninepathwayinmajordepressivedisorder,bipolardisorder,andschizophrenia:Ameta-analysisof101
studies.Mol.Psychiatry2021,26,4158–4178.[CrossRef]

32.Kocki,T.;Wnuk,S.;Kloc,R.;Kocki,J.;Owe-Larsson,B.;Urbanska,E.M.Newinsightintotheantidepressantsaction:Modulation
ofkynureninepathwaybyincreasingthekynurenicacid/3-hydroxykynurenineratio.J.Neural.Transm.2012,119,235–243.
[CrossRef]

33.Guloksuz,S.;Arts,B.;Walter,S.;Drukker,M.;Rodriguez,L.;Myint,A.M.;Schwarz,M.J.;Ponds,R.;vanOs,J.;Kenis,G.;etal.
Theimpactofelectroconvulsivetherapyonthetryptophan-kynureninemetabolicpathway.BrainBehav.Immun.2015,48,48–52.
[CrossRef]

34.Schwieler,L.;Samuelsson,M.;Frye,M.A.;Bhat,M.;Schuppe-Koistinen,I.;Jungholm,O.;Johansson,A.G.;Landen,M.;Sellgren,
C.M.;Erhardt,S.Electroconvulsivetherapysuppressestheneurotoxicbranchofthekynureninepathwayintreatment-resistant
depressedpatients.J.Neuroinflammation2016,13,51.[CrossRef]

35.Aarsland,T.I.;Leskauskaite,I.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Oltedal,L.;Erchinger,V.J.;Oedegaard,K.J.;Haavik,J.;
Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophanmetabolites.BrainStimul.2019,12,1135–1142.
[CrossRef]

36.Allen,A.P.;Naughton,M.;Dowling,J.;Walsh,A.;O’Shea,R.;Shorten,G.;Scott,L.;McLoughlin,D.M.;Cryan,J.F.;Clarke,G.;etal.
Kynureninepathwaymetabolismandtheneurobiologyoftreatment-resistantdepression:Comparisonofmultipleketamine
infusionsandelectroconvulsivetherapy.J.Psychiatr.Res.2018,100,24–32.[CrossRef]

37.Ryan,K.M.;Allers,K.A.;McLoughlin,D.M.;Harkin,A.Tryptophanmetaboliteconcentrationsindepressedpatientsbeforeand
afterelectroconvulsivetherapy.BrainBehav.Immun.2020,83,153–162.[CrossRef]

38.Theofylaktopoulou,D.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Tell,G.S.;Vollset,S.E.;Nygard,O.;Eussen,S.J.Acommunity-based
studyondeterminantsofcirculatingmarkersofcellularimmuneactivationandkynurenines:TheHordalandHealthStudy.Clin.
Exp.Immunol.2013,173,121–130.[CrossRef]

39.Badawy,A.A.Plasmafreetryptophanrevisited:Whatyouneedtoknowanddobeforemeasuringit.J.Psychopharmacol.2010,24,
809–815.[CrossRef]

40.Page,M.J.;McKenzie,J.E.;Bossuyt,P.M.;Boutron,I.;Hoffmann,T.C.;Mulrow,C.D.;Shamseer,L.;Tetzlaff,J.M.;Akl,E.A.;
Brennan,S.E.;etal.ThePRISMA2020statement:Anupdatedguidelineforreportingsystematicreviews.BMJ2021,372,n71.
[CrossRef]

41.Campbell,M.;McKenzie,J.E.;Sowden,A.;Katikireddi,S.V.;Brennan,S.E.;Ellis,S.;Hartmann-Boyce,J.;Ryan,R.;Shepperd,
S.;Thomas,J.;etal.Synthesiswithoutmeta-analysis(SWiM)insystematicreviews:Reportingguideline.BMJ2020,368,l6890.
[CrossRef][PubMed]

42.McKenzie,J.E.;Brennan,S.E.Chapter12:Synthesizingandpresentingfindingsusingothermethods.In:HigginsJPT,Thomas
J,ChandlerJ,CumpstonM,LiT,PageMJ,WelchVA(editors).CochraneHandbookforSystematicReviewsofInterventions
version6.3(updatedFebruary2022).Cochrane,2022.Availableonline:www.training.cochrane.org/handbook(accessedon4
November2022).

Pharmaceuticals2022,15,143924of29

21.Martinez-Cengotitabengoa,M.;Carrascon,L.;O’Brien,J.T.;Diaz-Gutierrez,M.J.;Bermudez-Ampudia,C.;Sanada,K.;Arrasate,
M.;Gonzalez-Pinto,A.PeripheralInflammatoryParametersinLate-LifeDepression:ASystematicReview.Int.J.Mol.Sci.2016,
17,2022.[CrossRef][PubMed]

22.Lapin,I.P.Kynureninesasprobableparticipantsofdepression.Pharmakopsychiatr.Neuropsychopharmakol.1973,6,273–279.
[CrossRef]

23.Myint,A.M.;Kim,Y.K.Cytokine-serotonininteractionthroughIDO:Aneurodegenerationhypothesisofdepression.Med.
Hypotheses2003,61,519–525.[CrossRef]

24.Schwarcz,R.;Bruno,J.P.;Muchowski,P.J.;Wu,H.Q.Kynureninesinthemammalianbrain:Whenphysiologymeetspathology.
Nat.Rev.Neurosci.2012,13,465–477.[CrossRef]

25.Maes,M.;Leonard,B.E.;Myint,A.M.;Kubera,M.;Verkerk,R.Thenew‘5-HT’hypothesisofdepression:Cell-mediated
immuneactivationinducesindoleamine2,3-dioxygenase,whichleadstolowerplasmatryptophanandanincreasedsynthesisof
detrimentaltryptophancatabolites(TRYCATs),bothofwhichcontributetotheonsetofdepression.Prog.Neuropsychopharmacol.
Biol.Psychiatry2011,35,702–721.[CrossRef]

26.Perkins,M.N.;Stone,T.W.Aniontophoreticinvestigationoftheactionsofconvulsantkynureninesandtheirinteractionwiththe
endogenousexcitantquinolinicacid.BrainRes.1982,247,184–187.[CrossRef]

27.Carpenedo,R.;Pittaluga,A.;Cozzi,A.;Attucci,S.;Galli,A.;Raiteri,M.;Moroni,F.Presynaptickynurenate-sensitivereceptors
inhibitglutamaterelease.Eur.J.Neurosci.2001,13,2141–2147.[CrossRef]

28.Guillemin,G.J.Quinolinicacid,theinescapableneurotoxin.FEBSJ.2012,279,1356–1365.[CrossRef]
29.Okuda,S.;Nishiyama,N.;Saito,H.;Katsuki,H.Hydrogenperoxide-mediatedneuronalcelldeathinducedbyanendogenous

neurotoxin,3-hydroxykynurenine.Proc.Natl.Acad.Sci.USA1996,93,12553–12558.[CrossRef]
30.Bartoli,F.;Misiak,B.;Callovini,T.;Cavaleri,D.;Cioni,R.M.;Crocamo,C.;Savitz,J.B.;Carra,G.Thekynureninepathwayin

bipolardisorder:Ameta-analysisontheperipheralbloodlevelsoftryptophanandrelatedmetabolites.Mol.Psychiatry2021,26,
3419–3429.[CrossRef]

31.Marx,W.;McGuinness,A.J.;Rocks,T.;Ruusunen,A.;Cleminson,J.;Walker,A.J.;Gomes-da-Costa,S.;Lane,M.;Sanches,M.;Diaz,
A.P.;etal.Thekynureninepathwayinmajordepressivedisorder,bipolardisorder,andschizophrenia:Ameta-analysisof101
studies.Mol.Psychiatry2021,26,4158–4178.[CrossRef]

32.Kocki,T.;Wnuk,S.;Kloc,R.;Kocki,J.;Owe-Larsson,B.;Urbanska,E.M.Newinsightintotheantidepressantsaction:Modulation
ofkynureninepathwaybyincreasingthekynurenicacid/3-hydroxykynurenineratio.J.Neural.Transm.2012,119,235–243.
[CrossRef]

33.Guloksuz,S.;Arts,B.;Walter,S.;Drukker,M.;Rodriguez,L.;Myint,A.M.;Schwarz,M.J.;Ponds,R.;vanOs,J.;Kenis,G.;etal.
Theimpactofelectroconvulsivetherapyonthetryptophan-kynureninemetabolicpathway.BrainBehav.Immun.2015,48,48–52.
[CrossRef]

34.Schwieler,L.;Samuelsson,M.;Frye,M.A.;Bhat,M.;Schuppe-Koistinen,I.;Jungholm,O.;Johansson,A.G.;Landen,M.;Sellgren,
C.M.;Erhardt,S.Electroconvulsivetherapysuppressestheneurotoxicbranchofthekynureninepathwayintreatment-resistant
depressedpatients.J.Neuroinflammation2016,13,51.[CrossRef]

35.Aarsland,T.I.;Leskauskaite,I.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Oltedal,L.;Erchinger,V.J.;Oedegaard,K.J.;Haavik,J.;
Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserumtryptophanmetabolites.BrainStimul.2019,12,1135–1142.
[CrossRef]

36.Allen,A.P.;Naughton,M.;Dowling,J.;Walsh,A.;O’Shea,R.;Shorten,G.;Scott,L.;McLoughlin,D.M.;Cryan,J.F.;Clarke,G.;etal.
Kynureninepathwaymetabolismandtheneurobiologyoftreatment-resistantdepression:Comparisonofmultipleketamine
infusionsandelectroconvulsivetherapy.J.Psychiatr.Res.2018,100,24–32.[CrossRef]

37.Ryan,K.M.;Allers,K.A.;McLoughlin,D.M.;Harkin,A.Tryptophanmetaboliteconcentrationsindepressedpatientsbeforeand
afterelectroconvulsivetherapy.BrainBehav.Immun.2020,83,153–162.[CrossRef]

38.Theofylaktopoulou,D.;Midttun,O.;Ulvik,A.;Ueland,P.M.;Tell,G.S.;Vollset,S.E.;Nygard,O.;Eussen,S.J.Acommunity-based
studyondeterminantsofcirculatingmarkersofcellularimmuneactivationandkynurenines:TheHordalandHealthStudy.Clin.
Exp.Immunol.2013,173,121–130.[CrossRef]

39.Badawy,A.A.Plasmafreetryptophanrevisited:Whatyouneedtoknowanddobeforemeasuringit.J.Psychopharmacol.2010,24,
809–815.[CrossRef]

40.Page,M.J.;McKenzie,J.E.;Bossuyt,P.M.;Boutron,I.;Hoffmann,T.C.;Mulrow,C.D.;Shamseer,L.;Tetzlaff,J.M.;Akl,E.A.;
Brennan,S.E.;etal.ThePRISMA2020statement:Anupdatedguidelineforreportingsystematicreviews.BMJ2021,372,n71.
[CrossRef]

41.Campbell,M.;McKenzie,J.E.;Sowden,A.;Katikireddi,S.V.;Brennan,S.E.;Ellis,S.;Hartmann-Boyce,J.;Ryan,R.;Shepperd,
S.;Thomas,J.;etal.Synthesiswithoutmeta-analysis(SWiM)insystematicreviews:Reportingguideline.BMJ2020,368,l6890.
[CrossRef][PubMed]

42.McKenzie,J.E.;Brennan,S.E.Chapter12:Synthesizingandpresentingfindingsusingothermethods.In:HigginsJPT,Thomas
J,ChandlerJ,CumpstonM,LiT,PageMJ,WelchVA(editors).CochraneHandbookforSystematicReviewsofInterventions
version6.3(updatedFebruary2022).Cochrane,2022.Availableonline:www.training.cochrane.org/handbook(accessedon4
November2022).



Pharmaceuticals 2022, 15, 1439 25 of 29

43. Team, R.C. R: A Language and Environment for Statistical Computing. 2019. R Core Team (2019) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. 2019. Available online: https://www.R-
project.org/ (accessed on 4 November 2022).

44. Barkai, A.I. Combined electroconvulsive and drug therapy. Compr. Ther. 1985, 11, 48–53.
45. Gerne, B. Treatment of depression. Sven. Farm. Tidskr. 1984, 88, 10–13.
46. Heymans, C.; De Schaepdryver, A.F.; Delaunois, A.L.; Piette, Y. Pharmacology of Electroshock. Med. Mon. 1964, 18, 220–225.
47. Heymans, C.; Deschaepdryver, A.F.; Delaunois, A.L.; Piette, Y. Drugs and Electroshock. Riforma Med. 1964, 78, 1–6.
48. Broadhurst, A.D. L-tryptophan verses E.C.T. Lancet 1970, 1, 1392–1393.
49. Cocheme, M.A. L-tryptophan versus E.C.T. Lancet 1970, 1, 1392. [CrossRef]
50. Shaw, D.M. L-tryptophan in depression. Lancet 1970, 1, 1111.
51. Carroll, B.J.; Mowbray, R.M.; Davies, B. L-tryptophan in depression. Lancet 1970, 1, 1228. [CrossRef]
52. Bech, P.; Kirkegaard, C.; Bock, E.; Johannesen, M.; Rafaelsen, O.J. Hormones, electrolytes, and cerebrospinal fluid proteins in

manic-melancholic patients. Neuropsychobiology 1978, 4, 99–112. [CrossRef]
53. Cassidy, F.; Murry, E.; Weiner, R.D.; Carroll, B.J. Lack of relapse with tryptophan depletion following successful treatment with

ECT. Am. J. Psychiatry 1997, 154, 1151–1152.
54. Cassidy, F.; Weiner, R.D.; Cooper, T.B.; Carroll, B.J. Combined catecholamine and indoleamine depletion following response to

ECT. Br. J. Psychiatry 2010, 196, 493–494. [CrossRef]
55. Herrington, R.N.; Bruce, A.; Johnstone, E.C.; Lader, M.H. Comparative trial of L tryptophan and E.C.T. in severe depressive

illness. Lancet 1974, 2, 731–734. [CrossRef]
56. Kranaster, L.; Hoyer, C.; Mindt, S.; Neumaier, M.; Muller, N.; Zill, P.; Schwarz, M.J.; Moll, N.; Lutz, B.; Bindila, L.; et al. The novel

seizure quality index for the antidepressant outcome prediction in electroconvulsive therapy: Association with biomarkers in the
cerebrospinal fluid. Eur. Arch. Psychiatry Clin. Neurosci. 2020, 270, 911–919. [CrossRef]

57. Carroll, B.J.; Mowbray, R.M.; Davies, B. Sequential comparison of L-tryptophan with E.C.T. in severe depression. Lancet 1970, 1,
967–969. [CrossRef]

58. Coppen, A.; Brooksbank, B.W.; Eccleston, E.; Peet, M.; White, S.G. Tryptophan metabolism in depressive illness. Psychol. Med.
1974, 4, 164–173. [CrossRef]

59. Coppen, A.; Shaw, D.M.; Malleson, A.; Eccleston, E.; Gundy, G. Tryptamine metabolism in depression. Br. J. Psychiatry 1965, 111,
993–998. [CrossRef]

60. Olajossy, M.; Olajossy, B.; Potembska, E.; Skoczen, N.; Wnuk, S.; Urbanska, E. Differences in the dynamics of changes in the
concentration of kynurenic acid in the blood serum of depressed patients treated with electroconvulsive therapy. Psychiatr 2018,
30, 331–339. [CrossRef]

61. D’Elia, G.; Lehmann, J.; Raotma, H. Influence of tryptophan on memory functions in depressive patients treated with unilateral
ECT. Acta Psychiatr. Scand. 1978, 57, 259–268.

62. D’Elia, G.; Lehmann, J.; Raotma, H. Bimodal distribution of serum tryptophan level. Acta Psychiatr. Scand. 1979, 60, 10–16.
[CrossRef]

63. Coppen, A.; Eccleston, E.G.; Peet, M. Total and free tryptophan concentration in the plasma of depressive patients. Lancet 1973, 2,
60–63. [CrossRef]

64. Aarsland, T.I.M.; Haavik, J.; Ulvik, A.; Ueland, P.M.; Dols, A.; Kessler, U. The effect of electroconvulsive therapy (ECT) on serum
kynurenine pathway metabolites in late-life depression. 2022. Manuscript submitted for publication.

65. Abrams, R.; Essman, W.B.; Taylor, M.A.; Fink, M. Concentration of 5-hydroxyindoleacetic acid, homovanillic acid, and tryptophan
in the cerebrospinal fluid of depressed patients before and after ECT. Biol. Psychiatry 1976, 11, 85–90. [PubMed]

66. D’Elia, G.; Lehmann, J.; Raotma, H. Evaluation of the combination of tryptophan and ECT in the treatment of depression. II.
Biochemical analysis. Acta Psychiatr. Scand. 1977, 56, 319–334. [CrossRef]

67. Hoekstra, R.; van den Broek, W.W.; Fekkes, D.; Bruijn, J.A.; Mulder, P.G.; Pepplinkhuizen, L. Effect of electroconvulsive therapy on
biopterin and large neutral amino acids in severe, medication-resistant depression. Psychiatry Res. 2001, 103, 115–123. [CrossRef]

68. Kirkegaard, C.; Moller, S.E.; Bjorum, N. Addition of L-tryptophan to electroconvulsive treatment in endogenous depression. A
double-blind study. Acta Psychiatr Scand. 1978, 58, 457–462. [CrossRef]

69. Mokhtar, A.S.; Morgan, C.J.; Bradley, D.M.; Badawy, A.A.B. No early effects of electroconvulsive therapy on tryptophan
metabolism and disposition in endogenous depression. Biol. Psychiatry 1997, 42, 201–205. [CrossRef]

70. Olajossy, M.; Olajossy, B.; Wnuk, S.; Potembska, E.; Urbanska, E. Blood serum concentrations of kynurenic acid in patients
diagnosed with recurrent depressive disorder, depression in bipolar disorder, and schizoaffective disorder treated with electro-
convulsive therapy. Psychiatr. Pol. 2017, 51, 455–468. [CrossRef]

71. Palmio, J.; Huuhka, M.; Saransaari, P.; Oja, S.S.; Peltola, J.; Leinonen, E.; Suhonen, J.; Keranen, T. Changes in plasma amino acids
after electroconvulsive therapy of depressed patients. Psychiatry Res. 2005, 137, 183–190. [CrossRef] [PubMed]

72. Sawa, Y. The effect of electroconvulsive therapy on plasma cyclic-AMP, non-esterified fatty acid, tryptophan and tyrosine in
depression. Keio J. Med. 1981, 30, 193–204. [CrossRef]

73. Stelmasiak, Z.; Curzon, G. Effect of electroconvulsive therapy on plasma unesterified fatty acid and free tryptophan concentrations
in man. J. Neurochem. 1974, 22, 603–604. [CrossRef] [PubMed]

Pharmaceuticals2022,15,143925of29

43.Team,R.C.R:ALanguageandEnvironmentforStatisticalComputing.2019.RCoreTeam(2019)R:ALanguageandEnvironment
forStatisticalComputing.RFoundationforStatisticalComputing,Vienna,Austria.2019.Availableonline:https://www.R-
project.org/(accessedon4November2022).

44.Barkai,A.I.Combinedelectroconvulsiveanddrugtherapy.Compr.Ther.1985,11,48–53.
45.Gerne,B.Treatmentofdepression.Sven.Farm.Tidskr.1984,88,10–13.
46.Heymans,C.;DeSchaepdryver,A.F.;Delaunois,A.L.;Piette,Y.PharmacologyofElectroshock.Med.Mon.1964,18,220–225.
47.Heymans,C.;Deschaepdryver,A.F.;Delaunois,A.L.;Piette,Y.DrugsandElectroshock.RiformaMed.1964,78,1–6.
48.Broadhurst,A.D.L-tryptophanversesE.C.T.Lancet1970,1,1392–1393.
49.Cocheme,M.A.L-tryptophanversusE.C.T.Lancet1970,1,1392.[CrossRef]
50.Shaw,D.M.L-tryptophanindepression.Lancet1970,1,1111.
51.Carroll,B.J.;Mowbray,R.M.;Davies,B.L-tryptophanindepression.Lancet1970,1,1228.[CrossRef]
52.Bech,P.;Kirkegaard,C.;Bock,E.;Johannesen,M.;Rafaelsen,O.J.Hormones,electrolytes,andcerebrospinalfluidproteinsin

manic-melancholicpatients.Neuropsychobiology1978,4,99–112.[CrossRef]
53.Cassidy,F.;Murry,E.;Weiner,R.D.;Carroll,B.J.Lackofrelapsewithtryptophandepletionfollowingsuccessfultreatmentwith

ECT.Am.J.Psychiatry1997,154,1151–1152.
54.Cassidy,F.;Weiner,R.D.;Cooper,T.B.;Carroll,B.J.Combinedcatecholamineandindoleaminedepletionfollowingresponseto

ECT.Br.J.Psychiatry2010,196,493–494.[CrossRef]
55.Herrington,R.N.;Bruce,A.;Johnstone,E.C.;Lader,M.H.ComparativetrialofLtryptophanandE.C.T.inseveredepressive

illness.Lancet1974,2,731–734.[CrossRef]
56.Kranaster,L.;Hoyer,C.;Mindt,S.;Neumaier,M.;Muller,N.;Zill,P.;Schwarz,M.J.;Moll,N.;Lutz,B.;Bindila,L.;etal.Thenovel

seizurequalityindexfortheantidepressantoutcomepredictioninelectroconvulsivetherapy:Associationwithbiomarkersinthe
cerebrospinalfluid.Eur.Arch.PsychiatryClin.Neurosci.2020,270,911–919.[CrossRef]

57.Carroll,B.J.;Mowbray,R.M.;Davies,B.SequentialcomparisonofL-tryptophanwithE.C.T.inseveredepression.Lancet1970,1,
967–969.[CrossRef]

58.Coppen,A.;Brooksbank,B.W.;Eccleston,E.;Peet,M.;White,S.G.Tryptophanmetabolismindepressiveillness.Psychol.Med.
1974,4,164–173.[CrossRef]

59.Coppen,A.;Shaw,D.M.;Malleson,A.;Eccleston,E.;Gundy,G.Tryptaminemetabolismindepression.Br.J.Psychiatry1965,111,
993–998.[CrossRef]

60.Olajossy,M.;Olajossy,B.;Potembska,E.;Skoczen,N.;Wnuk,S.;Urbanska,E.Differencesinthedynamicsofchangesinthe
concentrationofkynurenicacidinthebloodserumofdepressedpatientstreatedwithelectroconvulsivetherapy.Psychiatr2018,
30,331–339.[CrossRef]

61.D’Elia,G.;Lehmann,J.;Raotma,H.Influenceoftryptophanonmemoryfunctionsindepressivepatientstreatedwithunilateral
ECT.ActaPsychiatr.Scand.1978,57,259–268.

62.D’Elia,G.;Lehmann,J.;Raotma,H.Bimodaldistributionofserumtryptophanlevel.ActaPsychiatr.Scand.1979,60,10–16.
[CrossRef]

63.Coppen,A.;Eccleston,E.G.;Peet,M.Totalandfreetryptophanconcentrationintheplasmaofdepressivepatients.Lancet1973,2,
60–63.[CrossRef]

64.Aarsland,T.I.M.;Haavik,J.;Ulvik,A.;Ueland,P.M.;Dols,A.;Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserum
kynureninepathwaymetabolitesinlate-lifedepression.2022.Manuscriptsubmittedforpublication.

65.Abrams,R.;Essman,W.B.;Taylor,M.A.;Fink,M.Concentrationof5-hydroxyindoleaceticacid,homovanillicacid,andtryptophan
inthecerebrospinalfluidofdepressedpatientsbeforeandafterECT.Biol.Psychiatry1976,11,85–90.[PubMed]

66.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.II.
Biochemicalanalysis.ActaPsychiatr.Scand.1977,56,319–334.[CrossRef]

67.Hoekstra,R.;vandenBroek,W.W.;Fekkes,D.;Bruijn,J.A.;Mulder,P.G.;Pepplinkhuizen,L.Effectofelectroconvulsivetherapyon
biopterinandlargeneutralaminoacidsinsevere,medication-resistantdepression.PsychiatryRes.2001,103,115–123.[CrossRef]

68.Kirkegaard,C.;Moller,S.E.;Bjorum,N.AdditionofL-tryptophantoelectroconvulsivetreatmentinendogenousdepression.A
double-blindstudy.ActaPsychiatrScand.1978,58,457–462.[CrossRef]

69.Mokhtar,A.S.;Morgan,C.J.;Bradley,D.M.;Badawy,A.A.B.Noearlyeffectsofelectroconvulsivetherapyontryptophan
metabolismanddispositioninendogenousdepression.Biol.Psychiatry1997,42,201–205.[CrossRef]

70.Olajossy,M.;Olajossy,B.;Wnuk,S.;Potembska,E.;Urbanska,E.Bloodserumconcentrationsofkynurenicacidinpatients
diagnosedwithrecurrentdepressivedisorder,depressioninbipolardisorder,andschizoaffectivedisordertreatedwithelectro-
convulsivetherapy.Psychiatr.Pol.2017,51,455–468.[CrossRef]

71.Palmio,J.;Huuhka,M.;Saransaari,P.;Oja,S.S.;Peltola,J.;Leinonen,E.;Suhonen,J.;Keranen,T.Changesinplasmaaminoacids
afterelectroconvulsivetherapyofdepressedpatients.PsychiatryRes.2005,137,183–190.[CrossRef][PubMed]

72.Sawa,Y.Theeffectofelectroconvulsivetherapyonplasmacyclic-AMP,non-esterifiedfattyacid,tryptophanandtyrosinein
depression.KeioJ.Med.1981,30,193–204.[CrossRef]

73.Stelmasiak,Z.;Curzon,G.Effectofelectroconvulsivetherapyonplasmaunesterifiedfattyacidandfreetryptophanconcentrations
inman.J.Neurochem.1974,22,603–604.[CrossRef][PubMed]

Pharmaceuticals2022,15,143925of29

43.Team,R.C.R:ALanguageandEnvironmentforStatisticalComputing.2019.RCoreTeam(2019)R:ALanguageandEnvironment
forStatisticalComputing.RFoundationforStatisticalComputing,Vienna,Austria.2019.Availableonline:https://www.R-
project.org/(accessedon4November2022).

44.Barkai,A.I.Combinedelectroconvulsiveanddrugtherapy.Compr.Ther.1985,11,48–53.
45.Gerne,B.Treatmentofdepression.Sven.Farm.Tidskr.1984,88,10–13.
46.Heymans,C.;DeSchaepdryver,A.F.;Delaunois,A.L.;Piette,Y.PharmacologyofElectroshock.Med.Mon.1964,18,220–225.
47.Heymans,C.;Deschaepdryver,A.F.;Delaunois,A.L.;Piette,Y.DrugsandElectroshock.RiformaMed.1964,78,1–6.
48.Broadhurst,A.D.L-tryptophanversesE.C.T.Lancet1970,1,1392–1393.
49.Cocheme,M.A.L-tryptophanversusE.C.T.Lancet1970,1,1392.[CrossRef]
50.Shaw,D.M.L-tryptophanindepression.Lancet1970,1,1111.
51.Carroll,B.J.;Mowbray,R.M.;Davies,B.L-tryptophanindepression.Lancet1970,1,1228.[CrossRef]
52.Bech,P.;Kirkegaard,C.;Bock,E.;Johannesen,M.;Rafaelsen,O.J.Hormones,electrolytes,andcerebrospinalfluidproteinsin

manic-melancholicpatients.Neuropsychobiology1978,4,99–112.[CrossRef]
53.Cassidy,F.;Murry,E.;Weiner,R.D.;Carroll,B.J.Lackofrelapsewithtryptophandepletionfollowingsuccessfultreatmentwith

ECT.Am.J.Psychiatry1997,154,1151–1152.
54.Cassidy,F.;Weiner,R.D.;Cooper,T.B.;Carroll,B.J.Combinedcatecholamineandindoleaminedepletionfollowingresponseto

ECT.Br.J.Psychiatry2010,196,493–494.[CrossRef]
55.Herrington,R.N.;Bruce,A.;Johnstone,E.C.;Lader,M.H.ComparativetrialofLtryptophanandE.C.T.inseveredepressive

illness.Lancet1974,2,731–734.[CrossRef]
56.Kranaster,L.;Hoyer,C.;Mindt,S.;Neumaier,M.;Muller,N.;Zill,P.;Schwarz,M.J.;Moll,N.;Lutz,B.;Bindila,L.;etal.Thenovel

seizurequalityindexfortheantidepressantoutcomepredictioninelectroconvulsivetherapy:Associationwithbiomarkersinthe
cerebrospinalfluid.Eur.Arch.PsychiatryClin.Neurosci.2020,270,911–919.[CrossRef]

57.Carroll,B.J.;Mowbray,R.M.;Davies,B.SequentialcomparisonofL-tryptophanwithE.C.T.inseveredepression.Lancet1970,1,
967–969.[CrossRef]

58.Coppen,A.;Brooksbank,B.W.;Eccleston,E.;Peet,M.;White,S.G.Tryptophanmetabolismindepressiveillness.Psychol.Med.
1974,4,164–173.[CrossRef]

59.Coppen,A.;Shaw,D.M.;Malleson,A.;Eccleston,E.;Gundy,G.Tryptaminemetabolismindepression.Br.J.Psychiatry1965,111,
993–998.[CrossRef]

60.Olajossy,M.;Olajossy,B.;Potembska,E.;Skoczen,N.;Wnuk,S.;Urbanska,E.Differencesinthedynamicsofchangesinthe
concentrationofkynurenicacidinthebloodserumofdepressedpatientstreatedwithelectroconvulsivetherapy.Psychiatr2018,
30,331–339.[CrossRef]

61.D’Elia,G.;Lehmann,J.;Raotma,H.Influenceoftryptophanonmemoryfunctionsindepressivepatientstreatedwithunilateral
ECT.ActaPsychiatr.Scand.1978,57,259–268.

62.D’Elia,G.;Lehmann,J.;Raotma,H.Bimodaldistributionofserumtryptophanlevel.ActaPsychiatr.Scand.1979,60,10–16.
[CrossRef]

63.Coppen,A.;Eccleston,E.G.;Peet,M.Totalandfreetryptophanconcentrationintheplasmaofdepressivepatients.Lancet1973,2,
60–63.[CrossRef]

64.Aarsland,T.I.M.;Haavik,J.;Ulvik,A.;Ueland,P.M.;Dols,A.;Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserum
kynureninepathwaymetabolitesinlate-lifedepression.2022.Manuscriptsubmittedforpublication.

65.Abrams,R.;Essman,W.B.;Taylor,M.A.;Fink,M.Concentrationof5-hydroxyindoleaceticacid,homovanillicacid,andtryptophan
inthecerebrospinalfluidofdepressedpatientsbeforeandafterECT.Biol.Psychiatry1976,11,85–90.[PubMed]

66.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.II.
Biochemicalanalysis.ActaPsychiatr.Scand.1977,56,319–334.[CrossRef]

67.Hoekstra,R.;vandenBroek,W.W.;Fekkes,D.;Bruijn,J.A.;Mulder,P.G.;Pepplinkhuizen,L.Effectofelectroconvulsivetherapyon
biopterinandlargeneutralaminoacidsinsevere,medication-resistantdepression.PsychiatryRes.2001,103,115–123.[CrossRef]

68.Kirkegaard,C.;Moller,S.E.;Bjorum,N.AdditionofL-tryptophantoelectroconvulsivetreatmentinendogenousdepression.A
double-blindstudy.ActaPsychiatrScand.1978,58,457–462.[CrossRef]

69.Mokhtar,A.S.;Morgan,C.J.;Bradley,D.M.;Badawy,A.A.B.Noearlyeffectsofelectroconvulsivetherapyontryptophan
metabolismanddispositioninendogenousdepression.Biol.Psychiatry1997,42,201–205.[CrossRef]

70.Olajossy,M.;Olajossy,B.;Wnuk,S.;Potembska,E.;Urbanska,E.Bloodserumconcentrationsofkynurenicacidinpatients
diagnosedwithrecurrentdepressivedisorder,depressioninbipolardisorder,andschizoaffectivedisordertreatedwithelectro-
convulsivetherapy.Psychiatr.Pol.2017,51,455–468.[CrossRef]

71.Palmio,J.;Huuhka,M.;Saransaari,P.;Oja,S.S.;Peltola,J.;Leinonen,E.;Suhonen,J.;Keranen,T.Changesinplasmaaminoacids
afterelectroconvulsivetherapyofdepressedpatients.PsychiatryRes.2005,137,183–190.[CrossRef][PubMed]

72.Sawa,Y.Theeffectofelectroconvulsivetherapyonplasmacyclic-AMP,non-esterifiedfattyacid,tryptophanandtyrosinein
depression.KeioJ.Med.1981,30,193–204.[CrossRef]

73.Stelmasiak,Z.;Curzon,G.Effectofelectroconvulsivetherapyonplasmaunesterifiedfattyacidandfreetryptophanconcentrations
inman.J.Neurochem.1974,22,603–604.[CrossRef][PubMed]

Pharmaceuticals 2022, 15, 1439 25 of 29

43. Team, R.C. R: A Language and Environment for Statistical Computing. 2019. R Core Team (2019) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. 2019. Available online: https://www.R-
project.org/ (accessed on 4 November 2022).

44. Barkai, A.I. Combined electroconvulsive and drug therapy. Compr. Ther. 1985, 11, 48–53.
45. Gerne, B. Treatment of depression. Sven. Farm. Tidskr. 1984, 88, 10–13.
46. Heymans, C.; De Schaepdryver, A.F.; Delaunois, A.L.; Piette, Y. Pharmacology of Electroshock. Med. Mon. 1964, 18, 220–225.
47. Heymans, C.; Deschaepdryver, A.F.; Delaunois, A.L.; Piette, Y. Drugs and Electroshock. Riforma Med. 1964, 78, 1–6.
48. Broadhurst, A.D. L-tryptophan verses E.C.T. Lancet 1970, 1, 1392–1393.
49. Cocheme, M.A. L-tryptophan versus E.C.T. Lancet 1970, 1, 1392. [CrossRef]
50. Shaw, D.M. L-tryptophan in depression. Lancet 1970, 1, 1111.
51. Carroll, B.J.; Mowbray, R.M.; Davies, B. L-tryptophan in depression. Lancet 1970, 1, 1228. [CrossRef]
52. Bech, P.; Kirkegaard, C.; Bock, E.; Johannesen, M.; Rafaelsen, O.J. Hormones, electrolytes, and cerebrospinal fluid proteins in

manic-melancholic patients. Neuropsychobiology 1978, 4, 99–112. [CrossRef]
53. Cassidy, F.; Murry, E.; Weiner, R.D.; Carroll, B.J. Lack of relapse with tryptophan depletion following successful treatment with

ECT. Am. J. Psychiatry 1997, 154, 1151–1152.
54. Cassidy, F.; Weiner, R.D.; Cooper, T.B.; Carroll, B.J. Combined catecholamine and indoleamine depletion following response to

ECT. Br. J. Psychiatry 2010, 196, 493–494. [CrossRef]
55. Herrington, R.N.; Bruce, A.; Johnstone, E.C.; Lader, M.H. Comparative trial of L tryptophan and E.C.T. in severe depressive

illness. Lancet 1974, 2, 731–734. [CrossRef]
56. Kranaster, L.; Hoyer, C.; Mindt, S.; Neumaier, M.; Muller, N.; Zill, P.; Schwarz, M.J.; Moll, N.; Lutz, B.; Bindila, L.; et al. The novel

seizure quality index for the antidepressant outcome prediction in electroconvulsive therapy: Association with biomarkers in the
cerebrospinal fluid. Eur. Arch. Psychiatry Clin. Neurosci. 2020, 270, 911–919. [CrossRef]

57. Carroll, B.J.; Mowbray, R.M.; Davies, B. Sequential comparison of L-tryptophan with E.C.T. in severe depression. Lancet 1970, 1,
967–969. [CrossRef]

58. Coppen, A.; Brooksbank, B.W.; Eccleston, E.; Peet, M.; White, S.G. Tryptophan metabolism in depressive illness. Psychol. Med.
1974, 4, 164–173. [CrossRef]

59. Coppen, A.; Shaw, D.M.; Malleson, A.; Eccleston, E.; Gundy, G. Tryptamine metabolism in depression. Br. J. Psychiatry 1965, 111,
993–998. [CrossRef]

60. Olajossy, M.; Olajossy, B.; Potembska, E.; Skoczen, N.; Wnuk, S.; Urbanska, E. Differences in the dynamics of changes in the
concentration of kynurenic acid in the blood serum of depressed patients treated with electroconvulsive therapy. Psychiatr 2018,
30, 331–339. [CrossRef]

61. D’Elia, G.; Lehmann, J.; Raotma, H. Influence of tryptophan on memory functions in depressive patients treated with unilateral
ECT. Acta Psychiatr. Scand. 1978, 57, 259–268.

62. D’Elia, G.; Lehmann, J.; Raotma, H. Bimodal distribution of serum tryptophan level. Acta Psychiatr. Scand. 1979, 60, 10–16.
[CrossRef]

63. Coppen, A.; Eccleston, E.G.; Peet, M. Total and free tryptophan concentration in the plasma of depressive patients. Lancet 1973, 2,
60–63. [CrossRef]

64. Aarsland, T.I.M.; Haavik, J.; Ulvik, A.; Ueland, P.M.; Dols, A.; Kessler, U. The effect of electroconvulsive therapy (ECT) on serum
kynurenine pathway metabolites in late-life depression. 2022. Manuscript submitted for publication.

65. Abrams, R.; Essman, W.B.; Taylor, M.A.; Fink, M. Concentration of 5-hydroxyindoleacetic acid, homovanillic acid, and tryptophan
in the cerebrospinal fluid of depressed patients before and after ECT. Biol. Psychiatry 1976, 11, 85–90. [PubMed]

66. D’Elia, G.; Lehmann, J.; Raotma, H. Evaluation of the combination of tryptophan and ECT in the treatment of depression. II.
Biochemical analysis. Acta Psychiatr. Scand. 1977, 56, 319–334. [CrossRef]

67. Hoekstra, R.; van den Broek, W.W.; Fekkes, D.; Bruijn, J.A.; Mulder, P.G.; Pepplinkhuizen, L. Effect of electroconvulsive therapy on
biopterin and large neutral amino acids in severe, medication-resistant depression. Psychiatry Res. 2001, 103, 115–123. [CrossRef]

68. Kirkegaard, C.; Moller, S.E.; Bjorum, N. Addition of L-tryptophan to electroconvulsive treatment in endogenous depression. A
double-blind study. Acta Psychiatr Scand. 1978, 58, 457–462. [CrossRef]

69. Mokhtar, A.S.; Morgan, C.J.; Bradley, D.M.; Badawy, A.A.B. No early effects of electroconvulsive therapy on tryptophan
metabolism and disposition in endogenous depression. Biol. Psychiatry 1997, 42, 201–205. [CrossRef]

70. Olajossy, M.; Olajossy, B.; Wnuk, S.; Potembska, E.; Urbanska, E. Blood serum concentrations of kynurenic acid in patients
diagnosed with recurrent depressive disorder, depression in bipolar disorder, and schizoaffective disorder treated with electro-
convulsive therapy. Psychiatr. Pol. 2017, 51, 455–468. [CrossRef]

71. Palmio, J.; Huuhka, M.; Saransaari, P.; Oja, S.S.; Peltola, J.; Leinonen, E.; Suhonen, J.; Keranen, T. Changes in plasma amino acids
after electroconvulsive therapy of depressed patients. Psychiatry Res. 2005, 137, 183–190. [CrossRef] [PubMed]

72. Sawa, Y. The effect of electroconvulsive therapy on plasma cyclic-AMP, non-esterified fatty acid, tryptophan and tyrosine in
depression. Keio J. Med. 1981, 30, 193–204. [CrossRef]

73. Stelmasiak, Z.; Curzon, G. Effect of electroconvulsive therapy on plasma unesterified fatty acid and free tryptophan concentrations
in man. J. Neurochem. 1974, 22, 603–604. [CrossRef] [PubMed]

Pharmaceuticals 2022, 15, 1439 25 of 29

43. Team, R.C. R: A Language and Environment for Statistical Computing. 2019. R Core Team (2019) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. 2019. Available online: https://www.R-
project.org/ (accessed on 4 November 2022).

44. Barkai, A.I. Combined electroconvulsive and drug therapy. Compr. Ther. 1985, 11, 48–53.
45. Gerne, B. Treatment of depression. Sven. Farm. Tidskr. 1984, 88, 10–13.
46. Heymans, C.; De Schaepdryver, A.F.; Delaunois, A.L.; Piette, Y. Pharmacology of Electroshock. Med. Mon. 1964, 18, 220–225.
47. Heymans, C.; Deschaepdryver, A.F.; Delaunois, A.L.; Piette, Y. Drugs and Electroshock. Riforma Med. 1964, 78, 1–6.
48. Broadhurst, A.D. L-tryptophan verses E.C.T. Lancet 1970, 1, 1392–1393.
49. Cocheme, M.A. L-tryptophan versus E.C.T. Lancet 1970, 1, 1392. [CrossRef]
50. Shaw, D.M. L-tryptophan in depression. Lancet 1970, 1, 1111.
51. Carroll, B.J.; Mowbray, R.M.; Davies, B. L-tryptophan in depression. Lancet 1970, 1, 1228. [CrossRef]
52. Bech, P.; Kirkegaard, C.; Bock, E.; Johannesen, M.; Rafaelsen, O.J. Hormones, electrolytes, and cerebrospinal fluid proteins in

manic-melancholic patients. Neuropsychobiology 1978, 4, 99–112. [CrossRef]
53. Cassidy, F.; Murry, E.; Weiner, R.D.; Carroll, B.J. Lack of relapse with tryptophan depletion following successful treatment with

ECT. Am. J. Psychiatry 1997, 154, 1151–1152.
54. Cassidy, F.; Weiner, R.D.; Cooper, T.B.; Carroll, B.J. Combined catecholamine and indoleamine depletion following response to

ECT. Br. J. Psychiatry 2010, 196, 493–494. [CrossRef]
55. Herrington, R.N.; Bruce, A.; Johnstone, E.C.; Lader, M.H. Comparative trial of L tryptophan and E.C.T. in severe depressive

illness. Lancet 1974, 2, 731–734. [CrossRef]
56. Kranaster, L.; Hoyer, C.; Mindt, S.; Neumaier, M.; Muller, N.; Zill, P.; Schwarz, M.J.; Moll, N.; Lutz, B.; Bindila, L.; et al. The novel

seizure quality index for the antidepressant outcome prediction in electroconvulsive therapy: Association with biomarkers in the
cerebrospinal fluid. Eur. Arch. Psychiatry Clin. Neurosci. 2020, 270, 911–919. [CrossRef]

57. Carroll, B.J.; Mowbray, R.M.; Davies, B. Sequential comparison of L-tryptophan with E.C.T. in severe depression. Lancet 1970, 1,
967–969. [CrossRef]

58. Coppen, A.; Brooksbank, B.W.; Eccleston, E.; Peet, M.; White, S.G. Tryptophan metabolism in depressive illness. Psychol. Med.
1974, 4, 164–173. [CrossRef]

59. Coppen, A.; Shaw, D.M.; Malleson, A.; Eccleston, E.; Gundy, G. Tryptamine metabolism in depression. Br. J. Psychiatry 1965, 111,
993–998. [CrossRef]

60. Olajossy, M.; Olajossy, B.; Potembska, E.; Skoczen, N.; Wnuk, S.; Urbanska, E. Differences in the dynamics of changes in the
concentration of kynurenic acid in the blood serum of depressed patients treated with electroconvulsive therapy. Psychiatr 2018,
30, 331–339. [CrossRef]

61. D’Elia, G.; Lehmann, J.; Raotma, H. Influence of tryptophan on memory functions in depressive patients treated with unilateral
ECT. Acta Psychiatr. Scand. 1978, 57, 259–268.

62. D’Elia, G.; Lehmann, J.; Raotma, H. Bimodal distribution of serum tryptophan level. Acta Psychiatr. Scand. 1979, 60, 10–16.
[CrossRef]

63. Coppen, A.; Eccleston, E.G.; Peet, M. Total and free tryptophan concentration in the plasma of depressive patients. Lancet 1973, 2,
60–63. [CrossRef]

64. Aarsland, T.I.M.; Haavik, J.; Ulvik, A.; Ueland, P.M.; Dols, A.; Kessler, U. The effect of electroconvulsive therapy (ECT) on serum
kynurenine pathway metabolites in late-life depression. 2022. Manuscript submitted for publication.

65. Abrams, R.; Essman, W.B.; Taylor, M.A.; Fink, M. Concentration of 5-hydroxyindoleacetic acid, homovanillic acid, and tryptophan
in the cerebrospinal fluid of depressed patients before and after ECT. Biol. Psychiatry 1976, 11, 85–90. [PubMed]

66. D’Elia, G.; Lehmann, J.; Raotma, H. Evaluation of the combination of tryptophan and ECT in the treatment of depression. II.
Biochemical analysis. Acta Psychiatr. Scand. 1977, 56, 319–334. [CrossRef]

67. Hoekstra, R.; van den Broek, W.W.; Fekkes, D.; Bruijn, J.A.; Mulder, P.G.; Pepplinkhuizen, L. Effect of electroconvulsive therapy on
biopterin and large neutral amino acids in severe, medication-resistant depression. Psychiatry Res. 2001, 103, 115–123. [CrossRef]

68. Kirkegaard, C.; Moller, S.E.; Bjorum, N. Addition of L-tryptophan to electroconvulsive treatment in endogenous depression. A
double-blind study. Acta Psychiatr Scand. 1978, 58, 457–462. [CrossRef]

69. Mokhtar, A.S.; Morgan, C.J.; Bradley, D.M.; Badawy, A.A.B. No early effects of electroconvulsive therapy on tryptophan
metabolism and disposition in endogenous depression. Biol. Psychiatry 1997, 42, 201–205. [CrossRef]

70. Olajossy, M.; Olajossy, B.; Wnuk, S.; Potembska, E.; Urbanska, E. Blood serum concentrations of kynurenic acid in patients
diagnosed with recurrent depressive disorder, depression in bipolar disorder, and schizoaffective disorder treated with electro-
convulsive therapy. Psychiatr. Pol. 2017, 51, 455–468. [CrossRef]

71. Palmio, J.; Huuhka, M.; Saransaari, P.; Oja, S.S.; Peltola, J.; Leinonen, E.; Suhonen, J.; Keranen, T. Changes in plasma amino acids
after electroconvulsive therapy of depressed patients. Psychiatry Res. 2005, 137, 183–190. [CrossRef] [PubMed]

72. Sawa, Y. The effect of electroconvulsive therapy on plasma cyclic-AMP, non-esterified fatty acid, tryptophan and tyrosine in
depression. Keio J. Med. 1981, 30, 193–204. [CrossRef]

73. Stelmasiak, Z.; Curzon, G. Effect of electroconvulsive therapy on plasma unesterified fatty acid and free tryptophan concentrations
in man. J. Neurochem. 1974, 22, 603–604. [CrossRef] [PubMed]

Pharmaceuticals2022,15,143925of29

43.Team,R.C.R:ALanguageandEnvironmentforStatisticalComputing.2019.RCoreTeam(2019)R:ALanguageandEnvironment
forStatisticalComputing.RFoundationforStatisticalComputing,Vienna,Austria.2019.Availableonline:https://www.R-
project.org/(accessedon4November2022).

44.Barkai,A.I.Combinedelectroconvulsiveanddrugtherapy.Compr.Ther.1985,11,48–53.
45.Gerne,B.Treatmentofdepression.Sven.Farm.Tidskr.1984,88,10–13.
46.Heymans,C.;DeSchaepdryver,A.F.;Delaunois,A.L.;Piette,Y.PharmacologyofElectroshock.Med.Mon.1964,18,220–225.
47.Heymans,C.;Deschaepdryver,A.F.;Delaunois,A.L.;Piette,Y.DrugsandElectroshock.RiformaMed.1964,78,1–6.
48.Broadhurst,A.D.L-tryptophanversesE.C.T.Lancet1970,1,1392–1393.
49.Cocheme,M.A.L-tryptophanversusE.C.T.Lancet1970,1,1392.[CrossRef]
50.Shaw,D.M.L-tryptophanindepression.Lancet1970,1,1111.
51.Carroll,B.J.;Mowbray,R.M.;Davies,B.L-tryptophanindepression.Lancet1970,1,1228.[CrossRef]
52.Bech,P.;Kirkegaard,C.;Bock,E.;Johannesen,M.;Rafaelsen,O.J.Hormones,electrolytes,andcerebrospinalfluidproteinsin

manic-melancholicpatients.Neuropsychobiology1978,4,99–112.[CrossRef]
53.Cassidy,F.;Murry,E.;Weiner,R.D.;Carroll,B.J.Lackofrelapsewithtryptophandepletionfollowingsuccessfultreatmentwith

ECT.Am.J.Psychiatry1997,154,1151–1152.
54.Cassidy,F.;Weiner,R.D.;Cooper,T.B.;Carroll,B.J.Combinedcatecholamineandindoleaminedepletionfollowingresponseto

ECT.Br.J.Psychiatry2010,196,493–494.[CrossRef]
55.Herrington,R.N.;Bruce,A.;Johnstone,E.C.;Lader,M.H.ComparativetrialofLtryptophanandE.C.T.inseveredepressive

illness.Lancet1974,2,731–734.[CrossRef]
56.Kranaster,L.;Hoyer,C.;Mindt,S.;Neumaier,M.;Muller,N.;Zill,P.;Schwarz,M.J.;Moll,N.;Lutz,B.;Bindila,L.;etal.Thenovel

seizurequalityindexfortheantidepressantoutcomepredictioninelectroconvulsivetherapy:Associationwithbiomarkersinthe
cerebrospinalfluid.Eur.Arch.PsychiatryClin.Neurosci.2020,270,911–919.[CrossRef]

57.Carroll,B.J.;Mowbray,R.M.;Davies,B.SequentialcomparisonofL-tryptophanwithE.C.T.inseveredepression.Lancet1970,1,
967–969.[CrossRef]

58.Coppen,A.;Brooksbank,B.W.;Eccleston,E.;Peet,M.;White,S.G.Tryptophanmetabolismindepressiveillness.Psychol.Med.
1974,4,164–173.[CrossRef]

59.Coppen,A.;Shaw,D.M.;Malleson,A.;Eccleston,E.;Gundy,G.Tryptaminemetabolismindepression.Br.J.Psychiatry1965,111,
993–998.[CrossRef]

60.Olajossy,M.;Olajossy,B.;Potembska,E.;Skoczen,N.;Wnuk,S.;Urbanska,E.Differencesinthedynamicsofchangesinthe
concentrationofkynurenicacidinthebloodserumofdepressedpatientstreatedwithelectroconvulsivetherapy.Psychiatr2018,
30,331–339.[CrossRef]

61.D’Elia,G.;Lehmann,J.;Raotma,H.Influenceoftryptophanonmemoryfunctionsindepressivepatientstreatedwithunilateral
ECT.ActaPsychiatr.Scand.1978,57,259–268.

62.D’Elia,G.;Lehmann,J.;Raotma,H.Bimodaldistributionofserumtryptophanlevel.ActaPsychiatr.Scand.1979,60,10–16.
[CrossRef]

63.Coppen,A.;Eccleston,E.G.;Peet,M.Totalandfreetryptophanconcentrationintheplasmaofdepressivepatients.Lancet1973,2,
60–63.[CrossRef]

64.Aarsland,T.I.M.;Haavik,J.;Ulvik,A.;Ueland,P.M.;Dols,A.;Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserum
kynureninepathwaymetabolitesinlate-lifedepression.2022.Manuscriptsubmittedforpublication.

65.Abrams,R.;Essman,W.B.;Taylor,M.A.;Fink,M.Concentrationof5-hydroxyindoleaceticacid,homovanillicacid,andtryptophan
inthecerebrospinalfluidofdepressedpatientsbeforeandafterECT.Biol.Psychiatry1976,11,85–90.[PubMed]

66.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.II.
Biochemicalanalysis.ActaPsychiatr.Scand.1977,56,319–334.[CrossRef]

67.Hoekstra,R.;vandenBroek,W.W.;Fekkes,D.;Bruijn,J.A.;Mulder,P.G.;Pepplinkhuizen,L.Effectofelectroconvulsivetherapyon
biopterinandlargeneutralaminoacidsinsevere,medication-resistantdepression.PsychiatryRes.2001,103,115–123.[CrossRef]

68.Kirkegaard,C.;Moller,S.E.;Bjorum,N.AdditionofL-tryptophantoelectroconvulsivetreatmentinendogenousdepression.A
double-blindstudy.ActaPsychiatrScand.1978,58,457–462.[CrossRef]

69.Mokhtar,A.S.;Morgan,C.J.;Bradley,D.M.;Badawy,A.A.B.Noearlyeffectsofelectroconvulsivetherapyontryptophan
metabolismanddispositioninendogenousdepression.Biol.Psychiatry1997,42,201–205.[CrossRef]

70.Olajossy,M.;Olajossy,B.;Wnuk,S.;Potembska,E.;Urbanska,E.Bloodserumconcentrationsofkynurenicacidinpatients
diagnosedwithrecurrentdepressivedisorder,depressioninbipolardisorder,andschizoaffectivedisordertreatedwithelectro-
convulsivetherapy.Psychiatr.Pol.2017,51,455–468.[CrossRef]

71.Palmio,J.;Huuhka,M.;Saransaari,P.;Oja,S.S.;Peltola,J.;Leinonen,E.;Suhonen,J.;Keranen,T.Changesinplasmaaminoacids
afterelectroconvulsivetherapyofdepressedpatients.PsychiatryRes.2005,137,183–190.[CrossRef][PubMed]

72.Sawa,Y.Theeffectofelectroconvulsivetherapyonplasmacyclic-AMP,non-esterifiedfattyacid,tryptophanandtyrosinein
depression.KeioJ.Med.1981,30,193–204.[CrossRef]

73.Stelmasiak,Z.;Curzon,G.Effectofelectroconvulsivetherapyonplasmaunesterifiedfattyacidandfreetryptophanconcentrations
inman.J.Neurochem.1974,22,603–604.[CrossRef][PubMed]

Pharmaceuticals2022,15,143925of29

43.Team,R.C.R:ALanguageandEnvironmentforStatisticalComputing.2019.RCoreTeam(2019)R:ALanguageandEnvironment
forStatisticalComputing.RFoundationforStatisticalComputing,Vienna,Austria.2019.Availableonline:https://www.R-
project.org/(accessedon4November2022).

44.Barkai,A.I.Combinedelectroconvulsiveanddrugtherapy.Compr.Ther.1985,11,48–53.
45.Gerne,B.Treatmentofdepression.Sven.Farm.Tidskr.1984,88,10–13.
46.Heymans,C.;DeSchaepdryver,A.F.;Delaunois,A.L.;Piette,Y.PharmacologyofElectroshock.Med.Mon.1964,18,220–225.
47.Heymans,C.;Deschaepdryver,A.F.;Delaunois,A.L.;Piette,Y.DrugsandElectroshock.RiformaMed.1964,78,1–6.
48.Broadhurst,A.D.L-tryptophanversesE.C.T.Lancet1970,1,1392–1393.
49.Cocheme,M.A.L-tryptophanversusE.C.T.Lancet1970,1,1392.[CrossRef]
50.Shaw,D.M.L-tryptophanindepression.Lancet1970,1,1111.
51.Carroll,B.J.;Mowbray,R.M.;Davies,B.L-tryptophanindepression.Lancet1970,1,1228.[CrossRef]
52.Bech,P.;Kirkegaard,C.;Bock,E.;Johannesen,M.;Rafaelsen,O.J.Hormones,electrolytes,andcerebrospinalfluidproteinsin

manic-melancholicpatients.Neuropsychobiology1978,4,99–112.[CrossRef]
53.Cassidy,F.;Murry,E.;Weiner,R.D.;Carroll,B.J.Lackofrelapsewithtryptophandepletionfollowingsuccessfultreatmentwith

ECT.Am.J.Psychiatry1997,154,1151–1152.
54.Cassidy,F.;Weiner,R.D.;Cooper,T.B.;Carroll,B.J.Combinedcatecholamineandindoleaminedepletionfollowingresponseto

ECT.Br.J.Psychiatry2010,196,493–494.[CrossRef]
55.Herrington,R.N.;Bruce,A.;Johnstone,E.C.;Lader,M.H.ComparativetrialofLtryptophanandE.C.T.inseveredepressive

illness.Lancet1974,2,731–734.[CrossRef]
56.Kranaster,L.;Hoyer,C.;Mindt,S.;Neumaier,M.;Muller,N.;Zill,P.;Schwarz,M.J.;Moll,N.;Lutz,B.;Bindila,L.;etal.Thenovel

seizurequalityindexfortheantidepressantoutcomepredictioninelectroconvulsivetherapy:Associationwithbiomarkersinthe
cerebrospinalfluid.Eur.Arch.PsychiatryClin.Neurosci.2020,270,911–919.[CrossRef]

57.Carroll,B.J.;Mowbray,R.M.;Davies,B.SequentialcomparisonofL-tryptophanwithE.C.T.inseveredepression.Lancet1970,1,
967–969.[CrossRef]

58.Coppen,A.;Brooksbank,B.W.;Eccleston,E.;Peet,M.;White,S.G.Tryptophanmetabolismindepressiveillness.Psychol.Med.
1974,4,164–173.[CrossRef]

59.Coppen,A.;Shaw,D.M.;Malleson,A.;Eccleston,E.;Gundy,G.Tryptaminemetabolismindepression.Br.J.Psychiatry1965,111,
993–998.[CrossRef]

60.Olajossy,M.;Olajossy,B.;Potembska,E.;Skoczen,N.;Wnuk,S.;Urbanska,E.Differencesinthedynamicsofchangesinthe
concentrationofkynurenicacidinthebloodserumofdepressedpatientstreatedwithelectroconvulsivetherapy.Psychiatr2018,
30,331–339.[CrossRef]

61.D’Elia,G.;Lehmann,J.;Raotma,H.Influenceoftryptophanonmemoryfunctionsindepressivepatientstreatedwithunilateral
ECT.ActaPsychiatr.Scand.1978,57,259–268.

62.D’Elia,G.;Lehmann,J.;Raotma,H.Bimodaldistributionofserumtryptophanlevel.ActaPsychiatr.Scand.1979,60,10–16.
[CrossRef]

63.Coppen,A.;Eccleston,E.G.;Peet,M.Totalandfreetryptophanconcentrationintheplasmaofdepressivepatients.Lancet1973,2,
60–63.[CrossRef]

64.Aarsland,T.I.M.;Haavik,J.;Ulvik,A.;Ueland,P.M.;Dols,A.;Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserum
kynureninepathwaymetabolitesinlate-lifedepression.2022.Manuscriptsubmittedforpublication.

65.Abrams,R.;Essman,W.B.;Taylor,M.A.;Fink,M.Concentrationof5-hydroxyindoleaceticacid,homovanillicacid,andtryptophan
inthecerebrospinalfluidofdepressedpatientsbeforeandafterECT.Biol.Psychiatry1976,11,85–90.[PubMed]

66.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.II.
Biochemicalanalysis.ActaPsychiatr.Scand.1977,56,319–334.[CrossRef]

67.Hoekstra,R.;vandenBroek,W.W.;Fekkes,D.;Bruijn,J.A.;Mulder,P.G.;Pepplinkhuizen,L.Effectofelectroconvulsivetherapyon
biopterinandlargeneutralaminoacidsinsevere,medication-resistantdepression.PsychiatryRes.2001,103,115–123.[CrossRef]

68.Kirkegaard,C.;Moller,S.E.;Bjorum,N.AdditionofL-tryptophantoelectroconvulsivetreatmentinendogenousdepression.A
double-blindstudy.ActaPsychiatrScand.1978,58,457–462.[CrossRef]

69.Mokhtar,A.S.;Morgan,C.J.;Bradley,D.M.;Badawy,A.A.B.Noearlyeffectsofelectroconvulsivetherapyontryptophan
metabolismanddispositioninendogenousdepression.Biol.Psychiatry1997,42,201–205.[CrossRef]

70.Olajossy,M.;Olajossy,B.;Wnuk,S.;Potembska,E.;Urbanska,E.Bloodserumconcentrationsofkynurenicacidinpatients
diagnosedwithrecurrentdepressivedisorder,depressioninbipolardisorder,andschizoaffectivedisordertreatedwithelectro-
convulsivetherapy.Psychiatr.Pol.2017,51,455–468.[CrossRef]

71.Palmio,J.;Huuhka,M.;Saransaari,P.;Oja,S.S.;Peltola,J.;Leinonen,E.;Suhonen,J.;Keranen,T.Changesinplasmaaminoacids
afterelectroconvulsivetherapyofdepressedpatients.PsychiatryRes.2005,137,183–190.[CrossRef][PubMed]

72.Sawa,Y.Theeffectofelectroconvulsivetherapyonplasmacyclic-AMP,non-esterifiedfattyacid,tryptophanandtyrosinein
depression.KeioJ.Med.1981,30,193–204.[CrossRef]

73.Stelmasiak,Z.;Curzon,G.Effectofelectroconvulsivetherapyonplasmaunesterifiedfattyacidandfreetryptophanconcentrations
inman.J.Neurochem.1974,22,603–604.[CrossRef][PubMed]

Pharmaceuticals2022,15,143925of29

43.Team,R.C.R:ALanguageandEnvironmentforStatisticalComputing.2019.RCoreTeam(2019)R:ALanguageandEnvironment
forStatisticalComputing.RFoundationforStatisticalComputing,Vienna,Austria.2019.Availableonline:https://www.R-
project.org/(accessedon4November2022).

44.Barkai,A.I.Combinedelectroconvulsiveanddrugtherapy.Compr.Ther.1985,11,48–53.
45.Gerne,B.Treatmentofdepression.Sven.Farm.Tidskr.1984,88,10–13.
46.Heymans,C.;DeSchaepdryver,A.F.;Delaunois,A.L.;Piette,Y.PharmacologyofElectroshock.Med.Mon.1964,18,220–225.
47.Heymans,C.;Deschaepdryver,A.F.;Delaunois,A.L.;Piette,Y.DrugsandElectroshock.RiformaMed.1964,78,1–6.
48.Broadhurst,A.D.L-tryptophanversesE.C.T.Lancet1970,1,1392–1393.
49.Cocheme,M.A.L-tryptophanversusE.C.T.Lancet1970,1,1392.[CrossRef]
50.Shaw,D.M.L-tryptophanindepression.Lancet1970,1,1111.
51.Carroll,B.J.;Mowbray,R.M.;Davies,B.L-tryptophanindepression.Lancet1970,1,1228.[CrossRef]
52.Bech,P.;Kirkegaard,C.;Bock,E.;Johannesen,M.;Rafaelsen,O.J.Hormones,electrolytes,andcerebrospinalfluidproteinsin

manic-melancholicpatients.Neuropsychobiology1978,4,99–112.[CrossRef]
53.Cassidy,F.;Murry,E.;Weiner,R.D.;Carroll,B.J.Lackofrelapsewithtryptophandepletionfollowingsuccessfultreatmentwith

ECT.Am.J.Psychiatry1997,154,1151–1152.
54.Cassidy,F.;Weiner,R.D.;Cooper,T.B.;Carroll,B.J.Combinedcatecholamineandindoleaminedepletionfollowingresponseto

ECT.Br.J.Psychiatry2010,196,493–494.[CrossRef]
55.Herrington,R.N.;Bruce,A.;Johnstone,E.C.;Lader,M.H.ComparativetrialofLtryptophanandE.C.T.inseveredepressive

illness.Lancet1974,2,731–734.[CrossRef]
56.Kranaster,L.;Hoyer,C.;Mindt,S.;Neumaier,M.;Muller,N.;Zill,P.;Schwarz,M.J.;Moll,N.;Lutz,B.;Bindila,L.;etal.Thenovel

seizurequalityindexfortheantidepressantoutcomepredictioninelectroconvulsivetherapy:Associationwithbiomarkersinthe
cerebrospinalfluid.Eur.Arch.PsychiatryClin.Neurosci.2020,270,911–919.[CrossRef]

57.Carroll,B.J.;Mowbray,R.M.;Davies,B.SequentialcomparisonofL-tryptophanwithE.C.T.inseveredepression.Lancet1970,1,
967–969.[CrossRef]

58.Coppen,A.;Brooksbank,B.W.;Eccleston,E.;Peet,M.;White,S.G.Tryptophanmetabolismindepressiveillness.Psychol.Med.
1974,4,164–173.[CrossRef]

59.Coppen,A.;Shaw,D.M.;Malleson,A.;Eccleston,E.;Gundy,G.Tryptaminemetabolismindepression.Br.J.Psychiatry1965,111,
993–998.[CrossRef]

60.Olajossy,M.;Olajossy,B.;Potembska,E.;Skoczen,N.;Wnuk,S.;Urbanska,E.Differencesinthedynamicsofchangesinthe
concentrationofkynurenicacidinthebloodserumofdepressedpatientstreatedwithelectroconvulsivetherapy.Psychiatr2018,
30,331–339.[CrossRef]

61.D’Elia,G.;Lehmann,J.;Raotma,H.Influenceoftryptophanonmemoryfunctionsindepressivepatientstreatedwithunilateral
ECT.ActaPsychiatr.Scand.1978,57,259–268.

62.D’Elia,G.;Lehmann,J.;Raotma,H.Bimodaldistributionofserumtryptophanlevel.ActaPsychiatr.Scand.1979,60,10–16.
[CrossRef]

63.Coppen,A.;Eccleston,E.G.;Peet,M.Totalandfreetryptophanconcentrationintheplasmaofdepressivepatients.Lancet1973,2,
60–63.[CrossRef]

64.Aarsland,T.I.M.;Haavik,J.;Ulvik,A.;Ueland,P.M.;Dols,A.;Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserum
kynureninepathwaymetabolitesinlate-lifedepression.2022.Manuscriptsubmittedforpublication.

65.Abrams,R.;Essman,W.B.;Taylor,M.A.;Fink,M.Concentrationof5-hydroxyindoleaceticacid,homovanillicacid,andtryptophan
inthecerebrospinalfluidofdepressedpatientsbeforeandafterECT.Biol.Psychiatry1976,11,85–90.[PubMed]

66.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.II.
Biochemicalanalysis.ActaPsychiatr.Scand.1977,56,319–334.[CrossRef]

67.Hoekstra,R.;vandenBroek,W.W.;Fekkes,D.;Bruijn,J.A.;Mulder,P.G.;Pepplinkhuizen,L.Effectofelectroconvulsivetherapyon
biopterinandlargeneutralaminoacidsinsevere,medication-resistantdepression.PsychiatryRes.2001,103,115–123.[CrossRef]

68.Kirkegaard,C.;Moller,S.E.;Bjorum,N.AdditionofL-tryptophantoelectroconvulsivetreatmentinendogenousdepression.A
double-blindstudy.ActaPsychiatrScand.1978,58,457–462.[CrossRef]

69.Mokhtar,A.S.;Morgan,C.J.;Bradley,D.M.;Badawy,A.A.B.Noearlyeffectsofelectroconvulsivetherapyontryptophan
metabolismanddispositioninendogenousdepression.Biol.Psychiatry1997,42,201–205.[CrossRef]

70.Olajossy,M.;Olajossy,B.;Wnuk,S.;Potembska,E.;Urbanska,E.Bloodserumconcentrationsofkynurenicacidinpatients
diagnosedwithrecurrentdepressivedisorder,depressioninbipolardisorder,andschizoaffectivedisordertreatedwithelectro-
convulsivetherapy.Psychiatr.Pol.2017,51,455–468.[CrossRef]

71.Palmio,J.;Huuhka,M.;Saransaari,P.;Oja,S.S.;Peltola,J.;Leinonen,E.;Suhonen,J.;Keranen,T.Changesinplasmaaminoacids
afterelectroconvulsivetherapyofdepressedpatients.PsychiatryRes.2005,137,183–190.[CrossRef][PubMed]

72.Sawa,Y.Theeffectofelectroconvulsivetherapyonplasmacyclic-AMP,non-esterifiedfattyacid,tryptophanandtyrosinein
depression.KeioJ.Med.1981,30,193–204.[CrossRef]

73.Stelmasiak,Z.;Curzon,G.Effectofelectroconvulsivetherapyonplasmaunesterifiedfattyacidandfreetryptophanconcentrations
inman.J.Neurochem.1974,22,603–604.[CrossRef][PubMed]

Pharmaceuticals2022,15,143925of29

43.Team,R.C.R:ALanguageandEnvironmentforStatisticalComputing.2019.RCoreTeam(2019)R:ALanguageandEnvironment
forStatisticalComputing.RFoundationforStatisticalComputing,Vienna,Austria.2019.Availableonline:https://www.R-
project.org/(accessedon4November2022).

44.Barkai,A.I.Combinedelectroconvulsiveanddrugtherapy.Compr.Ther.1985,11,48–53.
45.Gerne,B.Treatmentofdepression.Sven.Farm.Tidskr.1984,88,10–13.
46.Heymans,C.;DeSchaepdryver,A.F.;Delaunois,A.L.;Piette,Y.PharmacologyofElectroshock.Med.Mon.1964,18,220–225.
47.Heymans,C.;Deschaepdryver,A.F.;Delaunois,A.L.;Piette,Y.DrugsandElectroshock.RiformaMed.1964,78,1–6.
48.Broadhurst,A.D.L-tryptophanversesE.C.T.Lancet1970,1,1392–1393.
49.Cocheme,M.A.L-tryptophanversusE.C.T.Lancet1970,1,1392.[CrossRef]
50.Shaw,D.M.L-tryptophanindepression.Lancet1970,1,1111.
51.Carroll,B.J.;Mowbray,R.M.;Davies,B.L-tryptophanindepression.Lancet1970,1,1228.[CrossRef]
52.Bech,P.;Kirkegaard,C.;Bock,E.;Johannesen,M.;Rafaelsen,O.J.Hormones,electrolytes,andcerebrospinalfluidproteinsin

manic-melancholicpatients.Neuropsychobiology1978,4,99–112.[CrossRef]
53.Cassidy,F.;Murry,E.;Weiner,R.D.;Carroll,B.J.Lackofrelapsewithtryptophandepletionfollowingsuccessfultreatmentwith

ECT.Am.J.Psychiatry1997,154,1151–1152.
54.Cassidy,F.;Weiner,R.D.;Cooper,T.B.;Carroll,B.J.Combinedcatecholamineandindoleaminedepletionfollowingresponseto

ECT.Br.J.Psychiatry2010,196,493–494.[CrossRef]
55.Herrington,R.N.;Bruce,A.;Johnstone,E.C.;Lader,M.H.ComparativetrialofLtryptophanandE.C.T.inseveredepressive

illness.Lancet1974,2,731–734.[CrossRef]
56.Kranaster,L.;Hoyer,C.;Mindt,S.;Neumaier,M.;Muller,N.;Zill,P.;Schwarz,M.J.;Moll,N.;Lutz,B.;Bindila,L.;etal.Thenovel

seizurequalityindexfortheantidepressantoutcomepredictioninelectroconvulsivetherapy:Associationwithbiomarkersinthe
cerebrospinalfluid.Eur.Arch.PsychiatryClin.Neurosci.2020,270,911–919.[CrossRef]

57.Carroll,B.J.;Mowbray,R.M.;Davies,B.SequentialcomparisonofL-tryptophanwithE.C.T.inseveredepression.Lancet1970,1,
967–969.[CrossRef]

58.Coppen,A.;Brooksbank,B.W.;Eccleston,E.;Peet,M.;White,S.G.Tryptophanmetabolismindepressiveillness.Psychol.Med.
1974,4,164–173.[CrossRef]

59.Coppen,A.;Shaw,D.M.;Malleson,A.;Eccleston,E.;Gundy,G.Tryptaminemetabolismindepression.Br.J.Psychiatry1965,111,
993–998.[CrossRef]

60.Olajossy,M.;Olajossy,B.;Potembska,E.;Skoczen,N.;Wnuk,S.;Urbanska,E.Differencesinthedynamicsofchangesinthe
concentrationofkynurenicacidinthebloodserumofdepressedpatientstreatedwithelectroconvulsivetherapy.Psychiatr2018,
30,331–339.[CrossRef]

61.D’Elia,G.;Lehmann,J.;Raotma,H.Influenceoftryptophanonmemoryfunctionsindepressivepatientstreatedwithunilateral
ECT.ActaPsychiatr.Scand.1978,57,259–268.

62.D’Elia,G.;Lehmann,J.;Raotma,H.Bimodaldistributionofserumtryptophanlevel.ActaPsychiatr.Scand.1979,60,10–16.
[CrossRef]

63.Coppen,A.;Eccleston,E.G.;Peet,M.Totalandfreetryptophanconcentrationintheplasmaofdepressivepatients.Lancet1973,2,
60–63.[CrossRef]

64.Aarsland,T.I.M.;Haavik,J.;Ulvik,A.;Ueland,P.M.;Dols,A.;Kessler,U.Theeffectofelectroconvulsivetherapy(ECT)onserum
kynureninepathwaymetabolitesinlate-lifedepression.2022.Manuscriptsubmittedforpublication.

65.Abrams,R.;Essman,W.B.;Taylor,M.A.;Fink,M.Concentrationof5-hydroxyindoleaceticacid,homovanillicacid,andtryptophan
inthecerebrospinalfluidofdepressedpatientsbeforeandafterECT.Biol.Psychiatry1976,11,85–90.[PubMed]

66.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.II.
Biochemicalanalysis.ActaPsychiatr.Scand.1977,56,319–334.[CrossRef]

67.Hoekstra,R.;vandenBroek,W.W.;Fekkes,D.;Bruijn,J.A.;Mulder,P.G.;Pepplinkhuizen,L.Effectofelectroconvulsivetherapyon
biopterinandlargeneutralaminoacidsinsevere,medication-resistantdepression.PsychiatryRes.2001,103,115–123.[CrossRef]

68.Kirkegaard,C.;Moller,S.E.;Bjorum,N.AdditionofL-tryptophantoelectroconvulsivetreatmentinendogenousdepression.A
double-blindstudy.ActaPsychiatrScand.1978,58,457–462.[CrossRef]

69.Mokhtar,A.S.;Morgan,C.J.;Bradley,D.M.;Badawy,A.A.B.Noearlyeffectsofelectroconvulsivetherapyontryptophan
metabolismanddispositioninendogenousdepression.Biol.Psychiatry1997,42,201–205.[CrossRef]

70.Olajossy,M.;Olajossy,B.;Wnuk,S.;Potembska,E.;Urbanska,E.Bloodserumconcentrationsofkynurenicacidinpatients
diagnosedwithrecurrentdepressivedisorder,depressioninbipolardisorder,andschizoaffectivedisordertreatedwithelectro-
convulsivetherapy.Psychiatr.Pol.2017,51,455–468.[CrossRef]

71.Palmio,J.;Huuhka,M.;Saransaari,P.;Oja,S.S.;Peltola,J.;Leinonen,E.;Suhonen,J.;Keranen,T.Changesinplasmaaminoacids
afterelectroconvulsivetherapyofdepressedpatients.PsychiatryRes.2005,137,183–190.[CrossRef][PubMed]

72.Sawa,Y.Theeffectofelectroconvulsivetherapyonplasmacyclic-AMP,non-esterifiedfattyacid,tryptophanandtyrosinein
depression.KeioJ.Med.1981,30,193–204.[CrossRef]

73.Stelmasiak,Z.;Curzon,G.Effectofelectroconvulsivetherapyonplasmaunesterifiedfattyacidandfreetryptophanconcentrations
inman.J.Neurochem.1974,22,603–604.[CrossRef][PubMed]



Pharmaceuticals 2022, 15, 1439 26 of 29

74. Whalley, L.J.; Yates, C.M.; Christie, J.E. Effect of electroconvulsive therapy (ECT) on plasma tryptophan. Psychol. Med. 1980, 10,
377–380. [CrossRef] [PubMed]

75. D’Elia, G.; Lehmann, J.; Raotma, H. Evaluation of the combination of tryptophan and ECT in the treatment of depression. I.
Clinical analysis. Acta Psychiatr. Scand. 1977, 56, 303–318. [CrossRef] [PubMed]

76. Ryan, K.M.; Allers, K.A.; Harkin, A.; McLoughlin, D.M. Blood plasma B vitamins in depression and the therapeutic response to
electroconvulsive therapy. Brain Behav. Immun. Health 2020, 4, 100063. [CrossRef]

77. Wichers, M.C.; Koek, G.H.; Robaeys, G.; Verkerk, R.; Scharpe, S.; Maes, M. IDO and interferon-alpha-induced depressive
symptoms: A shift in hypothesis from tryptophan depletion to neurotoxicity. Mol. Psychiatry 2005, 10, 538–544. [CrossRef]

78. Campbell, B.M.; Charych, E.; Lee, A.W.; Moller, T. Kynurenines in CNS disease: Regulation by inflammatory cytokines. Front.
Neurosci. 2014, 8, 12. [CrossRef]

79. Pinna, M.; Manchia, M.; Oppo, R.; Scano, F.; Pillai, G.; Loche, A.P.; Salis, P.; Minnai, G.P. Clinical and biological predictors of
response to electroconvulsive therapy (ECT): A review. Neurosci. Lett. 2018, 669, 32–42. [CrossRef]

80. Maffioletti, E.; Carvalho Silva, R.; Bortolomasi, M.; Baune, B.T.; Gennarelli, M.; Minelli, A. Molecular Biomarkers of Electro-
convulsive Therapy Effects and Clinical Response: Understanding the Present to Shape the Future. Brain Sci. 2021, 11, 1120.
[CrossRef]

81. Yrondi, A.; Sporer, M.; Peran, P.; Schmitt, L.; Arbus, C.; Sauvaget, A. Electroconvulsive therapy, depression, the immune system
and inflammation: A systematic review. Brain Stimul. 2018, 11, 29–51. [CrossRef]

82. Kopra, E.; Mondelli, V.; Pariante, C.; Nikkheslat, N. Ketamine’s effect on inflammation and kynurenine pathway in depression: A
systematic review. J. Psychopharmacol. 2021, 35, 934–945. [CrossRef]

83. Kadriu, B.; Farmer, C.A.; Yuan, P.; Park, L.T.; Deng, Z.D.; Moaddel, R.; Henter, I.D.; Shovestul, B.; Ballard, E.D.; Kraus, C.; et al.
The kynurenine pathway and bipolar disorder: Intersection of the monoaminergic and glutamatergic systems and immune
response. Mol. Psychiatry 2021, 26, 4085–4095. [CrossRef] [PubMed]

84. Halaris, A.; Myint, A.M.; Savant, V.; Meresh, E.; Lim, E.; Guillemin, G.; Hoppensteadt, D.; Fareed, J.; Sinacore, J. Does escitalopram
reduce neurotoxicity in major depression? J. Psychiatr. Res. 2015, 66–67, 118–126. [CrossRef] [PubMed]

85. Zhu, H.; Bogdanov, M.B.; Boyle, S.H.; Matson, W.; Sharma, S.; Matson, S.; Churchill, E.; Fiehn, O.; Rush, J.A.; Krishnan, R.R.; et al.
Pharmacometabolomics of response to sertraline and to placebo in major depressive disorder—Possible role for methoxyindole
pathway. PLoS ONE 2013, 8, e68283. [CrossRef]

86. Mackay, G.M.; Forrest, C.M.; Christofides, J.; Bridel, M.A.; Mitchell, S.; Cowlard, R.; Stone, T.W.; Darlington, L.G. Kynurenine
metabolites and inflammation markers in depressed patients treated with fluoxetine or counselling. Clin. Exp. Pharmacol. Physiol.
2009, 36, 425–435. [CrossRef] [PubMed]

87. Hannestad, J.; DellaGioia, N.; Bloch, M. The effect of antidepressant medication treatment on serum levels of inflammatory
cytokines: A meta-analysis. Neuropsychopharmacology 2011, 36, 2452–2459. [CrossRef] [PubMed]

88. Skorobogatov, K.; De Picker, L.; Verkerk, R.; Coppens, V.; Leboyer, M.; Muller, N.; Morrens, M. Brain Versus Blood: A Systematic
Review on the Concordance Between Peripheral and Central Kynurenine Pathway Measures in Psychiatric Disorders. Front.
Immunol. 2021, 12, 716980. [CrossRef] [PubMed]

89. Badawy, A.A. Tryptophan availability for kynurenine pathway metabolism across the life span: Control mechanisms and focus
on aging, exercise, diet and nutritional supplements. Neuropharmacology 2017, 112, 248–263. [CrossRef]

90. Yoshida, R.; Imanishi, J.; Oku, T.; Kishida, T.; Hayaishi, O. Induction of pulmonary indoleamine 2,3-dioxygenase by interferon.
Proc. Natl. Acad. Sci. USA 1981, 78, 129–132. [CrossRef]

91. Theofylaktopoulou, D.; Ulvik, A.; Midttun, O.; Ueland, P.M.; Vollset, S.E.; Nygard, O.; Hustad, S.; Tell, G.S.; Eussen, S.J.
Vitamins B2 and B6 as determinants of kynurenines and related markers of interferon-gamma-mediated immune activation in the
community-based Hordaland Health Study. Br. J. Nutr. 2014, 112, 1065–1072. [CrossRef]

92. Badawy, A.A.; Guillemin, G. The Plasma [Kynurenine]/[Tryptophan] Ratio and Indoleamine 2,3-Dioxygenase: Time for Appraisal.
Int. J. Tryptophan. Res. 2019, 12, 1178646919868978. [CrossRef]

93. Schrocksnadel, K.; Wirleitner, B.; Winkler, C.; Fuchs, D. Monitoring tryptophan metabolism in chronic immune activation. Clin.
Chim. Acta 2006, 364, 82–90. [CrossRef] [PubMed]

94. Strasser, B.; Becker, K.; Fuchs, D.; Gostner, J.M. Kynurenine pathway metabolism and immune activation: Peripheral measure-
ments in psychiatric and co-morbid conditions. Neuropharmacology 2017, 112, 286–296. [CrossRef] [PubMed]

95. Deac, O.M.; Mills, J.L.; Gardiner, C.M.; Shane, B.; Quinn, L.; Midttun, O.; McCann, A.; Meyer, K.; Ueland, P.M.; Fan, R.; et al.
Serum Immune System Biomarkers Neopterin and Interleukin-10 Are Strongly Related to Tryptophan Metabolism in Healthy
Young Adults. J. Nutr. 2016, 146, 1801–1806. [CrossRef] [PubMed]

96. Fuchs, D.; Moller, A.A.; Reibnegger, G.; Werner, E.R.; Werner-Felmayer, G.; Dierich, M.P.; Wachter, H. Increased endogenous
interferon-gamma and neopterin correlate with increased degradation of tryptophan in human immunodeficiency virus type 1
infection. Immunol. Lett. 1991, 28, 207–211. [CrossRef]

97. Midttun, O.; Ulvik, A.; Ringdal Pedersen, E.; Ebbing, M.; Bleie, O.; Schartum-Hansen, H.; Nilsen, R.M.; Nygard, O.; Ueland, P.M.
Low plasma vitamin B-6 status affects metabolism through the kynurenine pathway in cardiovascular patients with systemic
inflammation. J. Nutr. 2011, 141, 611–617. [CrossRef]

Pharmaceuticals2022,15,143926of29

74.Whalley,L.J.;Yates,C.M.;Christie,J.E.Effectofelectroconvulsivetherapy(ECT)onplasmatryptophan.Psychol.Med.1980,10,
377–380.[CrossRef][PubMed]

75.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.I.
Clinicalanalysis.ActaPsychiatr.Scand.1977,56,303–318.[CrossRef][PubMed]

76.Ryan,K.M.;Allers,K.A.;Harkin,A.;McLoughlin,D.M.BloodplasmaBvitaminsindepressionandthetherapeuticresponseto
electroconvulsivetherapy.BrainBehav.Immun.Health2020,4,100063.[CrossRef]

77.Wichers,M.C.;Koek,G.H.;Robaeys,G.;Verkerk,R.;Scharpe,S.;Maes,M.IDOandinterferon-alpha-induceddepressive
symptoms:Ashiftinhypothesisfromtryptophandepletiontoneurotoxicity.Mol.Psychiatry2005,10,538–544.[CrossRef]

78.Campbell,B.M.;Charych,E.;Lee,A.W.;Moller,T.KynureninesinCNSdisease:Regulationbyinflammatorycytokines.Front.
Neurosci.2014,8,12.[CrossRef]

79.Pinna,M.;Manchia,M.;Oppo,R.;Scano,F.;Pillai,G.;Loche,A.P.;Salis,P.;Minnai,G.P.Clinicalandbiologicalpredictorsof
responsetoelectroconvulsivetherapy(ECT):Areview.Neurosci.Lett.2018,669,32–42.[CrossRef]

80.Maffioletti,E.;CarvalhoSilva,R.;Bortolomasi,M.;Baune,B.T.;Gennarelli,M.;Minelli,A.MolecularBiomarkersofElectro-
convulsiveTherapyEffectsandClinicalResponse:UnderstandingthePresenttoShapetheFuture.BrainSci.2021,11,1120.
[CrossRef]

81.Yrondi,A.;Sporer,M.;Peran,P.;Schmitt,L.;Arbus,C.;Sauvaget,A.Electroconvulsivetherapy,depression,theimmunesystem
andinflammation:Asystematicreview.BrainStimul.2018,11,29–51.[CrossRef]

82.Kopra,E.;Mondelli,V.;Pariante,C.;Nikkheslat,N.Ketamine’seffectoninflammationandkynureninepathwayindepression:A
systematicreview.J.Psychopharmacol.2021,35,934–945.[CrossRef]

83.Kadriu,B.;Farmer,C.A.;Yuan,P.;Park,L.T.;Deng,Z.D.;Moaddel,R.;Henter,I.D.;Shovestul,B.;Ballard,E.D.;Kraus,C.;etal.
Thekynureninepathwayandbipolardisorder:Intersectionofthemonoaminergicandglutamatergicsystemsandimmune
response.Mol.Psychiatry2021,26,4085–4095.[CrossRef][PubMed]

84.Halaris,A.;Myint,A.M.;Savant,V.;Meresh,E.;Lim,E.;Guillemin,G.;Hoppensteadt,D.;Fareed,J.;Sinacore,J.Doesescitalopram
reduceneurotoxicityinmajordepression?J.Psychiatr.Res.2015,66–67,118–126.[CrossRef][PubMed]

85.Zhu,H.;Bogdanov,M.B.;Boyle,S.H.;Matson,W.;Sharma,S.;Matson,S.;Churchill,E.;Fiehn,O.;Rush,J.A.;Krishnan,R.R.;etal.
Pharmacometabolomicsofresponsetosertralineandtoplaceboinmajordepressivedisorder—Possibleroleformethoxyindole
pathway.PLoSONE2013,8,e68283.[CrossRef]

86.Mackay,G.M.;Forrest,C.M.;Christofides,J.;Bridel,M.A.;Mitchell,S.;Cowlard,R.;Stone,T.W.;Darlington,L.G.Kynurenine
metabolitesandinflammationmarkersindepressedpatientstreatedwithfluoxetineorcounselling.Clin.Exp.Pharmacol.Physiol.
2009,36,425–435.[CrossRef][PubMed]

87.Hannestad,J.;DellaGioia,N.;Bloch,M.Theeffectofantidepressantmedicationtreatmentonserumlevelsofinflammatory
cytokines:Ameta-analysis.Neuropsychopharmacology2011,36,2452–2459.[CrossRef][PubMed]

88.Skorobogatov,K.;DePicker,L.;Verkerk,R.;Coppens,V.;Leboyer,M.;Muller,N.;Morrens,M.BrainVersusBlood:ASystematic
ReviewontheConcordanceBetweenPeripheralandCentralKynureninePathwayMeasuresinPsychiatricDisorders.Front.
Immunol.2021,12,716980.[CrossRef][PubMed]

89.Badawy,A.A.Tryptophanavailabilityforkynureninepathwaymetabolismacrossthelifespan:Controlmechanismsandfocus
onaging,exercise,dietandnutritionalsupplements.Neuropharmacology2017,112,248–263.[CrossRef]

90.Yoshida,R.;Imanishi,J.;Oku,T.;Kishida,T.;Hayaishi,O.Inductionofpulmonaryindoleamine2,3-dioxygenasebyinterferon.
Proc.Natl.Acad.Sci.USA1981,78,129–132.[CrossRef]

91.Theofylaktopoulou,D.;Ulvik,A.;Midttun,O.;Ueland,P.M.;Vollset,S.E.;Nygard,O.;Hustad,S.;Tell,G.S.;Eussen,S.J.
VitaminsB2andB6asdeterminantsofkynureninesandrelatedmarkersofinterferon-gamma-mediatedimmuneactivationinthe
community-basedHordalandHealthStudy.Br.J.Nutr.2014,112,1065–1072.[CrossRef]

92.Badawy,A.A.;Guillemin,G.ThePlasma[Kynurenine]/[Tryptophan]RatioandIndoleamine2,3-Dioxygenase:TimeforAppraisal.
Int.J.Tryptophan.Res.2019,12,1178646919868978.[CrossRef]

93.Schrocksnadel,K.;Wirleitner,B.;Winkler,C.;Fuchs,D.Monitoringtryptophanmetabolisminchronicimmuneactivation.Clin.
Chim.Acta2006,364,82–90.[CrossRef][PubMed]

94.Strasser,B.;Becker,K.;Fuchs,D.;Gostner,J.M.Kynureninepathwaymetabolismandimmuneactivation:Peripheralmeasure-
mentsinpsychiatricandco-morbidconditions.Neuropharmacology2017,112,286–296.[CrossRef][PubMed]

95.Deac,O.M.;Mills,J.L.;Gardiner,C.M.;Shane,B.;Quinn,L.;Midttun,O.;McCann,A.;Meyer,K.;Ueland,P.M.;Fan,R.;etal.
SerumImmuneSystemBiomarkersNeopterinandInterleukin-10AreStronglyRelatedtoTryptophanMetabolisminHealthy
YoungAdults.J.Nutr.2016,146,1801–1806.[CrossRef][PubMed]

96.Fuchs,D.;Moller,A.A.;Reibnegger,G.;Werner,E.R.;Werner-Felmayer,G.;Dierich,M.P.;Wachter,H.Increasedendogenous
interferon-gammaandneopterincorrelatewithincreaseddegradationoftryptophaninhumanimmunodeficiencyvirustype1
infection.Immunol.Lett.1991,28,207–211.[CrossRef]

97.Midttun,O.;Ulvik,A.;RingdalPedersen,E.;Ebbing,M.;Bleie,O.;Schartum-Hansen,H.;Nilsen,R.M.;Nygard,O.;Ueland,P.M.
LowplasmavitaminB-6statusaffectsmetabolismthroughthekynureninepathwayincardiovascularpatientswithsystemic
inflammation.J.Nutr.2011,141,611–617.[CrossRef]

Pharmaceuticals2022,15,143926of29

74.Whalley,L.J.;Yates,C.M.;Christie,J.E.Effectofelectroconvulsivetherapy(ECT)onplasmatryptophan.Psychol.Med.1980,10,
377–380.[CrossRef][PubMed]

75.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.I.
Clinicalanalysis.ActaPsychiatr.Scand.1977,56,303–318.[CrossRef][PubMed]

76.Ryan,K.M.;Allers,K.A.;Harkin,A.;McLoughlin,D.M.BloodplasmaBvitaminsindepressionandthetherapeuticresponseto
electroconvulsivetherapy.BrainBehav.Immun.Health2020,4,100063.[CrossRef]

77.Wichers,M.C.;Koek,G.H.;Robaeys,G.;Verkerk,R.;Scharpe,S.;Maes,M.IDOandinterferon-alpha-induceddepressive
symptoms:Ashiftinhypothesisfromtryptophandepletiontoneurotoxicity.Mol.Psychiatry2005,10,538–544.[CrossRef]

78.Campbell,B.M.;Charych,E.;Lee,A.W.;Moller,T.KynureninesinCNSdisease:Regulationbyinflammatorycytokines.Front.
Neurosci.2014,8,12.[CrossRef]

79.Pinna,M.;Manchia,M.;Oppo,R.;Scano,F.;Pillai,G.;Loche,A.P.;Salis,P.;Minnai,G.P.Clinicalandbiologicalpredictorsof
responsetoelectroconvulsivetherapy(ECT):Areview.Neurosci.Lett.2018,669,32–42.[CrossRef]

80.Maffioletti,E.;CarvalhoSilva,R.;Bortolomasi,M.;Baune,B.T.;Gennarelli,M.;Minelli,A.MolecularBiomarkersofElectro-
convulsiveTherapyEffectsandClinicalResponse:UnderstandingthePresenttoShapetheFuture.BrainSci.2021,11,1120.
[CrossRef]

81.Yrondi,A.;Sporer,M.;Peran,P.;Schmitt,L.;Arbus,C.;Sauvaget,A.Electroconvulsivetherapy,depression,theimmunesystem
andinflammation:Asystematicreview.BrainStimul.2018,11,29–51.[CrossRef]

82.Kopra,E.;Mondelli,V.;Pariante,C.;Nikkheslat,N.Ketamine’seffectoninflammationandkynureninepathwayindepression:A
systematicreview.J.Psychopharmacol.2021,35,934–945.[CrossRef]

83.Kadriu,B.;Farmer,C.A.;Yuan,P.;Park,L.T.;Deng,Z.D.;Moaddel,R.;Henter,I.D.;Shovestul,B.;Ballard,E.D.;Kraus,C.;etal.
Thekynureninepathwayandbipolardisorder:Intersectionofthemonoaminergicandglutamatergicsystemsandimmune
response.Mol.Psychiatry2021,26,4085–4095.[CrossRef][PubMed]

84.Halaris,A.;Myint,A.M.;Savant,V.;Meresh,E.;Lim,E.;Guillemin,G.;Hoppensteadt,D.;Fareed,J.;Sinacore,J.Doesescitalopram
reduceneurotoxicityinmajordepression?J.Psychiatr.Res.2015,66–67,118–126.[CrossRef][PubMed]

85.Zhu,H.;Bogdanov,M.B.;Boyle,S.H.;Matson,W.;Sharma,S.;Matson,S.;Churchill,E.;Fiehn,O.;Rush,J.A.;Krishnan,R.R.;etal.
Pharmacometabolomicsofresponsetosertralineandtoplaceboinmajordepressivedisorder—Possibleroleformethoxyindole
pathway.PLoSONE2013,8,e68283.[CrossRef]

86.Mackay,G.M.;Forrest,C.M.;Christofides,J.;Bridel,M.A.;Mitchell,S.;Cowlard,R.;Stone,T.W.;Darlington,L.G.Kynurenine
metabolitesandinflammationmarkersindepressedpatientstreatedwithfluoxetineorcounselling.Clin.Exp.Pharmacol.Physiol.
2009,36,425–435.[CrossRef][PubMed]

87.Hannestad,J.;DellaGioia,N.;Bloch,M.Theeffectofantidepressantmedicationtreatmentonserumlevelsofinflammatory
cytokines:Ameta-analysis.Neuropsychopharmacology2011,36,2452–2459.[CrossRef][PubMed]

88.Skorobogatov,K.;DePicker,L.;Verkerk,R.;Coppens,V.;Leboyer,M.;Muller,N.;Morrens,M.BrainVersusBlood:ASystematic
ReviewontheConcordanceBetweenPeripheralandCentralKynureninePathwayMeasuresinPsychiatricDisorders.Front.
Immunol.2021,12,716980.[CrossRef][PubMed]

89.Badawy,A.A.Tryptophanavailabilityforkynureninepathwaymetabolismacrossthelifespan:Controlmechanismsandfocus
onaging,exercise,dietandnutritionalsupplements.Neuropharmacology2017,112,248–263.[CrossRef]

90.Yoshida,R.;Imanishi,J.;Oku,T.;Kishida,T.;Hayaishi,O.Inductionofpulmonaryindoleamine2,3-dioxygenasebyinterferon.
Proc.Natl.Acad.Sci.USA1981,78,129–132.[CrossRef]

91.Theofylaktopoulou,D.;Ulvik,A.;Midttun,O.;Ueland,P.M.;Vollset,S.E.;Nygard,O.;Hustad,S.;Tell,G.S.;Eussen,S.J.
VitaminsB2andB6asdeterminantsofkynureninesandrelatedmarkersofinterferon-gamma-mediatedimmuneactivationinthe
community-basedHordalandHealthStudy.Br.J.Nutr.2014,112,1065–1072.[CrossRef]

92.Badawy,A.A.;Guillemin,G.ThePlasma[Kynurenine]/[Tryptophan]RatioandIndoleamine2,3-Dioxygenase:TimeforAppraisal.
Int.J.Tryptophan.Res.2019,12,1178646919868978.[CrossRef]

93.Schrocksnadel,K.;Wirleitner,B.;Winkler,C.;Fuchs,D.Monitoringtryptophanmetabolisminchronicimmuneactivation.Clin.
Chim.Acta2006,364,82–90.[CrossRef][PubMed]

94.Strasser,B.;Becker,K.;Fuchs,D.;Gostner,J.M.Kynureninepathwaymetabolismandimmuneactivation:Peripheralmeasure-
mentsinpsychiatricandco-morbidconditions.Neuropharmacology2017,112,286–296.[CrossRef][PubMed]

95.Deac,O.M.;Mills,J.L.;Gardiner,C.M.;Shane,B.;Quinn,L.;Midttun,O.;McCann,A.;Meyer,K.;Ueland,P.M.;Fan,R.;etal.
SerumImmuneSystemBiomarkersNeopterinandInterleukin-10AreStronglyRelatedtoTryptophanMetabolisminHealthy
YoungAdults.J.Nutr.2016,146,1801–1806.[CrossRef][PubMed]

96.Fuchs,D.;Moller,A.A.;Reibnegger,G.;Werner,E.R.;Werner-Felmayer,G.;Dierich,M.P.;Wachter,H.Increasedendogenous
interferon-gammaandneopterincorrelatewithincreaseddegradationoftryptophaninhumanimmunodeficiencyvirustype1
infection.Immunol.Lett.1991,28,207–211.[CrossRef]

97.Midttun,O.;Ulvik,A.;RingdalPedersen,E.;Ebbing,M.;Bleie,O.;Schartum-Hansen,H.;Nilsen,R.M.;Nygard,O.;Ueland,P.M.
LowplasmavitaminB-6statusaffectsmetabolismthroughthekynureninepathwayincardiovascularpatientswithsystemic
inflammation.J.Nutr.2011,141,611–617.[CrossRef]

Pharmaceuticals 2022, 15, 1439 26 of 29

74. Whalley, L.J.; Yates, C.M.; Christie, J.E. Effect of electroconvulsive therapy (ECT) on plasma tryptophan. Psychol. Med. 1980, 10,
377–380. [CrossRef] [PubMed]

75. D’Elia, G.; Lehmann, J.; Raotma, H. Evaluation of the combination of tryptophan and ECT in the treatment of depression. I.
Clinical analysis. Acta Psychiatr. Scand. 1977, 56, 303–318. [CrossRef] [PubMed]

76. Ryan, K.M.; Allers, K.A.; Harkin, A.; McLoughlin, D.M. Blood plasma B vitamins in depression and the therapeutic response to
electroconvulsive therapy. Brain Behav. Immun. Health 2020, 4, 100063. [CrossRef]

77. Wichers, M.C.; Koek, G.H.; Robaeys, G.; Verkerk, R.; Scharpe, S.; Maes, M. IDO and interferon-alpha-induced depressive
symptoms: A shift in hypothesis from tryptophan depletion to neurotoxicity. Mol. Psychiatry 2005, 10, 538–544. [CrossRef]

78. Campbell, B.M.; Charych, E.; Lee, A.W.; Moller, T. Kynurenines in CNS disease: Regulation by inflammatory cytokines. Front.
Neurosci. 2014, 8, 12. [CrossRef]

79. Pinna, M.; Manchia, M.; Oppo, R.; Scano, F.; Pillai, G.; Loche, A.P.; Salis, P.; Minnai, G.P. Clinical and biological predictors of
response to electroconvulsive therapy (ECT): A review. Neurosci. Lett. 2018, 669, 32–42. [CrossRef]

80. Maffioletti, E.; Carvalho Silva, R.; Bortolomasi, M.; Baune, B.T.; Gennarelli, M.; Minelli, A. Molecular Biomarkers of Electro-
convulsive Therapy Effects and Clinical Response: Understanding the Present to Shape the Future. Brain Sci. 2021, 11, 1120.
[CrossRef]

81. Yrondi, A.; Sporer, M.; Peran, P.; Schmitt, L.; Arbus, C.; Sauvaget, A. Electroconvulsive therapy, depression, the immune system
and inflammation: A systematic review. Brain Stimul. 2018, 11, 29–51. [CrossRef]

82. Kopra, E.; Mondelli, V.; Pariante, C.; Nikkheslat, N. Ketamine’s effect on inflammation and kynurenine pathway in depression: A
systematic review. J. Psychopharmacol. 2021, 35, 934–945. [CrossRef]

83. Kadriu, B.; Farmer, C.A.; Yuan, P.; Park, L.T.; Deng, Z.D.; Moaddel, R.; Henter, I.D.; Shovestul, B.; Ballard, E.D.; Kraus, C.; et al.
The kynurenine pathway and bipolar disorder: Intersection of the monoaminergic and glutamatergic systems and immune
response. Mol. Psychiatry 2021, 26, 4085–4095. [CrossRef] [PubMed]

84. Halaris, A.; Myint, A.M.; Savant, V.; Meresh, E.; Lim, E.; Guillemin, G.; Hoppensteadt, D.; Fareed, J.; Sinacore, J. Does escitalopram
reduce neurotoxicity in major depression? J. Psychiatr. Res. 2015, 66–67, 118–126. [CrossRef] [PubMed]

85. Zhu, H.; Bogdanov, M.B.; Boyle, S.H.; Matson, W.; Sharma, S.; Matson, S.; Churchill, E.; Fiehn, O.; Rush, J.A.; Krishnan, R.R.; et al.
Pharmacometabolomics of response to sertraline and to placebo in major depressive disorder—Possible role for methoxyindole
pathway. PLoS ONE 2013, 8, e68283. [CrossRef]

86. Mackay, G.M.; Forrest, C.M.; Christofides, J.; Bridel, M.A.; Mitchell, S.; Cowlard, R.; Stone, T.W.; Darlington, L.G. Kynurenine
metabolites and inflammation markers in depressed patients treated with fluoxetine or counselling. Clin. Exp. Pharmacol. Physiol.
2009, 36, 425–435. [CrossRef] [PubMed]

87. Hannestad, J.; DellaGioia, N.; Bloch, M. The effect of antidepressant medication treatment on serum levels of inflammatory
cytokines: A meta-analysis. Neuropsychopharmacology 2011, 36, 2452–2459. [CrossRef] [PubMed]

88. Skorobogatov, K.; De Picker, L.; Verkerk, R.; Coppens, V.; Leboyer, M.; Muller, N.; Morrens, M. Brain Versus Blood: A Systematic
Review on the Concordance Between Peripheral and Central Kynurenine Pathway Measures in Psychiatric Disorders. Front.
Immunol. 2021, 12, 716980. [CrossRef] [PubMed]

89. Badawy, A.A. Tryptophan availability for kynurenine pathway metabolism across the life span: Control mechanisms and focus
on aging, exercise, diet and nutritional supplements. Neuropharmacology 2017, 112, 248–263. [CrossRef]

90. Yoshida, R.; Imanishi, J.; Oku, T.; Kishida, T.; Hayaishi, O. Induction of pulmonary indoleamine 2,3-dioxygenase by interferon.
Proc. Natl. Acad. Sci. USA 1981, 78, 129–132. [CrossRef]

91. Theofylaktopoulou, D.; Ulvik, A.; Midttun, O.; Ueland, P.M.; Vollset, S.E.; Nygard, O.; Hustad, S.; Tell, G.S.; Eussen, S.J.
Vitamins B2 and B6 as determinants of kynurenines and related markers of interferon-gamma-mediated immune activation in the
community-based Hordaland Health Study. Br. J. Nutr. 2014, 112, 1065–1072. [CrossRef]

92. Badawy, A.A.; Guillemin, G. The Plasma [Kynurenine]/[Tryptophan] Ratio and Indoleamine 2,3-Dioxygenase: Time for Appraisal.
Int. J. Tryptophan. Res. 2019, 12, 1178646919868978. [CrossRef]

93. Schrocksnadel, K.; Wirleitner, B.; Winkler, C.; Fuchs, D. Monitoring tryptophan metabolism in chronic immune activation. Clin.
Chim. Acta 2006, 364, 82–90. [CrossRef] [PubMed]

94. Strasser, B.; Becker, K.; Fuchs, D.; Gostner, J.M. Kynurenine pathway metabolism and immune activation: Peripheral measure-
ments in psychiatric and co-morbid conditions. Neuropharmacology 2017, 112, 286–296. [CrossRef] [PubMed]

95. Deac, O.M.; Mills, J.L.; Gardiner, C.M.; Shane, B.; Quinn, L.; Midttun, O.; McCann, A.; Meyer, K.; Ueland, P.M.; Fan, R.; et al.
Serum Immune System Biomarkers Neopterin and Interleukin-10 Are Strongly Related to Tryptophan Metabolism in Healthy
Young Adults. J. Nutr. 2016, 146, 1801–1806. [CrossRef] [PubMed]

96. Fuchs, D.; Moller, A.A.; Reibnegger, G.; Werner, E.R.; Werner-Felmayer, G.; Dierich, M.P.; Wachter, H. Increased endogenous
interferon-gamma and neopterin correlate with increased degradation of tryptophan in human immunodeficiency virus type 1
infection. Immunol. Lett. 1991, 28, 207–211. [CrossRef]

97. Midttun, O.; Ulvik, A.; Ringdal Pedersen, E.; Ebbing, M.; Bleie, O.; Schartum-Hansen, H.; Nilsen, R.M.; Nygard, O.; Ueland, P.M.
Low plasma vitamin B-6 status affects metabolism through the kynurenine pathway in cardiovascular patients with systemic
inflammation. J. Nutr. 2011, 141, 611–617. [CrossRef]

Pharmaceuticals 2022, 15, 1439 26 of 29

74. Whalley, L.J.; Yates, C.M.; Christie, J.E. Effect of electroconvulsive therapy (ECT) on plasma tryptophan. Psychol. Med. 1980, 10,
377–380. [CrossRef] [PubMed]

75. D’Elia, G.; Lehmann, J.; Raotma, H. Evaluation of the combination of tryptophan and ECT in the treatment of depression. I.
Clinical analysis. Acta Psychiatr. Scand. 1977, 56, 303–318. [CrossRef] [PubMed]

76. Ryan, K.M.; Allers, K.A.; Harkin, A.; McLoughlin, D.M. Blood plasma B vitamins in depression and the therapeutic response to
electroconvulsive therapy. Brain Behav. Immun. Health 2020, 4, 100063. [CrossRef]

77. Wichers, M.C.; Koek, G.H.; Robaeys, G.; Verkerk, R.; Scharpe, S.; Maes, M. IDO and interferon-alpha-induced depressive
symptoms: A shift in hypothesis from tryptophan depletion to neurotoxicity. Mol. Psychiatry 2005, 10, 538–544. [CrossRef]

78. Campbell, B.M.; Charych, E.; Lee, A.W.; Moller, T. Kynurenines in CNS disease: Regulation by inflammatory cytokines. Front.
Neurosci. 2014, 8, 12. [CrossRef]

79. Pinna, M.; Manchia, M.; Oppo, R.; Scano, F.; Pillai, G.; Loche, A.P.; Salis, P.; Minnai, G.P. Clinical and biological predictors of
response to electroconvulsive therapy (ECT): A review. Neurosci. Lett. 2018, 669, 32–42. [CrossRef]

80. Maffioletti, E.; Carvalho Silva, R.; Bortolomasi, M.; Baune, B.T.; Gennarelli, M.; Minelli, A. Molecular Biomarkers of Electro-
convulsive Therapy Effects and Clinical Response: Understanding the Present to Shape the Future. Brain Sci. 2021, 11, 1120.
[CrossRef]

81. Yrondi, A.; Sporer, M.; Peran, P.; Schmitt, L.; Arbus, C.; Sauvaget, A. Electroconvulsive therapy, depression, the immune system
and inflammation: A systematic review. Brain Stimul. 2018, 11, 29–51. [CrossRef]

82. Kopra, E.; Mondelli, V.; Pariante, C.; Nikkheslat, N. Ketamine’s effect on inflammation and kynurenine pathway in depression: A
systematic review. J. Psychopharmacol. 2021, 35, 934–945. [CrossRef]

83. Kadriu, B.; Farmer, C.A.; Yuan, P.; Park, L.T.; Deng, Z.D.; Moaddel, R.; Henter, I.D.; Shovestul, B.; Ballard, E.D.; Kraus, C.; et al.
The kynurenine pathway and bipolar disorder: Intersection of the monoaminergic and glutamatergic systems and immune
response. Mol. Psychiatry 2021, 26, 4085–4095. [CrossRef] [PubMed]

84. Halaris, A.; Myint, A.M.; Savant, V.; Meresh, E.; Lim, E.; Guillemin, G.; Hoppensteadt, D.; Fareed, J.; Sinacore, J. Does escitalopram
reduce neurotoxicity in major depression? J. Psychiatr. Res. 2015, 66–67, 118–126. [CrossRef] [PubMed]

85. Zhu, H.; Bogdanov, M.B.; Boyle, S.H.; Matson, W.; Sharma, S.; Matson, S.; Churchill, E.; Fiehn, O.; Rush, J.A.; Krishnan, R.R.; et al.
Pharmacometabolomics of response to sertraline and to placebo in major depressive disorder—Possible role for methoxyindole
pathway. PLoS ONE 2013, 8, e68283. [CrossRef]

86. Mackay, G.M.; Forrest, C.M.; Christofides, J.; Bridel, M.A.; Mitchell, S.; Cowlard, R.; Stone, T.W.; Darlington, L.G. Kynurenine
metabolites and inflammation markers in depressed patients treated with fluoxetine or counselling. Clin. Exp. Pharmacol. Physiol.
2009, 36, 425–435. [CrossRef] [PubMed]

87. Hannestad, J.; DellaGioia, N.; Bloch, M. The effect of antidepressant medication treatment on serum levels of inflammatory
cytokines: A meta-analysis. Neuropsychopharmacology 2011, 36, 2452–2459. [CrossRef] [PubMed]

88. Skorobogatov, K.; De Picker, L.; Verkerk, R.; Coppens, V.; Leboyer, M.; Muller, N.; Morrens, M. Brain Versus Blood: A Systematic
Review on the Concordance Between Peripheral and Central Kynurenine Pathway Measures in Psychiatric Disorders. Front.
Immunol. 2021, 12, 716980. [CrossRef] [PubMed]

89. Badawy, A.A. Tryptophan availability for kynurenine pathway metabolism across the life span: Control mechanisms and focus
on aging, exercise, diet and nutritional supplements. Neuropharmacology 2017, 112, 248–263. [CrossRef]

90. Yoshida, R.; Imanishi, J.; Oku, T.; Kishida, T.; Hayaishi, O. Induction of pulmonary indoleamine 2,3-dioxygenase by interferon.
Proc. Natl. Acad. Sci. USA 1981, 78, 129–132. [CrossRef]

91. Theofylaktopoulou, D.; Ulvik, A.; Midttun, O.; Ueland, P.M.; Vollset, S.E.; Nygard, O.; Hustad, S.; Tell, G.S.; Eussen, S.J.
Vitamins B2 and B6 as determinants of kynurenines and related markers of interferon-gamma-mediated immune activation in the
community-based Hordaland Health Study. Br. J. Nutr. 2014, 112, 1065–1072. [CrossRef]

92. Badawy, A.A.; Guillemin, G. The Plasma [Kynurenine]/[Tryptophan] Ratio and Indoleamine 2,3-Dioxygenase: Time for Appraisal.
Int. J. Tryptophan. Res. 2019, 12, 1178646919868978. [CrossRef]

93. Schrocksnadel, K.; Wirleitner, B.; Winkler, C.; Fuchs, D. Monitoring tryptophan metabolism in chronic immune activation. Clin.
Chim. Acta 2006, 364, 82–90. [CrossRef] [PubMed]

94. Strasser, B.; Becker, K.; Fuchs, D.; Gostner, J.M. Kynurenine pathway metabolism and immune activation: Peripheral measure-
ments in psychiatric and co-morbid conditions. Neuropharmacology 2017, 112, 286–296. [CrossRef] [PubMed]

95. Deac, O.M.; Mills, J.L.; Gardiner, C.M.; Shane, B.; Quinn, L.; Midttun, O.; McCann, A.; Meyer, K.; Ueland, P.M.; Fan, R.; et al.
Serum Immune System Biomarkers Neopterin and Interleukin-10 Are Strongly Related to Tryptophan Metabolism in Healthy
Young Adults. J. Nutr. 2016, 146, 1801–1806. [CrossRef] [PubMed]

96. Fuchs, D.; Moller, A.A.; Reibnegger, G.; Werner, E.R.; Werner-Felmayer, G.; Dierich, M.P.; Wachter, H. Increased endogenous
interferon-gamma and neopterin correlate with increased degradation of tryptophan in human immunodeficiency virus type 1
infection. Immunol. Lett. 1991, 28, 207–211. [CrossRef]

97. Midttun, O.; Ulvik, A.; Ringdal Pedersen, E.; Ebbing, M.; Bleie, O.; Schartum-Hansen, H.; Nilsen, R.M.; Nygard, O.; Ueland, P.M.
Low plasma vitamin B-6 status affects metabolism through the kynurenine pathway in cardiovascular patients with systemic
inflammation. J. Nutr. 2011, 141, 611–617. [CrossRef]

Pharmaceuticals2022,15,143926of29

74.Whalley,L.J.;Yates,C.M.;Christie,J.E.Effectofelectroconvulsivetherapy(ECT)onplasmatryptophan.Psychol.Med.1980,10,
377–380.[CrossRef][PubMed]

75.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.I.
Clinicalanalysis.ActaPsychiatr.Scand.1977,56,303–318.[CrossRef][PubMed]

76.Ryan,K.M.;Allers,K.A.;Harkin,A.;McLoughlin,D.M.BloodplasmaBvitaminsindepressionandthetherapeuticresponseto
electroconvulsivetherapy.BrainBehav.Immun.Health2020,4,100063.[CrossRef]

77.Wichers,M.C.;Koek,G.H.;Robaeys,G.;Verkerk,R.;Scharpe,S.;Maes,M.IDOandinterferon-alpha-induceddepressive
symptoms:Ashiftinhypothesisfromtryptophandepletiontoneurotoxicity.Mol.Psychiatry2005,10,538–544.[CrossRef]

78.Campbell,B.M.;Charych,E.;Lee,A.W.;Moller,T.KynureninesinCNSdisease:Regulationbyinflammatorycytokines.Front.
Neurosci.2014,8,12.[CrossRef]

79.Pinna,M.;Manchia,M.;Oppo,R.;Scano,F.;Pillai,G.;Loche,A.P.;Salis,P.;Minnai,G.P.Clinicalandbiologicalpredictorsof
responsetoelectroconvulsivetherapy(ECT):Areview.Neurosci.Lett.2018,669,32–42.[CrossRef]

80.Maffioletti,E.;CarvalhoSilva,R.;Bortolomasi,M.;Baune,B.T.;Gennarelli,M.;Minelli,A.MolecularBiomarkersofElectro-
convulsiveTherapyEffectsandClinicalResponse:UnderstandingthePresenttoShapetheFuture.BrainSci.2021,11,1120.
[CrossRef]

81.Yrondi,A.;Sporer,M.;Peran,P.;Schmitt,L.;Arbus,C.;Sauvaget,A.Electroconvulsivetherapy,depression,theimmunesystem
andinflammation:Asystematicreview.BrainStimul.2018,11,29–51.[CrossRef]

82.Kopra,E.;Mondelli,V.;Pariante,C.;Nikkheslat,N.Ketamine’seffectoninflammationandkynureninepathwayindepression:A
systematicreview.J.Psychopharmacol.2021,35,934–945.[CrossRef]

83.Kadriu,B.;Farmer,C.A.;Yuan,P.;Park,L.T.;Deng,Z.D.;Moaddel,R.;Henter,I.D.;Shovestul,B.;Ballard,E.D.;Kraus,C.;etal.
Thekynureninepathwayandbipolardisorder:Intersectionofthemonoaminergicandglutamatergicsystemsandimmune
response.Mol.Psychiatry2021,26,4085–4095.[CrossRef][PubMed]

84.Halaris,A.;Myint,A.M.;Savant,V.;Meresh,E.;Lim,E.;Guillemin,G.;Hoppensteadt,D.;Fareed,J.;Sinacore,J.Doesescitalopram
reduceneurotoxicityinmajordepression?J.Psychiatr.Res.2015,66–67,118–126.[CrossRef][PubMed]

85.Zhu,H.;Bogdanov,M.B.;Boyle,S.H.;Matson,W.;Sharma,S.;Matson,S.;Churchill,E.;Fiehn,O.;Rush,J.A.;Krishnan,R.R.;etal.
Pharmacometabolomicsofresponsetosertralineandtoplaceboinmajordepressivedisorder—Possibleroleformethoxyindole
pathway.PLoSONE2013,8,e68283.[CrossRef]

86.Mackay,G.M.;Forrest,C.M.;Christofides,J.;Bridel,M.A.;Mitchell,S.;Cowlard,R.;Stone,T.W.;Darlington,L.G.Kynurenine
metabolitesandinflammationmarkersindepressedpatientstreatedwithfluoxetineorcounselling.Clin.Exp.Pharmacol.Physiol.
2009,36,425–435.[CrossRef][PubMed]

87.Hannestad,J.;DellaGioia,N.;Bloch,M.Theeffectofantidepressantmedicationtreatmentonserumlevelsofinflammatory
cytokines:Ameta-analysis.Neuropsychopharmacology2011,36,2452–2459.[CrossRef][PubMed]

88.Skorobogatov,K.;DePicker,L.;Verkerk,R.;Coppens,V.;Leboyer,M.;Muller,N.;Morrens,M.BrainVersusBlood:ASystematic
ReviewontheConcordanceBetweenPeripheralandCentralKynureninePathwayMeasuresinPsychiatricDisorders.Front.
Immunol.2021,12,716980.[CrossRef][PubMed]

89.Badawy,A.A.Tryptophanavailabilityforkynureninepathwaymetabolismacrossthelifespan:Controlmechanismsandfocus
onaging,exercise,dietandnutritionalsupplements.Neuropharmacology2017,112,248–263.[CrossRef]

90.Yoshida,R.;Imanishi,J.;Oku,T.;Kishida,T.;Hayaishi,O.Inductionofpulmonaryindoleamine2,3-dioxygenasebyinterferon.
Proc.Natl.Acad.Sci.USA1981,78,129–132.[CrossRef]

91.Theofylaktopoulou,D.;Ulvik,A.;Midttun,O.;Ueland,P.M.;Vollset,S.E.;Nygard,O.;Hustad,S.;Tell,G.S.;Eussen,S.J.
VitaminsB2andB6asdeterminantsofkynureninesandrelatedmarkersofinterferon-gamma-mediatedimmuneactivationinthe
community-basedHordalandHealthStudy.Br.J.Nutr.2014,112,1065–1072.[CrossRef]

92.Badawy,A.A.;Guillemin,G.ThePlasma[Kynurenine]/[Tryptophan]RatioandIndoleamine2,3-Dioxygenase:TimeforAppraisal.
Int.J.Tryptophan.Res.2019,12,1178646919868978.[CrossRef]

93.Schrocksnadel,K.;Wirleitner,B.;Winkler,C.;Fuchs,D.Monitoringtryptophanmetabolisminchronicimmuneactivation.Clin.
Chim.Acta2006,364,82–90.[CrossRef][PubMed]

94.Strasser,B.;Becker,K.;Fuchs,D.;Gostner,J.M.Kynureninepathwaymetabolismandimmuneactivation:Peripheralmeasure-
mentsinpsychiatricandco-morbidconditions.Neuropharmacology2017,112,286–296.[CrossRef][PubMed]

95.Deac,O.M.;Mills,J.L.;Gardiner,C.M.;Shane,B.;Quinn,L.;Midttun,O.;McCann,A.;Meyer,K.;Ueland,P.M.;Fan,R.;etal.
SerumImmuneSystemBiomarkersNeopterinandInterleukin-10AreStronglyRelatedtoTryptophanMetabolisminHealthy
YoungAdults.J.Nutr.2016,146,1801–1806.[CrossRef][PubMed]

96.Fuchs,D.;Moller,A.A.;Reibnegger,G.;Werner,E.R.;Werner-Felmayer,G.;Dierich,M.P.;Wachter,H.Increasedendogenous
interferon-gammaandneopterincorrelatewithincreaseddegradationoftryptophaninhumanimmunodeficiencyvirustype1
infection.Immunol.Lett.1991,28,207–211.[CrossRef]

97.Midttun,O.;Ulvik,A.;RingdalPedersen,E.;Ebbing,M.;Bleie,O.;Schartum-Hansen,H.;Nilsen,R.M.;Nygard,O.;Ueland,P.M.
LowplasmavitaminB-6statusaffectsmetabolismthroughthekynureninepathwayincardiovascularpatientswithsystemic
inflammation.J.Nutr.2011,141,611–617.[CrossRef]

Pharmaceuticals2022,15,143926of29

74.Whalley,L.J.;Yates,C.M.;Christie,J.E.Effectofelectroconvulsivetherapy(ECT)onplasmatryptophan.Psychol.Med.1980,10,
377–380.[CrossRef][PubMed]

75.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.I.
Clinicalanalysis.ActaPsychiatr.Scand.1977,56,303–318.[CrossRef][PubMed]

76.Ryan,K.M.;Allers,K.A.;Harkin,A.;McLoughlin,D.M.BloodplasmaBvitaminsindepressionandthetherapeuticresponseto
electroconvulsivetherapy.BrainBehav.Immun.Health2020,4,100063.[CrossRef]

77.Wichers,M.C.;Koek,G.H.;Robaeys,G.;Verkerk,R.;Scharpe,S.;Maes,M.IDOandinterferon-alpha-induceddepressive
symptoms:Ashiftinhypothesisfromtryptophandepletiontoneurotoxicity.Mol.Psychiatry2005,10,538–544.[CrossRef]

78.Campbell,B.M.;Charych,E.;Lee,A.W.;Moller,T.KynureninesinCNSdisease:Regulationbyinflammatorycytokines.Front.
Neurosci.2014,8,12.[CrossRef]

79.Pinna,M.;Manchia,M.;Oppo,R.;Scano,F.;Pillai,G.;Loche,A.P.;Salis,P.;Minnai,G.P.Clinicalandbiologicalpredictorsof
responsetoelectroconvulsivetherapy(ECT):Areview.Neurosci.Lett.2018,669,32–42.[CrossRef]

80.Maffioletti,E.;CarvalhoSilva,R.;Bortolomasi,M.;Baune,B.T.;Gennarelli,M.;Minelli,A.MolecularBiomarkersofElectro-
convulsiveTherapyEffectsandClinicalResponse:UnderstandingthePresenttoShapetheFuture.BrainSci.2021,11,1120.
[CrossRef]

81.Yrondi,A.;Sporer,M.;Peran,P.;Schmitt,L.;Arbus,C.;Sauvaget,A.Electroconvulsivetherapy,depression,theimmunesystem
andinflammation:Asystematicreview.BrainStimul.2018,11,29–51.[CrossRef]

82.Kopra,E.;Mondelli,V.;Pariante,C.;Nikkheslat,N.Ketamine’seffectoninflammationandkynureninepathwayindepression:A
systematicreview.J.Psychopharmacol.2021,35,934–945.[CrossRef]

83.Kadriu,B.;Farmer,C.A.;Yuan,P.;Park,L.T.;Deng,Z.D.;Moaddel,R.;Henter,I.D.;Shovestul,B.;Ballard,E.D.;Kraus,C.;etal.
Thekynureninepathwayandbipolardisorder:Intersectionofthemonoaminergicandglutamatergicsystemsandimmune
response.Mol.Psychiatry2021,26,4085–4095.[CrossRef][PubMed]

84.Halaris,A.;Myint,A.M.;Savant,V.;Meresh,E.;Lim,E.;Guillemin,G.;Hoppensteadt,D.;Fareed,J.;Sinacore,J.Doesescitalopram
reduceneurotoxicityinmajordepression?J.Psychiatr.Res.2015,66–67,118–126.[CrossRef][PubMed]

85.Zhu,H.;Bogdanov,M.B.;Boyle,S.H.;Matson,W.;Sharma,S.;Matson,S.;Churchill,E.;Fiehn,O.;Rush,J.A.;Krishnan,R.R.;etal.
Pharmacometabolomicsofresponsetosertralineandtoplaceboinmajordepressivedisorder—Possibleroleformethoxyindole
pathway.PLoSONE2013,8,e68283.[CrossRef]

86.Mackay,G.M.;Forrest,C.M.;Christofides,J.;Bridel,M.A.;Mitchell,S.;Cowlard,R.;Stone,T.W.;Darlington,L.G.Kynurenine
metabolitesandinflammationmarkersindepressedpatientstreatedwithfluoxetineorcounselling.Clin.Exp.Pharmacol.Physiol.
2009,36,425–435.[CrossRef][PubMed]

87.Hannestad,J.;DellaGioia,N.;Bloch,M.Theeffectofantidepressantmedicationtreatmentonserumlevelsofinflammatory
cytokines:Ameta-analysis.Neuropsychopharmacology2011,36,2452–2459.[CrossRef][PubMed]

88.Skorobogatov,K.;DePicker,L.;Verkerk,R.;Coppens,V.;Leboyer,M.;Muller,N.;Morrens,M.BrainVersusBlood:ASystematic
ReviewontheConcordanceBetweenPeripheralandCentralKynureninePathwayMeasuresinPsychiatricDisorders.Front.
Immunol.2021,12,716980.[CrossRef][PubMed]

89.Badawy,A.A.Tryptophanavailabilityforkynureninepathwaymetabolismacrossthelifespan:Controlmechanismsandfocus
onaging,exercise,dietandnutritionalsupplements.Neuropharmacology2017,112,248–263.[CrossRef]

90.Yoshida,R.;Imanishi,J.;Oku,T.;Kishida,T.;Hayaishi,O.Inductionofpulmonaryindoleamine2,3-dioxygenasebyinterferon.
Proc.Natl.Acad.Sci.USA1981,78,129–132.[CrossRef]

91.Theofylaktopoulou,D.;Ulvik,A.;Midttun,O.;Ueland,P.M.;Vollset,S.E.;Nygard,O.;Hustad,S.;Tell,G.S.;Eussen,S.J.
VitaminsB2andB6asdeterminantsofkynureninesandrelatedmarkersofinterferon-gamma-mediatedimmuneactivationinthe
community-basedHordalandHealthStudy.Br.J.Nutr.2014,112,1065–1072.[CrossRef]

92.Badawy,A.A.;Guillemin,G.ThePlasma[Kynurenine]/[Tryptophan]RatioandIndoleamine2,3-Dioxygenase:TimeforAppraisal.
Int.J.Tryptophan.Res.2019,12,1178646919868978.[CrossRef]

93.Schrocksnadel,K.;Wirleitner,B.;Winkler,C.;Fuchs,D.Monitoringtryptophanmetabolisminchronicimmuneactivation.Clin.
Chim.Acta2006,364,82–90.[CrossRef][PubMed]

94.Strasser,B.;Becker,K.;Fuchs,D.;Gostner,J.M.Kynureninepathwaymetabolismandimmuneactivation:Peripheralmeasure-
mentsinpsychiatricandco-morbidconditions.Neuropharmacology2017,112,286–296.[CrossRef][PubMed]

95.Deac,O.M.;Mills,J.L.;Gardiner,C.M.;Shane,B.;Quinn,L.;Midttun,O.;McCann,A.;Meyer,K.;Ueland,P.M.;Fan,R.;etal.
SerumImmuneSystemBiomarkersNeopterinandInterleukin-10AreStronglyRelatedtoTryptophanMetabolisminHealthy
YoungAdults.J.Nutr.2016,146,1801–1806.[CrossRef][PubMed]

96.Fuchs,D.;Moller,A.A.;Reibnegger,G.;Werner,E.R.;Werner-Felmayer,G.;Dierich,M.P.;Wachter,H.Increasedendogenous
interferon-gammaandneopterincorrelatewithincreaseddegradationoftryptophaninhumanimmunodeficiencyvirustype1
infection.Immunol.Lett.1991,28,207–211.[CrossRef]

97.Midttun,O.;Ulvik,A.;RingdalPedersen,E.;Ebbing,M.;Bleie,O.;Schartum-Hansen,H.;Nilsen,R.M.;Nygard,O.;Ueland,P.M.
LowplasmavitaminB-6statusaffectsmetabolismthroughthekynureninepathwayincardiovascularpatientswithsystemic
inflammation.J.Nutr.2011,141,611–617.[CrossRef]

Pharmaceuticals2022,15,143926of29

74.Whalley,L.J.;Yates,C.M.;Christie,J.E.Effectofelectroconvulsivetherapy(ECT)onplasmatryptophan.Psychol.Med.1980,10,
377–380.[CrossRef][PubMed]

75.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.I.
Clinicalanalysis.ActaPsychiatr.Scand.1977,56,303–318.[CrossRef][PubMed]

76.Ryan,K.M.;Allers,K.A.;Harkin,A.;McLoughlin,D.M.BloodplasmaBvitaminsindepressionandthetherapeuticresponseto
electroconvulsivetherapy.BrainBehav.Immun.Health2020,4,100063.[CrossRef]

77.Wichers,M.C.;Koek,G.H.;Robaeys,G.;Verkerk,R.;Scharpe,S.;Maes,M.IDOandinterferon-alpha-induceddepressive
symptoms:Ashiftinhypothesisfromtryptophandepletiontoneurotoxicity.Mol.Psychiatry2005,10,538–544.[CrossRef]

78.Campbell,B.M.;Charych,E.;Lee,A.W.;Moller,T.KynureninesinCNSdisease:Regulationbyinflammatorycytokines.Front.
Neurosci.2014,8,12.[CrossRef]

79.Pinna,M.;Manchia,M.;Oppo,R.;Scano,F.;Pillai,G.;Loche,A.P.;Salis,P.;Minnai,G.P.Clinicalandbiologicalpredictorsof
responsetoelectroconvulsivetherapy(ECT):Areview.Neurosci.Lett.2018,669,32–42.[CrossRef]

80.Maffioletti,E.;CarvalhoSilva,R.;Bortolomasi,M.;Baune,B.T.;Gennarelli,M.;Minelli,A.MolecularBiomarkersofElectro-
convulsiveTherapyEffectsandClinicalResponse:UnderstandingthePresenttoShapetheFuture.BrainSci.2021,11,1120.
[CrossRef]

81.Yrondi,A.;Sporer,M.;Peran,P.;Schmitt,L.;Arbus,C.;Sauvaget,A.Electroconvulsivetherapy,depression,theimmunesystem
andinflammation:Asystematicreview.BrainStimul.2018,11,29–51.[CrossRef]

82.Kopra,E.;Mondelli,V.;Pariante,C.;Nikkheslat,N.Ketamine’seffectoninflammationandkynureninepathwayindepression:A
systematicreview.J.Psychopharmacol.2021,35,934–945.[CrossRef]

83.Kadriu,B.;Farmer,C.A.;Yuan,P.;Park,L.T.;Deng,Z.D.;Moaddel,R.;Henter,I.D.;Shovestul,B.;Ballard,E.D.;Kraus,C.;etal.
Thekynureninepathwayandbipolardisorder:Intersectionofthemonoaminergicandglutamatergicsystemsandimmune
response.Mol.Psychiatry2021,26,4085–4095.[CrossRef][PubMed]

84.Halaris,A.;Myint,A.M.;Savant,V.;Meresh,E.;Lim,E.;Guillemin,G.;Hoppensteadt,D.;Fareed,J.;Sinacore,J.Doesescitalopram
reduceneurotoxicityinmajordepression?J.Psychiatr.Res.2015,66–67,118–126.[CrossRef][PubMed]

85.Zhu,H.;Bogdanov,M.B.;Boyle,S.H.;Matson,W.;Sharma,S.;Matson,S.;Churchill,E.;Fiehn,O.;Rush,J.A.;Krishnan,R.R.;etal.
Pharmacometabolomicsofresponsetosertralineandtoplaceboinmajordepressivedisorder—Possibleroleformethoxyindole
pathway.PLoSONE2013,8,e68283.[CrossRef]

86.Mackay,G.M.;Forrest,C.M.;Christofides,J.;Bridel,M.A.;Mitchell,S.;Cowlard,R.;Stone,T.W.;Darlington,L.G.Kynurenine
metabolitesandinflammationmarkersindepressedpatientstreatedwithfluoxetineorcounselling.Clin.Exp.Pharmacol.Physiol.
2009,36,425–435.[CrossRef][PubMed]

87.Hannestad,J.;DellaGioia,N.;Bloch,M.Theeffectofantidepressantmedicationtreatmentonserumlevelsofinflammatory
cytokines:Ameta-analysis.Neuropsychopharmacology2011,36,2452–2459.[CrossRef][PubMed]

88.Skorobogatov,K.;DePicker,L.;Verkerk,R.;Coppens,V.;Leboyer,M.;Muller,N.;Morrens,M.BrainVersusBlood:ASystematic
ReviewontheConcordanceBetweenPeripheralandCentralKynureninePathwayMeasuresinPsychiatricDisorders.Front.
Immunol.2021,12,716980.[CrossRef][PubMed]

89.Badawy,A.A.Tryptophanavailabilityforkynureninepathwaymetabolismacrossthelifespan:Controlmechanismsandfocus
onaging,exercise,dietandnutritionalsupplements.Neuropharmacology2017,112,248–263.[CrossRef]

90.Yoshida,R.;Imanishi,J.;Oku,T.;Kishida,T.;Hayaishi,O.Inductionofpulmonaryindoleamine2,3-dioxygenasebyinterferon.
Proc.Natl.Acad.Sci.USA1981,78,129–132.[CrossRef]

91.Theofylaktopoulou,D.;Ulvik,A.;Midttun,O.;Ueland,P.M.;Vollset,S.E.;Nygard,O.;Hustad,S.;Tell,G.S.;Eussen,S.J.
VitaminsB2andB6asdeterminantsofkynureninesandrelatedmarkersofinterferon-gamma-mediatedimmuneactivationinthe
community-basedHordalandHealthStudy.Br.J.Nutr.2014,112,1065–1072.[CrossRef]

92.Badawy,A.A.;Guillemin,G.ThePlasma[Kynurenine]/[Tryptophan]RatioandIndoleamine2,3-Dioxygenase:TimeforAppraisal.
Int.J.Tryptophan.Res.2019,12,1178646919868978.[CrossRef]

93.Schrocksnadel,K.;Wirleitner,B.;Winkler,C.;Fuchs,D.Monitoringtryptophanmetabolisminchronicimmuneactivation.Clin.
Chim.Acta2006,364,82–90.[CrossRef][PubMed]

94.Strasser,B.;Becker,K.;Fuchs,D.;Gostner,J.M.Kynureninepathwaymetabolismandimmuneactivation:Peripheralmeasure-
mentsinpsychiatricandco-morbidconditions.Neuropharmacology2017,112,286–296.[CrossRef][PubMed]

95.Deac,O.M.;Mills,J.L.;Gardiner,C.M.;Shane,B.;Quinn,L.;Midttun,O.;McCann,A.;Meyer,K.;Ueland,P.M.;Fan,R.;etal.
SerumImmuneSystemBiomarkersNeopterinandInterleukin-10AreStronglyRelatedtoTryptophanMetabolisminHealthy
YoungAdults.J.Nutr.2016,146,1801–1806.[CrossRef][PubMed]

96.Fuchs,D.;Moller,A.A.;Reibnegger,G.;Werner,E.R.;Werner-Felmayer,G.;Dierich,M.P.;Wachter,H.Increasedendogenous
interferon-gammaandneopterincorrelatewithincreaseddegradationoftryptophaninhumanimmunodeficiencyvirustype1
infection.Immunol.Lett.1991,28,207–211.[CrossRef]

97.Midttun,O.;Ulvik,A.;RingdalPedersen,E.;Ebbing,M.;Bleie,O.;Schartum-Hansen,H.;Nilsen,R.M.;Nygard,O.;Ueland,P.M.
LowplasmavitaminB-6statusaffectsmetabolismthroughthekynureninepathwayincardiovascularpatientswithsystemic
inflammation.J.Nutr.2011,141,611–617.[CrossRef]

Pharmaceuticals2022,15,143926of29

74.Whalley,L.J.;Yates,C.M.;Christie,J.E.Effectofelectroconvulsivetherapy(ECT)onplasmatryptophan.Psychol.Med.1980,10,
377–380.[CrossRef][PubMed]

75.D’Elia,G.;Lehmann,J.;Raotma,H.EvaluationofthecombinationoftryptophanandECTinthetreatmentofdepression.I.
Clinicalanalysis.ActaPsychiatr.Scand.1977,56,303–318.[CrossRef][PubMed]

76.Ryan,K.M.;Allers,K.A.;Harkin,A.;McLoughlin,D.M.BloodplasmaBvitaminsindepressionandthetherapeuticresponseto
electroconvulsivetherapy.BrainBehav.Immun.Health2020,4,100063.[CrossRef]

77.Wichers,M.C.;Koek,G.H.;Robaeys,G.;Verkerk,R.;Scharpe,S.;Maes,M.IDOandinterferon-alpha-induceddepressive
symptoms:Ashiftinhypothesisfromtryptophandepletiontoneurotoxicity.Mol.Psychiatry2005,10,538–544.[CrossRef]

78.Campbell,B.M.;Charych,E.;Lee,A.W.;Moller,T.KynureninesinCNSdisease:Regulationbyinflammatorycytokines.Front.
Neurosci.2014,8,12.[CrossRef]

79.Pinna,M.;Manchia,M.;Oppo,R.;Scano,F.;Pillai,G.;Loche,A.P.;Salis,P.;Minnai,G.P.Clinicalandbiologicalpredictorsof
responsetoelectroconvulsivetherapy(ECT):Areview.Neurosci.Lett.2018,669,32–42.[CrossRef]

80.Maffioletti,E.;CarvalhoSilva,R.;Bortolomasi,M.;Baune,B.T.;Gennarelli,M.;Minelli,A.MolecularBiomarkersofElectro-
convulsiveTherapyEffectsandClinicalResponse:UnderstandingthePresenttoShapetheFuture.BrainSci.2021,11,1120.
[CrossRef]

81.Yrondi,A.;Sporer,M.;Peran,P.;Schmitt,L.;Arbus,C.;Sauvaget,A.Electroconvulsivetherapy,depression,theimmunesystem
andinflammation:Asystematicreview.BrainStimul.2018,11,29–51.[CrossRef]

82.Kopra,E.;Mondelli,V.;Pariante,C.;Nikkheslat,N.Ketamine’seffectoninflammationandkynureninepathwayindepression:A
systematicreview.J.Psychopharmacol.2021,35,934–945.[CrossRef]

83.Kadriu,B.;Farmer,C.A.;Yuan,P.;Park,L.T.;Deng,Z.D.;Moaddel,R.;Henter,I.D.;Shovestul,B.;Ballard,E.D.;Kraus,C.;etal.
Thekynureninepathwayandbipolardisorder:Intersectionofthemonoaminergicandglutamatergicsystemsandimmune
response.Mol.Psychiatry2021,26,4085–4095.[CrossRef][PubMed]

84.Halaris,A.;Myint,A.M.;Savant,V.;Meresh,E.;Lim,E.;Guillemin,G.;Hoppensteadt,D.;Fareed,J.;Sinacore,J.Doesescitalopram
reduceneurotoxicityinmajordepression?J.Psychiatr.Res.2015,66–67,118–126.[CrossRef][PubMed]

85.Zhu,H.;Bogdanov,M.B.;Boyle,S.H.;Matson,W.;Sharma,S.;Matson,S.;Churchill,E.;Fiehn,O.;Rush,J.A.;Krishnan,R.R.;etal.
Pharmacometabolomicsofresponsetosertralineandtoplaceboinmajordepressivedisorder—Possibleroleformethoxyindole
pathway.PLoSONE2013,8,e68283.[CrossRef]

86.Mackay,G.M.;Forrest,C.M.;Christofides,J.;Bridel,M.A.;Mitchell,S.;Cowlard,R.;Stone,T.W.;Darlington,L.G.Kynurenine
metabolitesandinflammationmarkersindepressedpatientstreatedwithfluoxetineorcounselling.Clin.Exp.Pharmacol.Physiol.
2009,36,425–435.[CrossRef][PubMed]

87.Hannestad,J.;DellaGioia,N.;Bloch,M.Theeffectofantidepressantmedicationtreatmentonserumlevelsofinflammatory
cytokines:Ameta-analysis.Neuropsychopharmacology2011,36,2452–2459.[CrossRef][PubMed]

88.Skorobogatov,K.;DePicker,L.;Verkerk,R.;Coppens,V.;Leboyer,M.;Muller,N.;Morrens,M.BrainVersusBlood:ASystematic
ReviewontheConcordanceBetweenPeripheralandCentralKynureninePathwayMeasuresinPsychiatricDisorders.Front.
Immunol.2021,12,716980.[CrossRef][PubMed]

89.Badawy,A.A.Tryptophanavailabilityforkynureninepathwaymetabolismacrossthelifespan:Controlmechanismsandfocus
onaging,exercise,dietandnutritionalsupplements.Neuropharmacology2017,112,248–263.[CrossRef]

90.Yoshida,R.;Imanishi,J.;Oku,T.;Kishida,T.;Hayaishi,O.Inductionofpulmonaryindoleamine2,3-dioxygenasebyinterferon.
Proc.Natl.Acad.Sci.USA1981,78,129–132.[CrossRef]

91.Theofylaktopoulou,D.;Ulvik,A.;Midttun,O.;Ueland,P.M.;Vollset,S.E.;Nygard,O.;Hustad,S.;Tell,G.S.;Eussen,S.J.
VitaminsB2andB6asdeterminantsofkynureninesandrelatedmarkersofinterferon-gamma-mediatedimmuneactivationinthe
community-basedHordalandHealthStudy.Br.J.Nutr.2014,112,1065–1072.[CrossRef]

92.Badawy,A.A.;Guillemin,G.ThePlasma[Kynurenine]/[Tryptophan]RatioandIndoleamine2,3-Dioxygenase:TimeforAppraisal.
Int.J.Tryptophan.Res.2019,12,1178646919868978.[CrossRef]

93.Schrocksnadel,K.;Wirleitner,B.;Winkler,C.;Fuchs,D.Monitoringtryptophanmetabolisminchronicimmuneactivation.Clin.
Chim.Acta2006,364,82–90.[CrossRef][PubMed]

94.Strasser,B.;Becker,K.;Fuchs,D.;Gostner,J.M.Kynureninepathwaymetabolismandimmuneactivation:Peripheralmeasure-
mentsinpsychiatricandco-morbidconditions.Neuropharmacology2017,112,286–296.[CrossRef][PubMed]

95.Deac,O.M.;Mills,J.L.;Gardiner,C.M.;Shane,B.;Quinn,L.;Midttun,O.;McCann,A.;Meyer,K.;Ueland,P.M.;Fan,R.;etal.
SerumImmuneSystemBiomarkersNeopterinandInterleukin-10AreStronglyRelatedtoTryptophanMetabolisminHealthy
YoungAdults.J.Nutr.2016,146,1801–1806.[CrossRef][PubMed]

96.Fuchs,D.;Moller,A.A.;Reibnegger,G.;Werner,E.R.;Werner-Felmayer,G.;Dierich,M.P.;Wachter,H.Increasedendogenous
interferon-gammaandneopterincorrelatewithincreaseddegradationoftryptophaninhumanimmunodeficiencyvirustype1
infection.Immunol.Lett.1991,28,207–211.[CrossRef]

97.Midttun,O.;Ulvik,A.;RingdalPedersen,E.;Ebbing,M.;Bleie,O.;Schartum-Hansen,H.;Nilsen,R.M.;Nygard,O.;Ueland,P.M.
LowplasmavitaminB-6statusaffectsmetabolismthroughthekynureninepathwayincardiovascularpatientswithsystemic
inflammation.J.Nutr.2011,141,611–617.[CrossRef]



Pharmaceuticals 2022, 15, 1439 27 of 29

98. Sperner-Unterweger, B.; Neurauter, G.; Klieber, M.; Kurz, K.; Meraner, V.; Zeimet, A.; Fuchs, D. Enhanced tryptophan degradation
in patients with ovarian carcinoma correlates with several serum soluble immune activation markers. Immunobiology 2011, 216,
296–301. [CrossRef]

99. Milaneschi, Y.; Allers, K.A.; Beekman, A.T.F.; Giltay, E.J.; Keller, S.; Schoevers, R.A.; Sussmuth, S.D.; Niessen, H.G.; Penninx, B.
The association between plasma tryptophan catabolites and depression: The role of symptom profiles and inflammation. Brain
Behav. Immun. 2021, 97, 167–175. [CrossRef]

100. Hunt, C.; Macedo, E.C.T.; Suchting, R.; de Dios, C.; Cuellar Leal, V.A.; Soares, J.C.; Dantzer, R.; Teixeira, A.L.; Selvaraj, S. Effect of
immune activation on the kynurenine pathway and depression symptoms—A systematic review and meta-analysis. Neurosci.
Biobehav. Rev. 2020, 118, 514–523. [CrossRef]

101. Dahl, J.; Ormstad, H.; Aass, H.C.; Malt, U.F.; Bendz, L.T.; Sandvik, L.; Brundin, L.; Andreassen, O.A. The plasma levels of various
cytokines are increased during ongoing depression and are reduced to normal levels after recovery. Psychoneuroendocrinology
2014, 45, 77–86. [CrossRef]

102. Dionisie, V.; Filip, G.A.; Manea, M.C.; Manea, M.; Riga, S. The anti-inflammatory role of SSRI and SNRI in the treatment of
depression: A review of human and rodent research studies. Inflammopharmacology 2021, 29, 75–90. [CrossRef]

103. Vojvodic, J.; Mihajlovic, G.; Vojvodic, P.; Radomirovic, D.; Vojvodic, A.; Vlaskovic-Jovicevic, T.; Peric-Hajzler, Z.; Matovic, D.;
Dimitrijevic, S.; Sijan, G.; et al. The Impact of Immunological Factors on Depression Treatment—Relation Between Antidepressants
and Immunomodulation Agents. Open Access Maced. J. Med. Sci. 2019, 7, 3064–3069. [CrossRef] [PubMed]

104. Sorgdrager, F.J.H.; Naude, P.J.W.; Kema, I.P.; Nollen, E.A.; Deyn, P.P. Tryptophan Metabolism in Inflammaging: From Biomarker
to Therapeutic Target. Front. Immunol. 2019, 10, 2565. [CrossRef] [PubMed]

105. de Bie, J.; Guest, J.; Guillemin, G.J.; Grant, R. Central kynurenine pathway shift with age in women. J. Neurochem. 2016, 136,
995–1003. [CrossRef] [PubMed]

106. Saito, K.; Fujigaki, S.; Heyes, M.P.; Shibata, K.; Takemura, M.; Fujii, H.; Wada, H.; Noma, A.; Seishima, M. Mechanism of increases
in L-kynurenine and quinolinic acid in renal insufficiency. Am. J. Physiol. Renal. Physiol 2000, 279, F565–F572. [CrossRef]

107. Schefold, J.C.; Zeden, J.P.; Fotopoulou, C.; von Haehling, S.; Pschowski, R.; Hasper, D.; Volk, H.D.; Schuett, C.; Reinke, P. Increased
indoleamine 2,3-dioxygenase (IDO) activity and elevated serum levels of tryptophan catabolites in patients with chronic kidney
disease: A possible link between chronic inflammation and uraemic symptoms. Nephrol. Dial. Transplant. 2009, 24, 1901–1908.
[CrossRef]

108. Debnath, S.; Velagapudi, C.; Redus, L.; Thameem, F.; Kasinath, B.; Hura, C.E.; Lorenzo, C.; Abboud, H.E.; O’Connor, J.C.
Tryptophan Metabolism in Patients With Chronic Kidney Disease Secondary to Type 2 Diabetes: Relationship to Inflammatory
Markers. Int. J. Tryptophan. Res. 2017, 10, 1178646917694600. [CrossRef]

109. Zhao, J. Plasma kynurenic acid/tryptophan ratio: A sensitive and reliable biomarker for the assessment of renal function. Ren.
Fail. 2013, 35, 648–653. [CrossRef]

110. Lhee, H.Y.; Kim, H.; Joo, K.J.; Jung, S.S.; Lee, K.B. The clinical significance of serum and urinary neopterin levels in several renal
diseases. J. Korean Med. Sci. 2006, 21, 678–682. [CrossRef]

111. Mor, A.; Kalaska, B.; Pawlak, D. Kynurenine Pathway in Chronic Kidney Disease: What’s Old, What’s New, and What’s Next?
Int. J. Tryptophan. Res. 2020, 13, 1178646920954882. [CrossRef]

112. Pawlak, D.; Tankiewicz, A.; Matys, T.; Buczko, W. Peripheral distribution of kynurenine metabolites and activity of kynurenine
pathway enzymes in renal failure. J. Physiol. Pharmacol. 2003, 54, 175–189.

113. Palmer, S.; Vecchio, M.; Craig, J.C.; Tonelli, M.; Johnson, D.W.; Nicolucci, A.; Pellegrini, F.; Saglimbene, V.; Logroscino, G.;
Fishbane, S.; et al. Prevalence of depression in chronic kidney disease: Systematic review and meta-analysis of observational
studies. Kidney Int. 2013, 84, 179–191. [CrossRef] [PubMed]

114. Liu, M.; Zhang, Y.; Yang, S.; Wu, Q.; Ye, Z.; Zhou, C.; He, P.; Zhang, Y.; Hou, F.F.; Qin, X. Bidirectional relations between depression
symptoms and chronic kidney disease. J. Affect. Disord. 2022, 311, 224–230. [CrossRef] [PubMed]

115. Dadvar, S.; Ferreira, D.M.S.; Cervenka, I.; Ruas, J.L. The weight of nutrients: Kynurenine metabolites in obesity and exercise. J.
Intern. Med. 2018, 284, 519–533. [CrossRef] [PubMed]

116. Le Floc’h, N.; Otten, W.; Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic applications. Amino. Acids
2011, 41, 1195–1205. [CrossRef]

117. Mangge, H.; Summers, K.L.; Meinitzer, A.; Zelzer, S.; Almer, G.; Prassl, R.; Schnedl, W.J.; Reininghaus, E.; Paulmichl, K.; Weghuber,
D.; et al. Obesity-related dysregulation of the tryptophan-kynurenine metabolism: Role of age and parameters of the metabolic
syndrome. Obesity 2014, 22, 195–201. [CrossRef]

118. Favennec, M.; Hennart, B.; Caiazzo, R.; Leloire, A.; Yengo, L.; Verbanck, M.; Arredouani, A.; Marre, M.; Pigeyre, M.; Bessede, A.;
et al. The kynurenine pathway is activated in human obesity and shifted toward kynurenine monooxygenase activation. Obesity
2015, 23, 2066–2074. [CrossRef]

119. Spencer, M.E.; Jain, A.; Matteini, A.; Beamer, B.A.; Wang, N.Y.; Leng, S.X.; Punjabi, N.M.; Walston, J.D.; Fedarko, N.S. Serum
levels of the immune activation marker neopterin change with age and gender and are modified by race, BMI, and percentage of
body fat. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 858–865. [CrossRef]

120. Wolowczuk, I.; Hennart, B.; Leloire, A.; Bessede, A.; Soichot, M.; Taront, S.; Caiazzo, R.; Raverdy, V.; Pigeyre, M.; Consortium,
A.; et al. Tryptophan metabolism activation by indoleamine 2,3-dioxygenase in adipose tissue of obese women: An attempt to
maintain immune homeostasis and vascular tone. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R135–R143. [CrossRef]

Pharmaceuticals2022,15,143927of29

98.Sperner-Unterweger,B.;Neurauter,G.;Klieber,M.;Kurz,K.;Meraner,V.;Zeimet,A.;Fuchs,D.Enhancedtryptophandegradation
inpatientswithovariancarcinomacorrelateswithseveralserumsolubleimmuneactivationmarkers.Immunobiology2011,216,
296–301.[CrossRef]

99.Milaneschi,Y.;Allers,K.A.;Beekman,A.T.F.;Giltay,E.J.;Keller,S.;Schoevers,R.A.;Sussmuth,S.D.;Niessen,H.G.;Penninx,B.
Theassociationbetweenplasmatryptophancatabolitesanddepression:Theroleofsymptomprofilesandinflammation.Brain
Behav.Immun.2021,97,167–175.[CrossRef]

100.Hunt,C.;Macedo,E.C.T.;Suchting,R.;deDios,C.;CuellarLeal,V.A.;Soares,J.C.;Dantzer,R.;Teixeira,A.L.;Selvaraj,S.Effectof
immuneactivationonthekynureninepathwayanddepressionsymptoms—Asystematicreviewandmeta-analysis.Neurosci.
Biobehav.Rev.2020,118,514–523.[CrossRef]

101.Dahl,J.;Ormstad,H.;Aass,H.C.;Malt,U.F.;Bendz,L.T.;Sandvik,L.;Brundin,L.;Andreassen,O.A.Theplasmalevelsofvarious
cytokinesareincreasedduringongoingdepressionandarereducedtonormallevelsafterrecovery.Psychoneuroendocrinology
2014,45,77–86.[CrossRef]

102.Dionisie,V.;Filip,G.A.;Manea,M.C.;Manea,M.;Riga,S.Theanti-inflammatoryroleofSSRIandSNRIinthetreatmentof
depression:Areviewofhumanandrodentresearchstudies.Inflammopharmacology2021,29,75–90.[CrossRef]

103.Vojvodic,J.;Mihajlovic,G.;Vojvodic,P.;Radomirovic,D.;Vojvodic,A.;Vlaskovic-Jovicevic,T.;Peric-Hajzler,Z.;Matovic,D.;
Dimitrijevic,S.;Sijan,G.;etal.TheImpactofImmunologicalFactorsonDepressionTreatment—RelationBetweenAntidepressants
andImmunomodulationAgents.OpenAccessMaced.J.Med.Sci.2019,7,3064–3069.[CrossRef][PubMed]

104.Sorgdrager,F.J.H.;Naude,P.J.W.;Kema,I.P.;Nollen,E.A.;Deyn,P.P.TryptophanMetabolisminInflammaging:FromBiomarker
toTherapeuticTarget.Front.Immunol.2019,10,2565.[CrossRef][PubMed]

105.deBie,J.;Guest,J.;Guillemin,G.J.;Grant,R.Centralkynureninepathwayshiftwithageinwomen.J.Neurochem.2016,136,
995–1003.[CrossRef][PubMed]

106.Saito,K.;Fujigaki,S.;Heyes,M.P.;Shibata,K.;Takemura,M.;Fujii,H.;Wada,H.;Noma,A.;Seishima,M.Mechanismofincreases
inL-kynurenineandquinolinicacidinrenalinsufficiency.Am.J.Physiol.Renal.Physiol2000,279,F565–F572.[CrossRef]

107.Schefold,J.C.;Zeden,J.P.;Fotopoulou,C.;vonHaehling,S.;Pschowski,R.;Hasper,D.;Volk,H.D.;Schuett,C.;Reinke,P.Increased
indoleamine2,3-dioxygenase(IDO)activityandelevatedserumlevelsoftryptophancatabolitesinpatientswithchronickidney
disease:Apossiblelinkbetweenchronicinflammationanduraemicsymptoms.Nephrol.Dial.Transplant.2009,24,1901–1908.
[CrossRef]

108.Debnath,S.;Velagapudi,C.;Redus,L.;Thameem,F.;Kasinath,B.;Hura,C.E.;Lorenzo,C.;Abboud,H.E.;O’Connor,J.C.
TryptophanMetabolisminPatientsWithChronicKidneyDiseaseSecondarytoType2Diabetes:RelationshiptoInflammatory
Markers.Int.J.Tryptophan.Res.2017,10,1178646917694600.[CrossRef]

109.Zhao,J.Plasmakynurenicacid/tryptophanratio:Asensitiveandreliablebiomarkerfortheassessmentofrenalfunction.Ren.
Fail.2013,35,648–653.[CrossRef]

110.Lhee,H.Y.;Kim,H.;Joo,K.J.;Jung,S.S.;Lee,K.B.Theclinicalsignificanceofserumandurinaryneopterinlevelsinseveralrenal
diseases.J.KoreanMed.Sci.2006,21,678–682.[CrossRef]

111.Mor,A.;Kalaska,B.;Pawlak,D.KynureninePathwayinChronicKidneyDisease:What’sOld,What’sNew,andWhat’sNext?
Int.J.Tryptophan.Res.2020,13,1178646920954882.[CrossRef]

112.Pawlak,D.;Tankiewicz,A.;Matys,T.;Buczko,W.Peripheraldistributionofkynureninemetabolitesandactivityofkynurenine
pathwayenzymesinrenalfailure.J.Physiol.Pharmacol.2003,54,175–189.

113.Palmer,S.;Vecchio,M.;Craig,J.C.;Tonelli,M.;Johnson,D.W.;Nicolucci,A.;Pellegrini,F.;Saglimbene,V.;Logroscino,G.;
Fishbane,S.;etal.Prevalenceofdepressioninchronickidneydisease:Systematicreviewandmeta-analysisofobservational
studies.KidneyInt.2013,84,179–191.[CrossRef][PubMed]

114.Liu,M.;Zhang,Y.;Yang,S.;Wu,Q.;Ye,Z.;Zhou,C.;He,P.;Zhang,Y.;Hou,F.F.;Qin,X.Bidirectionalrelationsbetweendepression
symptomsandchronickidneydisease.J.Affect.Disord.2022,311,224–230.[CrossRef][PubMed]

115.Dadvar,S.;Ferreira,D.M.S.;Cervenka,I.;Ruas,J.L.Theweightofnutrients:Kynureninemetabolitesinobesityandexercise.J.
Intern.Med.2018,284,519–533.[CrossRef][PubMed]

116.LeFloc’h,N.;Otten,W.;Merlot,E.Tryptophanmetabolism,fromnutritiontopotentialtherapeuticapplications.Amino.Acids
2011,41,1195–1205.[CrossRef]

117.Mangge,H.;Summers,K.L.;Meinitzer,A.;Zelzer,S.;Almer,G.;Prassl,R.;Schnedl,W.J.;Reininghaus,E.;Paulmichl,K.;Weghuber,
D.;etal.Obesity-relateddysregulationofthetryptophan-kynureninemetabolism:Roleofageandparametersofthemetabolic
syndrome.Obesity2014,22,195–201.[CrossRef]

118.Favennec,M.;Hennart,B.;Caiazzo,R.;Leloire,A.;Yengo,L.;Verbanck,M.;Arredouani,A.;Marre,M.;Pigeyre,M.;Bessede,A.;
etal.Thekynureninepathwayisactivatedinhumanobesityandshiftedtowardkynureninemonooxygenaseactivation.Obesity
2015,23,2066–2074.[CrossRef]

119.Spencer,M.E.;Jain,A.;Matteini,A.;Beamer,B.A.;Wang,N.Y.;Leng,S.X.;Punjabi,N.M.;Walston,J.D.;Fedarko,N.S.Serum
levelsoftheimmuneactivationmarkerneopterinchangewithageandgenderandaremodifiedbyrace,BMI,andpercentageof
bodyfat.J.Gerontol.ABiol.Sci.Med.Sci.2010,65,858–865.[CrossRef]

120.Wolowczuk,I.;Hennart,B.;Leloire,A.;Bessede,A.;Soichot,M.;Taront,S.;Caiazzo,R.;Raverdy,V.;Pigeyre,M.;Consortium,
A.;etal.Tryptophanmetabolismactivationbyindoleamine2,3-dioxygenaseinadiposetissueofobesewomen:Anattemptto
maintainimmunehomeostasisandvasculartone.Am.J.Physiol.Regul.Integr.Comp.Physiol.2012,303,R135–R143.[CrossRef]

Pharmaceuticals2022,15,143927of29

98.Sperner-Unterweger,B.;Neurauter,G.;Klieber,M.;Kurz,K.;Meraner,V.;Zeimet,A.;Fuchs,D.Enhancedtryptophandegradation
inpatientswithovariancarcinomacorrelateswithseveralserumsolubleimmuneactivationmarkers.Immunobiology2011,216,
296–301.[CrossRef]

99.Milaneschi,Y.;Allers,K.A.;Beekman,A.T.F.;Giltay,E.J.;Keller,S.;Schoevers,R.A.;Sussmuth,S.D.;Niessen,H.G.;Penninx,B.
Theassociationbetweenplasmatryptophancatabolitesanddepression:Theroleofsymptomprofilesandinflammation.Brain
Behav.Immun.2021,97,167–175.[CrossRef]

100.Hunt,C.;Macedo,E.C.T.;Suchting,R.;deDios,C.;CuellarLeal,V.A.;Soares,J.C.;Dantzer,R.;Teixeira,A.L.;Selvaraj,S.Effectof
immuneactivationonthekynureninepathwayanddepressionsymptoms—Asystematicreviewandmeta-analysis.Neurosci.
Biobehav.Rev.2020,118,514–523.[CrossRef]

101.Dahl,J.;Ormstad,H.;Aass,H.C.;Malt,U.F.;Bendz,L.T.;Sandvik,L.;Brundin,L.;Andreassen,O.A.Theplasmalevelsofvarious
cytokinesareincreasedduringongoingdepressionandarereducedtonormallevelsafterrecovery.Psychoneuroendocrinology
2014,45,77–86.[CrossRef]

102.Dionisie,V.;Filip,G.A.;Manea,M.C.;Manea,M.;Riga,S.Theanti-inflammatoryroleofSSRIandSNRIinthetreatmentof
depression:Areviewofhumanandrodentresearchstudies.Inflammopharmacology2021,29,75–90.[CrossRef]

103.Vojvodic,J.;Mihajlovic,G.;Vojvodic,P.;Radomirovic,D.;Vojvodic,A.;Vlaskovic-Jovicevic,T.;Peric-Hajzler,Z.;Matovic,D.;
Dimitrijevic,S.;Sijan,G.;etal.TheImpactofImmunologicalFactorsonDepressionTreatment—RelationBetweenAntidepressants
andImmunomodulationAgents.OpenAccessMaced.J.Med.Sci.2019,7,3064–3069.[CrossRef][PubMed]

104.Sorgdrager,F.J.H.;Naude,P.J.W.;Kema,I.P.;Nollen,E.A.;Deyn,P.P.TryptophanMetabolisminInflammaging:FromBiomarker
toTherapeuticTarget.Front.Immunol.2019,10,2565.[CrossRef][PubMed]

105.deBie,J.;Guest,J.;Guillemin,G.J.;Grant,R.Centralkynureninepathwayshiftwithageinwomen.J.Neurochem.2016,136,
995–1003.[CrossRef][PubMed]

106.Saito,K.;Fujigaki,S.;Heyes,M.P.;Shibata,K.;Takemura,M.;Fujii,H.;Wada,H.;Noma,A.;Seishima,M.Mechanismofincreases
inL-kynurenineandquinolinicacidinrenalinsufficiency.Am.J.Physiol.Renal.Physiol2000,279,F565–F572.[CrossRef]

107.Schefold,J.C.;Zeden,J.P.;Fotopoulou,C.;vonHaehling,S.;Pschowski,R.;Hasper,D.;Volk,H.D.;Schuett,C.;Reinke,P.Increased
indoleamine2,3-dioxygenase(IDO)activityandelevatedserumlevelsoftryptophancatabolitesinpatientswithchronickidney
disease:Apossiblelinkbetweenchronicinflammationanduraemicsymptoms.Nephrol.Dial.Transplant.2009,24,1901–1908.
[CrossRef]

108.Debnath,S.;Velagapudi,C.;Redus,L.;Thameem,F.;Kasinath,B.;Hura,C.E.;Lorenzo,C.;Abboud,H.E.;O’Connor,J.C.
TryptophanMetabolisminPatientsWithChronicKidneyDiseaseSecondarytoType2Diabetes:RelationshiptoInflammatory
Markers.Int.J.Tryptophan.Res.2017,10,1178646917694600.[CrossRef]

109.Zhao,J.Plasmakynurenicacid/tryptophanratio:Asensitiveandreliablebiomarkerfortheassessmentofrenalfunction.Ren.
Fail.2013,35,648–653.[CrossRef]

110.Lhee,H.Y.;Kim,H.;Joo,K.J.;Jung,S.S.;Lee,K.B.Theclinicalsignificanceofserumandurinaryneopterinlevelsinseveralrenal
diseases.J.KoreanMed.Sci.2006,21,678–682.[CrossRef]

111.Mor,A.;Kalaska,B.;Pawlak,D.KynureninePathwayinChronicKidneyDisease:What’sOld,What’sNew,andWhat’sNext?
Int.J.Tryptophan.Res.2020,13,1178646920954882.[CrossRef]

112.Pawlak,D.;Tankiewicz,A.;Matys,T.;Buczko,W.Peripheraldistributionofkynureninemetabolitesandactivityofkynurenine
pathwayenzymesinrenalfailure.J.Physiol.Pharmacol.2003,54,175–189.

113.Palmer,S.;Vecchio,M.;Craig,J.C.;Tonelli,M.;Johnson,D.W.;Nicolucci,A.;Pellegrini,F.;Saglimbene,V.;Logroscino,G.;
Fishbane,S.;etal.Prevalenceofdepressioninchronickidneydisease:Systematicreviewandmeta-analysisofobservational
studies.KidneyInt.2013,84,179–191.[CrossRef][PubMed]

114.Liu,M.;Zhang,Y.;Yang,S.;Wu,Q.;Ye,Z.;Zhou,C.;He,P.;Zhang,Y.;Hou,F.F.;Qin,X.Bidirectionalrelationsbetweendepression
symptomsandchronickidneydisease.J.Affect.Disord.2022,311,224–230.[CrossRef][PubMed]

115.Dadvar,S.;Ferreira,D.M.S.;Cervenka,I.;Ruas,J.L.Theweightofnutrients:Kynureninemetabolitesinobesityandexercise.J.
Intern.Med.2018,284,519–533.[CrossRef][PubMed]

116.LeFloc’h,N.;Otten,W.;Merlot,E.Tryptophanmetabolism,fromnutritiontopotentialtherapeuticapplications.Amino.Acids
2011,41,1195–1205.[CrossRef]

117.Mangge,H.;Summers,K.L.;Meinitzer,A.;Zelzer,S.;Almer,G.;Prassl,R.;Schnedl,W.J.;Reininghaus,E.;Paulmichl,K.;Weghuber,
D.;etal.Obesity-relateddysregulationofthetryptophan-kynureninemetabolism:Roleofageandparametersofthemetabolic
syndrome.Obesity2014,22,195–201.[CrossRef]

118.Favennec,M.;Hennart,B.;Caiazzo,R.;Leloire,A.;Yengo,L.;Verbanck,M.;Arredouani,A.;Marre,M.;Pigeyre,M.;Bessede,A.;
etal.Thekynureninepathwayisactivatedinhumanobesityandshiftedtowardkynureninemonooxygenaseactivation.Obesity
2015,23,2066–2074.[CrossRef]

119.Spencer,M.E.;Jain,A.;Matteini,A.;Beamer,B.A.;Wang,N.Y.;Leng,S.X.;Punjabi,N.M.;Walston,J.D.;Fedarko,N.S.Serum
levelsoftheimmuneactivationmarkerneopterinchangewithageandgenderandaremodifiedbyrace,BMI,andpercentageof
bodyfat.J.Gerontol.ABiol.Sci.Med.Sci.2010,65,858–865.[CrossRef]

120.Wolowczuk,I.;Hennart,B.;Leloire,A.;Bessede,A.;Soichot,M.;Taront,S.;Caiazzo,R.;Raverdy,V.;Pigeyre,M.;Consortium,
A.;etal.Tryptophanmetabolismactivationbyindoleamine2,3-dioxygenaseinadiposetissueofobesewomen:Anattemptto
maintainimmunehomeostasisandvasculartone.Am.J.Physiol.Regul.Integr.Comp.Physiol.2012,303,R135–R143.[CrossRef]

Pharmaceuticals 2022, 15, 1439 27 of 29

98. Sperner-Unterweger, B.; Neurauter, G.; Klieber, M.; Kurz, K.; Meraner, V.; Zeimet, A.; Fuchs, D. Enhanced tryptophan degradation
in patients with ovarian carcinoma correlates with several serum soluble immune activation markers. Immunobiology 2011, 216,
296–301. [CrossRef]

99. Milaneschi, Y.; Allers, K.A.; Beekman, A.T.F.; Giltay, E.J.; Keller, S.; Schoevers, R.A.; Sussmuth, S.D.; Niessen, H.G.; Penninx, B.
The association between plasma tryptophan catabolites and depression: The role of symptom profiles and inflammation. Brain
Behav. Immun. 2021, 97, 167–175. [CrossRef]

100. Hunt, C.; Macedo, E.C.T.; Suchting, R.; de Dios, C.; Cuellar Leal, V.A.; Soares, J.C.; Dantzer, R.; Teixeira, A.L.; Selvaraj, S. Effect of
immune activation on the kynurenine pathway and depression symptoms—A systematic review and meta-analysis. Neurosci.
Biobehav. Rev. 2020, 118, 514–523. [CrossRef]

101. Dahl, J.; Ormstad, H.; Aass, H.C.; Malt, U.F.; Bendz, L.T.; Sandvik, L.; Brundin, L.; Andreassen, O.A. The plasma levels of various
cytokines are increased during ongoing depression and are reduced to normal levels after recovery. Psychoneuroendocrinology
2014, 45, 77–86. [CrossRef]

102. Dionisie, V.; Filip, G.A.; Manea, M.C.; Manea, M.; Riga, S. The anti-inflammatory role of SSRI and SNRI in the treatment of
depression: A review of human and rodent research studies. Inflammopharmacology 2021, 29, 75–90. [CrossRef]

103. Vojvodic, J.; Mihajlovic, G.; Vojvodic, P.; Radomirovic, D.; Vojvodic, A.; Vlaskovic-Jovicevic, T.; Peric-Hajzler, Z.; Matovic, D.;
Dimitrijevic, S.; Sijan, G.; et al. The Impact of Immunological Factors on Depression Treatment—Relation Between Antidepressants
and Immunomodulation Agents. Open Access Maced. J. Med. Sci. 2019, 7, 3064–3069. [CrossRef] [PubMed]

104. Sorgdrager, F.J.H.; Naude, P.J.W.; Kema, I.P.; Nollen, E.A.; Deyn, P.P. Tryptophan Metabolism in Inflammaging: From Biomarker
to Therapeutic Target. Front. Immunol. 2019, 10, 2565. [CrossRef] [PubMed]

105. de Bie, J.; Guest, J.; Guillemin, G.J.; Grant, R. Central kynurenine pathway shift with age in women. J. Neurochem. 2016, 136,
995–1003. [CrossRef] [PubMed]

106. Saito, K.; Fujigaki, S.; Heyes, M.P.; Shibata, K.; Takemura, M.; Fujii, H.; Wada, H.; Noma, A.; Seishima, M. Mechanism of increases
in L-kynurenine and quinolinic acid in renal insufficiency. Am. J. Physiol. Renal. Physiol 2000, 279, F565–F572. [CrossRef]

107. Schefold, J.C.; Zeden, J.P.; Fotopoulou, C.; von Haehling, S.; Pschowski, R.; Hasper, D.; Volk, H.D.; Schuett, C.; Reinke, P. Increased
indoleamine 2,3-dioxygenase (IDO) activity and elevated serum levels of tryptophan catabolites in patients with chronic kidney
disease: A possible link between chronic inflammation and uraemic symptoms. Nephrol. Dial. Transplant. 2009, 24, 1901–1908.
[CrossRef]

108. Debnath, S.; Velagapudi, C.; Redus, L.; Thameem, F.; Kasinath, B.; Hura, C.E.; Lorenzo, C.; Abboud, H.E.; O’Connor, J.C.
Tryptophan Metabolism in Patients With Chronic Kidney Disease Secondary to Type 2 Diabetes: Relationship to Inflammatory
Markers. Int. J. Tryptophan. Res. 2017, 10, 1178646917694600. [CrossRef]

109. Zhao, J. Plasma kynurenic acid/tryptophan ratio: A sensitive and reliable biomarker for the assessment of renal function. Ren.
Fail. 2013, 35, 648–653. [CrossRef]

110. Lhee, H.Y.; Kim, H.; Joo, K.J.; Jung, S.S.; Lee, K.B. The clinical significance of serum and urinary neopterin levels in several renal
diseases. J. Korean Med. Sci. 2006, 21, 678–682. [CrossRef]

111. Mor, A.; Kalaska, B.; Pawlak, D. Kynurenine Pathway in Chronic Kidney Disease: What’s Old, What’s New, and What’s Next?
Int. J. Tryptophan. Res. 2020, 13, 1178646920954882. [CrossRef]

112. Pawlak, D.; Tankiewicz, A.; Matys, T.; Buczko, W. Peripheral distribution of kynurenine metabolites and activity of kynurenine
pathway enzymes in renal failure. J. Physiol. Pharmacol. 2003, 54, 175–189.

113. Palmer, S.; Vecchio, M.; Craig, J.C.; Tonelli, M.; Johnson, D.W.; Nicolucci, A.; Pellegrini, F.; Saglimbene, V.; Logroscino, G.;
Fishbane, S.; et al. Prevalence of depression in chronic kidney disease: Systematic review and meta-analysis of observational
studies. Kidney Int. 2013, 84, 179–191. [CrossRef] [PubMed]

114. Liu, M.; Zhang, Y.; Yang, S.; Wu, Q.; Ye, Z.; Zhou, C.; He, P.; Zhang, Y.; Hou, F.F.; Qin, X. Bidirectional relations between depression
symptoms and chronic kidney disease. J. Affect. Disord. 2022, 311, 224–230. [CrossRef] [PubMed]

115. Dadvar, S.; Ferreira, D.M.S.; Cervenka, I.; Ruas, J.L. The weight of nutrients: Kynurenine metabolites in obesity and exercise. J.
Intern. Med. 2018, 284, 519–533. [CrossRef] [PubMed]

116. Le Floc’h, N.; Otten, W.; Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic applications. Amino. Acids
2011, 41, 1195–1205. [CrossRef]

117. Mangge, H.; Summers, K.L.; Meinitzer, A.; Zelzer, S.; Almer, G.; Prassl, R.; Schnedl, W.J.; Reininghaus, E.; Paulmichl, K.; Weghuber,
D.; et al. Obesity-related dysregulation of the tryptophan-kynurenine metabolism: Role of age and parameters of the metabolic
syndrome. Obesity 2014, 22, 195–201. [CrossRef]

118. Favennec, M.; Hennart, B.; Caiazzo, R.; Leloire, A.; Yengo, L.; Verbanck, M.; Arredouani, A.; Marre, M.; Pigeyre, M.; Bessede, A.;
et al. The kynurenine pathway is activated in human obesity and shifted toward kynurenine monooxygenase activation. Obesity
2015, 23, 2066–2074. [CrossRef]

119. Spencer, M.E.; Jain, A.; Matteini, A.; Beamer, B.A.; Wang, N.Y.; Leng, S.X.; Punjabi, N.M.; Walston, J.D.; Fedarko, N.S. Serum
levels of the immune activation marker neopterin change with age and gender and are modified by race, BMI, and percentage of
body fat. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 858–865. [CrossRef]

120. Wolowczuk, I.; Hennart, B.; Leloire, A.; Bessede, A.; Soichot, M.; Taront, S.; Caiazzo, R.; Raverdy, V.; Pigeyre, M.; Consortium,
A.; et al. Tryptophan metabolism activation by indoleamine 2,3-dioxygenase in adipose tissue of obese women: An attempt to
maintain immune homeostasis and vascular tone. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R135–R143. [CrossRef]

Pharmaceuticals 2022, 15, 1439 27 of 29

98. Sperner-Unterweger, B.; Neurauter, G.; Klieber, M.; Kurz, K.; Meraner, V.; Zeimet, A.; Fuchs, D. Enhanced tryptophan degradation
in patients with ovarian carcinoma correlates with several serum soluble immune activation markers. Immunobiology 2011, 216,
296–301. [CrossRef]

99. Milaneschi, Y.; Allers, K.A.; Beekman, A.T.F.; Giltay, E.J.; Keller, S.; Schoevers, R.A.; Sussmuth, S.D.; Niessen, H.G.; Penninx, B.
The association between plasma tryptophan catabolites and depression: The role of symptom profiles and inflammation. Brain
Behav. Immun. 2021, 97, 167–175. [CrossRef]

100. Hunt, C.; Macedo, E.C.T.; Suchting, R.; de Dios, C.; Cuellar Leal, V.A.; Soares, J.C.; Dantzer, R.; Teixeira, A.L.; Selvaraj, S. Effect of
immune activation on the kynurenine pathway and depression symptoms—A systematic review and meta-analysis. Neurosci.
Biobehav. Rev. 2020, 118, 514–523. [CrossRef]

101. Dahl, J.; Ormstad, H.; Aass, H.C.; Malt, U.F.; Bendz, L.T.; Sandvik, L.; Brundin, L.; Andreassen, O.A. The plasma levels of various
cytokines are increased during ongoing depression and are reduced to normal levels after recovery. Psychoneuroendocrinology
2014, 45, 77–86. [CrossRef]

102. Dionisie, V.; Filip, G.A.; Manea, M.C.; Manea, M.; Riga, S. The anti-inflammatory role of SSRI and SNRI in the treatment of
depression: A review of human and rodent research studies. Inflammopharmacology 2021, 29, 75–90. [CrossRef]

103. Vojvodic, J.; Mihajlovic, G.; Vojvodic, P.; Radomirovic, D.; Vojvodic, A.; Vlaskovic-Jovicevic, T.; Peric-Hajzler, Z.; Matovic, D.;
Dimitrijevic, S.; Sijan, G.; et al. The Impact of Immunological Factors on Depression Treatment—Relation Between Antidepressants
and Immunomodulation Agents. Open Access Maced. J. Med. Sci. 2019, 7, 3064–3069. [CrossRef] [PubMed]

104. Sorgdrager, F.J.H.; Naude, P.J.W.; Kema, I.P.; Nollen, E.A.; Deyn, P.P. Tryptophan Metabolism in Inflammaging: From Biomarker
to Therapeutic Target. Front. Immunol. 2019, 10, 2565. [CrossRef] [PubMed]

105. de Bie, J.; Guest, J.; Guillemin, G.J.; Grant, R. Central kynurenine pathway shift with age in women. J. Neurochem. 2016, 136,
995–1003. [CrossRef] [PubMed]

106. Saito, K.; Fujigaki, S.; Heyes, M.P.; Shibata, K.; Takemura, M.; Fujii, H.; Wada, H.; Noma, A.; Seishima, M. Mechanism of increases
in L-kynurenine and quinolinic acid in renal insufficiency. Am. J. Physiol. Renal. Physiol 2000, 279, F565–F572. [CrossRef]

107. Schefold, J.C.; Zeden, J.P.; Fotopoulou, C.; von Haehling, S.; Pschowski, R.; Hasper, D.; Volk, H.D.; Schuett, C.; Reinke, P. Increased
indoleamine 2,3-dioxygenase (IDO) activity and elevated serum levels of tryptophan catabolites in patients with chronic kidney
disease: A possible link between chronic inflammation and uraemic symptoms. Nephrol. Dial. Transplant. 2009, 24, 1901–1908.
[CrossRef]

108. Debnath, S.; Velagapudi, C.; Redus, L.; Thameem, F.; Kasinath, B.; Hura, C.E.; Lorenzo, C.; Abboud, H.E.; O’Connor, J.C.
Tryptophan Metabolism in Patients With Chronic Kidney Disease Secondary to Type 2 Diabetes: Relationship to Inflammatory
Markers. Int. J. Tryptophan. Res. 2017, 10, 1178646917694600. [CrossRef]

109. Zhao, J. Plasma kynurenic acid/tryptophan ratio: A sensitive and reliable biomarker for the assessment of renal function. Ren.
Fail. 2013, 35, 648–653. [CrossRef]

110. Lhee, H.Y.; Kim, H.; Joo, K.J.; Jung, S.S.; Lee, K.B. The clinical significance of serum and urinary neopterin levels in several renal
diseases. J. Korean Med. Sci. 2006, 21, 678–682. [CrossRef]

111. Mor, A.; Kalaska, B.; Pawlak, D. Kynurenine Pathway in Chronic Kidney Disease: What’s Old, What’s New, and What’s Next?
Int. J. Tryptophan. Res. 2020, 13, 1178646920954882. [CrossRef]

112. Pawlak, D.; Tankiewicz, A.; Matys, T.; Buczko, W. Peripheral distribution of kynurenine metabolites and activity of kynurenine
pathway enzymes in renal failure. J. Physiol. Pharmacol. 2003, 54, 175–189.

113. Palmer, S.; Vecchio, M.; Craig, J.C.; Tonelli, M.; Johnson, D.W.; Nicolucci, A.; Pellegrini, F.; Saglimbene, V.; Logroscino, G.;
Fishbane, S.; et al. Prevalence of depression in chronic kidney disease: Systematic review and meta-analysis of observational
studies. Kidney Int. 2013, 84, 179–191. [CrossRef] [PubMed]

114. Liu, M.; Zhang, Y.; Yang, S.; Wu, Q.; Ye, Z.; Zhou, C.; He, P.; Zhang, Y.; Hou, F.F.; Qin, X. Bidirectional relations between depression
symptoms and chronic kidney disease. J. Affect. Disord. 2022, 311, 224–230. [CrossRef] [PubMed]

115. Dadvar, S.; Ferreira, D.M.S.; Cervenka, I.; Ruas, J.L. The weight of nutrients: Kynurenine metabolites in obesity and exercise. J.
Intern. Med. 2018, 284, 519–533. [CrossRef] [PubMed]

116. Le Floc’h, N.; Otten, W.; Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic applications. Amino. Acids
2011, 41, 1195–1205. [CrossRef]

117. Mangge, H.; Summers, K.L.; Meinitzer, A.; Zelzer, S.; Almer, G.; Prassl, R.; Schnedl, W.J.; Reininghaus, E.; Paulmichl, K.; Weghuber,
D.; et al. Obesity-related dysregulation of the tryptophan-kynurenine metabolism: Role of age and parameters of the metabolic
syndrome. Obesity 2014, 22, 195–201. [CrossRef]

118. Favennec, M.; Hennart, B.; Caiazzo, R.; Leloire, A.; Yengo, L.; Verbanck, M.; Arredouani, A.; Marre, M.; Pigeyre, M.; Bessede, A.;
et al. The kynurenine pathway is activated in human obesity and shifted toward kynurenine monooxygenase activation. Obesity
2015, 23, 2066–2074. [CrossRef]

119. Spencer, M.E.; Jain, A.; Matteini, A.; Beamer, B.A.; Wang, N.Y.; Leng, S.X.; Punjabi, N.M.; Walston, J.D.; Fedarko, N.S. Serum
levels of the immune activation marker neopterin change with age and gender and are modified by race, BMI, and percentage of
body fat. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 858–865. [CrossRef]

120. Wolowczuk, I.; Hennart, B.; Leloire, A.; Bessede, A.; Soichot, M.; Taront, S.; Caiazzo, R.; Raverdy, V.; Pigeyre, M.; Consortium,
A.; et al. Tryptophan metabolism activation by indoleamine 2,3-dioxygenase in adipose tissue of obese women: An attempt to
maintain immune homeostasis and vascular tone. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R135–R143. [CrossRef]

Pharmaceuticals2022,15,143927of29

98.Sperner-Unterweger,B.;Neurauter,G.;Klieber,M.;Kurz,K.;Meraner,V.;Zeimet,A.;Fuchs,D.Enhancedtryptophandegradation
inpatientswithovariancarcinomacorrelateswithseveralserumsolubleimmuneactivationmarkers.Immunobiology2011,216,
296–301.[CrossRef]

99.Milaneschi,Y.;Allers,K.A.;Beekman,A.T.F.;Giltay,E.J.;Keller,S.;Schoevers,R.A.;Sussmuth,S.D.;Niessen,H.G.;Penninx,B.
Theassociationbetweenplasmatryptophancatabolitesanddepression:Theroleofsymptomprofilesandinflammation.Brain
Behav.Immun.2021,97,167–175.[CrossRef]

100.Hunt,C.;Macedo,E.C.T.;Suchting,R.;deDios,C.;CuellarLeal,V.A.;Soares,J.C.;Dantzer,R.;Teixeira,A.L.;Selvaraj,S.Effectof
immuneactivationonthekynureninepathwayanddepressionsymptoms—Asystematicreviewandmeta-analysis.Neurosci.
Biobehav.Rev.2020,118,514–523.[CrossRef]

101.Dahl,J.;Ormstad,H.;Aass,H.C.;Malt,U.F.;Bendz,L.T.;Sandvik,L.;Brundin,L.;Andreassen,O.A.Theplasmalevelsofvarious
cytokinesareincreasedduringongoingdepressionandarereducedtonormallevelsafterrecovery.Psychoneuroendocrinology
2014,45,77–86.[CrossRef]

102.Dionisie,V.;Filip,G.A.;Manea,M.C.;Manea,M.;Riga,S.Theanti-inflammatoryroleofSSRIandSNRIinthetreatmentof
depression:Areviewofhumanandrodentresearchstudies.Inflammopharmacology2021,29,75–90.[CrossRef]

103.Vojvodic,J.;Mihajlovic,G.;Vojvodic,P.;Radomirovic,D.;Vojvodic,A.;Vlaskovic-Jovicevic,T.;Peric-Hajzler,Z.;Matovic,D.;
Dimitrijevic,S.;Sijan,G.;etal.TheImpactofImmunologicalFactorsonDepressionTreatment—RelationBetweenAntidepressants
andImmunomodulationAgents.OpenAccessMaced.J.Med.Sci.2019,7,3064–3069.[CrossRef][PubMed]

104.Sorgdrager,F.J.H.;Naude,P.J.W.;Kema,I.P.;Nollen,E.A.;Deyn,P.P.TryptophanMetabolisminInflammaging:FromBiomarker
toTherapeuticTarget.Front.Immunol.2019,10,2565.[CrossRef][PubMed]

105.deBie,J.;Guest,J.;Guillemin,G.J.;Grant,R.Centralkynureninepathwayshiftwithageinwomen.J.Neurochem.2016,136,
995–1003.[CrossRef][PubMed]

106.Saito,K.;Fujigaki,S.;Heyes,M.P.;Shibata,K.;Takemura,M.;Fujii,H.;Wada,H.;Noma,A.;Seishima,M.Mechanismofincreases
inL-kynurenineandquinolinicacidinrenalinsufficiency.Am.J.Physiol.Renal.Physiol2000,279,F565–F572.[CrossRef]

107.Schefold,J.C.;Zeden,J.P.;Fotopoulou,C.;vonHaehling,S.;Pschowski,R.;Hasper,D.;Volk,H.D.;Schuett,C.;Reinke,P.Increased
indoleamine2,3-dioxygenase(IDO)activityandelevatedserumlevelsoftryptophancatabolitesinpatientswithchronickidney
disease:Apossiblelinkbetweenchronicinflammationanduraemicsymptoms.Nephrol.Dial.Transplant.2009,24,1901–1908.
[CrossRef]

108.Debnath,S.;Velagapudi,C.;Redus,L.;Thameem,F.;Kasinath,B.;Hura,C.E.;Lorenzo,C.;Abboud,H.E.;O’Connor,J.C.
TryptophanMetabolisminPatientsWithChronicKidneyDiseaseSecondarytoType2Diabetes:RelationshiptoInflammatory
Markers.Int.J.Tryptophan.Res.2017,10,1178646917694600.[CrossRef]

109.Zhao,J.Plasmakynurenicacid/tryptophanratio:Asensitiveandreliablebiomarkerfortheassessmentofrenalfunction.Ren.
Fail.2013,35,648–653.[CrossRef]

110.Lhee,H.Y.;Kim,H.;Joo,K.J.;Jung,S.S.;Lee,K.B.Theclinicalsignificanceofserumandurinaryneopterinlevelsinseveralrenal
diseases.J.KoreanMed.Sci.2006,21,678–682.[CrossRef]

111.Mor,A.;Kalaska,B.;Pawlak,D.KynureninePathwayinChronicKidneyDisease:What’sOld,What’sNew,andWhat’sNext?
Int.J.Tryptophan.Res.2020,13,1178646920954882.[CrossRef]

112.Pawlak,D.;Tankiewicz,A.;Matys,T.;Buczko,W.Peripheraldistributionofkynureninemetabolitesandactivityofkynurenine
pathwayenzymesinrenalfailure.J.Physiol.Pharmacol.2003,54,175–189.

113.Palmer,S.;Vecchio,M.;Craig,J.C.;Tonelli,M.;Johnson,D.W.;Nicolucci,A.;Pellegrini,F.;Saglimbene,V.;Logroscino,G.;
Fishbane,S.;etal.Prevalenceofdepressioninchronickidneydisease:Systematicreviewandmeta-analysisofobservational
studies.KidneyInt.2013,84,179–191.[CrossRef][PubMed]

114.Liu,M.;Zhang,Y.;Yang,S.;Wu,Q.;Ye,Z.;Zhou,C.;He,P.;Zhang,Y.;Hou,F.F.;Qin,X.Bidirectionalrelationsbetweendepression
symptomsandchronickidneydisease.J.Affect.Disord.2022,311,224–230.[CrossRef][PubMed]

115.Dadvar,S.;Ferreira,D.M.S.;Cervenka,I.;Ruas,J.L.Theweightofnutrients:Kynureninemetabolitesinobesityandexercise.J.
Intern.Med.2018,284,519–533.[CrossRef][PubMed]

116.LeFloc’h,N.;Otten,W.;Merlot,E.Tryptophanmetabolism,fromnutritiontopotentialtherapeuticapplications.Amino.Acids
2011,41,1195–1205.[CrossRef]

117.Mangge,H.;Summers,K.L.;Meinitzer,A.;Zelzer,S.;Almer,G.;Prassl,R.;Schnedl,W.J.;Reininghaus,E.;Paulmichl,K.;Weghuber,
D.;etal.Obesity-relateddysregulationofthetryptophan-kynureninemetabolism:Roleofageandparametersofthemetabolic
syndrome.Obesity2014,22,195–201.[CrossRef]

118.Favennec,M.;Hennart,B.;Caiazzo,R.;Leloire,A.;Yengo,L.;Verbanck,M.;Arredouani,A.;Marre,M.;Pigeyre,M.;Bessede,A.;
etal.Thekynureninepathwayisactivatedinhumanobesityandshiftedtowardkynureninemonooxygenaseactivation.Obesity
2015,23,2066–2074.[CrossRef]

119.Spencer,M.E.;Jain,A.;Matteini,A.;Beamer,B.A.;Wang,N.Y.;Leng,S.X.;Punjabi,N.M.;Walston,J.D.;Fedarko,N.S.Serum
levelsoftheimmuneactivationmarkerneopterinchangewithageandgenderandaremodifiedbyrace,BMI,andpercentageof
bodyfat.J.Gerontol.ABiol.Sci.Med.Sci.2010,65,858–865.[CrossRef]

120.Wolowczuk,I.;Hennart,B.;Leloire,A.;Bessede,A.;Soichot,M.;Taront,S.;Caiazzo,R.;Raverdy,V.;Pigeyre,M.;Consortium,
A.;etal.Tryptophanmetabolismactivationbyindoleamine2,3-dioxygenaseinadiposetissueofobesewomen:Anattemptto
maintainimmunehomeostasisandvasculartone.Am.J.Physiol.Regul.Integr.Comp.Physiol.2012,303,R135–R143.[CrossRef]

Pharmaceuticals2022,15,143927of29

98.Sperner-Unterweger,B.;Neurauter,G.;Klieber,M.;Kurz,K.;Meraner,V.;Zeimet,A.;Fuchs,D.Enhancedtryptophandegradation
inpatientswithovariancarcinomacorrelateswithseveralserumsolubleimmuneactivationmarkers.Immunobiology2011,216,
296–301.[CrossRef]

99.Milaneschi,Y.;Allers,K.A.;Beekman,A.T.F.;Giltay,E.J.;Keller,S.;Schoevers,R.A.;Sussmuth,S.D.;Niessen,H.G.;Penninx,B.
Theassociationbetweenplasmatryptophancatabolitesanddepression:Theroleofsymptomprofilesandinflammation.Brain
Behav.Immun.2021,97,167–175.[CrossRef]

100.Hunt,C.;Macedo,E.C.T.;Suchting,R.;deDios,C.;CuellarLeal,V.A.;Soares,J.C.;Dantzer,R.;Teixeira,A.L.;Selvaraj,S.Effectof
immuneactivationonthekynureninepathwayanddepressionsymptoms—Asystematicreviewandmeta-analysis.Neurosci.
Biobehav.Rev.2020,118,514–523.[CrossRef]

101.Dahl,J.;Ormstad,H.;Aass,H.C.;Malt,U.F.;Bendz,L.T.;Sandvik,L.;Brundin,L.;Andreassen,O.A.Theplasmalevelsofvarious
cytokinesareincreasedduringongoingdepressionandarereducedtonormallevelsafterrecovery.Psychoneuroendocrinology
2014,45,77–86.[CrossRef]

102.Dionisie,V.;Filip,G.A.;Manea,M.C.;Manea,M.;Riga,S.Theanti-inflammatoryroleofSSRIandSNRIinthetreatmentof
depression:Areviewofhumanandrodentresearchstudies.Inflammopharmacology2021,29,75–90.[CrossRef]

103.Vojvodic,J.;Mihajlovic,G.;Vojvodic,P.;Radomirovic,D.;Vojvodic,A.;Vlaskovic-Jovicevic,T.;Peric-Hajzler,Z.;Matovic,D.;
Dimitrijevic,S.;Sijan,G.;etal.TheImpactofImmunologicalFactorsonDepressionTreatment—RelationBetweenAntidepressants
andImmunomodulationAgents.OpenAccessMaced.J.Med.Sci.2019,7,3064–3069.[CrossRef][PubMed]

104.Sorgdrager,F.J.H.;Naude,P.J.W.;Kema,I.P.;Nollen,E.A.;Deyn,P.P.TryptophanMetabolisminInflammaging:FromBiomarker
toTherapeuticTarget.Front.Immunol.2019,10,2565.[CrossRef][PubMed]

105.deBie,J.;Guest,J.;Guillemin,G.J.;Grant,R.Centralkynureninepathwayshiftwithageinwomen.J.Neurochem.2016,136,
995–1003.[CrossRef][PubMed]

106.Saito,K.;Fujigaki,S.;Heyes,M.P.;Shibata,K.;Takemura,M.;Fujii,H.;Wada,H.;Noma,A.;Seishima,M.Mechanismofincreases
inL-kynurenineandquinolinicacidinrenalinsufficiency.Am.J.Physiol.Renal.Physiol2000,279,F565–F572.[CrossRef]

107.Schefold,J.C.;Zeden,J.P.;Fotopoulou,C.;vonHaehling,S.;Pschowski,R.;Hasper,D.;Volk,H.D.;Schuett,C.;Reinke,P.Increased
indoleamine2,3-dioxygenase(IDO)activityandelevatedserumlevelsoftryptophancatabolitesinpatientswithchronickidney
disease:Apossiblelinkbetweenchronicinflammationanduraemicsymptoms.Nephrol.Dial.Transplant.2009,24,1901–1908.
[CrossRef]

108.Debnath,S.;Velagapudi,C.;Redus,L.;Thameem,F.;Kasinath,B.;Hura,C.E.;Lorenzo,C.;Abboud,H.E.;O’Connor,J.C.
TryptophanMetabolisminPatientsWithChronicKidneyDiseaseSecondarytoType2Diabetes:RelationshiptoInflammatory
Markers.Int.J.Tryptophan.Res.2017,10,1178646917694600.[CrossRef]

109.Zhao,J.Plasmakynurenicacid/tryptophanratio:Asensitiveandreliablebiomarkerfortheassessmentofrenalfunction.Ren.
Fail.2013,35,648–653.[CrossRef]

110.Lhee,H.Y.;Kim,H.;Joo,K.J.;Jung,S.S.;Lee,K.B.Theclinicalsignificanceofserumandurinaryneopterinlevelsinseveralrenal
diseases.J.KoreanMed.Sci.2006,21,678–682.[CrossRef]

111.Mor,A.;Kalaska,B.;Pawlak,D.KynureninePathwayinChronicKidneyDisease:What’sOld,What’sNew,andWhat’sNext?
Int.J.Tryptophan.Res.2020,13,1178646920954882.[CrossRef]

112.Pawlak,D.;Tankiewicz,A.;Matys,T.;Buczko,W.Peripheraldistributionofkynureninemetabolitesandactivityofkynurenine
pathwayenzymesinrenalfailure.J.Physiol.Pharmacol.2003,54,175–189.

113.Palmer,S.;Vecchio,M.;Craig,J.C.;Tonelli,M.;Johnson,D.W.;Nicolucci,A.;Pellegrini,F.;Saglimbene,V.;Logroscino,G.;
Fishbane,S.;etal.Prevalenceofdepressioninchronickidneydisease:Systematicreviewandmeta-analysisofobservational
studies.KidneyInt.2013,84,179–191.[CrossRef][PubMed]

114.Liu,M.;Zhang,Y.;Yang,S.;Wu,Q.;Ye,Z.;Zhou,C.;He,P.;Zhang,Y.;Hou,F.F.;Qin,X.Bidirectionalrelationsbetweendepression
symptomsandchronickidneydisease.J.Affect.Disord.2022,311,224–230.[CrossRef][PubMed]

115.Dadvar,S.;Ferreira,D.M.S.;Cervenka,I.;Ruas,J.L.Theweightofnutrients:Kynureninemetabolitesinobesityandexercise.J.
Intern.Med.2018,284,519–533.[CrossRef][PubMed]

116.LeFloc’h,N.;Otten,W.;Merlot,E.Tryptophanmetabolism,fromnutritiontopotentialtherapeuticapplications.Amino.Acids
2011,41,1195–1205.[CrossRef]

117.Mangge,H.;Summers,K.L.;Meinitzer,A.;Zelzer,S.;Almer,G.;Prassl,R.;Schnedl,W.J.;Reininghaus,E.;Paulmichl,K.;Weghuber,
D.;etal.Obesity-relateddysregulationofthetryptophan-kynureninemetabolism:Roleofageandparametersofthemetabolic
syndrome.Obesity2014,22,195–201.[CrossRef]

118.Favennec,M.;Hennart,B.;Caiazzo,R.;Leloire,A.;Yengo,L.;Verbanck,M.;Arredouani,A.;Marre,M.;Pigeyre,M.;Bessede,A.;
etal.Thekynureninepathwayisactivatedinhumanobesityandshiftedtowardkynureninemonooxygenaseactivation.Obesity
2015,23,2066–2074.[CrossRef]

119.Spencer,M.E.;Jain,A.;Matteini,A.;Beamer,B.A.;Wang,N.Y.;Leng,S.X.;Punjabi,N.M.;Walston,J.D.;Fedarko,N.S.Serum
levelsoftheimmuneactivationmarkerneopterinchangewithageandgenderandaremodifiedbyrace,BMI,andpercentageof
bodyfat.J.Gerontol.ABiol.Sci.Med.Sci.2010,65,858–865.[CrossRef]

120.Wolowczuk,I.;Hennart,B.;Leloire,A.;Bessede,A.;Soichot,M.;Taront,S.;Caiazzo,R.;Raverdy,V.;Pigeyre,M.;Consortium,
A.;etal.Tryptophanmetabolismactivationbyindoleamine2,3-dioxygenaseinadiposetissueofobesewomen:Anattemptto
maintainimmunehomeostasisandvasculartone.Am.J.Physiol.Regul.Integr.Comp.Physiol.2012,303,R135–R143.[CrossRef]

Pharmaceuticals2022,15,143927of29

98.Sperner-Unterweger,B.;Neurauter,G.;Klieber,M.;Kurz,K.;Meraner,V.;Zeimet,A.;Fuchs,D.Enhancedtryptophandegradation
inpatientswithovariancarcinomacorrelateswithseveralserumsolubleimmuneactivationmarkers.Immunobiology2011,216,
296–301.[CrossRef]

99.Milaneschi,Y.;Allers,K.A.;Beekman,A.T.F.;Giltay,E.J.;Keller,S.;Schoevers,R.A.;Sussmuth,S.D.;Niessen,H.G.;Penninx,B.
Theassociationbetweenplasmatryptophancatabolitesanddepression:Theroleofsymptomprofilesandinflammation.Brain
Behav.Immun.2021,97,167–175.[CrossRef]

100.Hunt,C.;Macedo,E.C.T.;Suchting,R.;deDios,C.;CuellarLeal,V.A.;Soares,J.C.;Dantzer,R.;Teixeira,A.L.;Selvaraj,S.Effectof
immuneactivationonthekynureninepathwayanddepressionsymptoms—Asystematicreviewandmeta-analysis.Neurosci.
Biobehav.Rev.2020,118,514–523.[CrossRef]

101.Dahl,J.;Ormstad,H.;Aass,H.C.;Malt,U.F.;Bendz,L.T.;Sandvik,L.;Brundin,L.;Andreassen,O.A.Theplasmalevelsofvarious
cytokinesareincreasedduringongoingdepressionandarereducedtonormallevelsafterrecovery.Psychoneuroendocrinology
2014,45,77–86.[CrossRef]

102.Dionisie,V.;Filip,G.A.;Manea,M.C.;Manea,M.;Riga,S.Theanti-inflammatoryroleofSSRIandSNRIinthetreatmentof
depression:Areviewofhumanandrodentresearchstudies.Inflammopharmacology2021,29,75–90.[CrossRef]

103.Vojvodic,J.;Mihajlovic,G.;Vojvodic,P.;Radomirovic,D.;Vojvodic,A.;Vlaskovic-Jovicevic,T.;Peric-Hajzler,Z.;Matovic,D.;
Dimitrijevic,S.;Sijan,G.;etal.TheImpactofImmunologicalFactorsonDepressionTreatment—RelationBetweenAntidepressants
andImmunomodulationAgents.OpenAccessMaced.J.Med.Sci.2019,7,3064–3069.[CrossRef][PubMed]

104.Sorgdrager,F.J.H.;Naude,P.J.W.;Kema,I.P.;Nollen,E.A.;Deyn,P.P.TryptophanMetabolisminInflammaging:FromBiomarker
toTherapeuticTarget.Front.Immunol.2019,10,2565.[CrossRef][PubMed]

105.deBie,J.;Guest,J.;Guillemin,G.J.;Grant,R.Centralkynureninepathwayshiftwithageinwomen.J.Neurochem.2016,136,
995–1003.[CrossRef][PubMed]

106.Saito,K.;Fujigaki,S.;Heyes,M.P.;Shibata,K.;Takemura,M.;Fujii,H.;Wada,H.;Noma,A.;Seishima,M.Mechanismofincreases
inL-kynurenineandquinolinicacidinrenalinsufficiency.Am.J.Physiol.Renal.Physiol2000,279,F565–F572.[CrossRef]

107.Schefold,J.C.;Zeden,J.P.;Fotopoulou,C.;vonHaehling,S.;Pschowski,R.;Hasper,D.;Volk,H.D.;Schuett,C.;Reinke,P.Increased
indoleamine2,3-dioxygenase(IDO)activityandelevatedserumlevelsoftryptophancatabolitesinpatientswithchronickidney
disease:Apossiblelinkbetweenchronicinflammationanduraemicsymptoms.Nephrol.Dial.Transplant.2009,24,1901–1908.
[CrossRef]

108.Debnath,S.;Velagapudi,C.;Redus,L.;Thameem,F.;Kasinath,B.;Hura,C.E.;Lorenzo,C.;Abboud,H.E.;O’Connor,J.C.
TryptophanMetabolisminPatientsWithChronicKidneyDiseaseSecondarytoType2Diabetes:RelationshiptoInflammatory
Markers.Int.J.Tryptophan.Res.2017,10,1178646917694600.[CrossRef]

109.Zhao,J.Plasmakynurenicacid/tryptophanratio:Asensitiveandreliablebiomarkerfortheassessmentofrenalfunction.Ren.
Fail.2013,35,648–653.[CrossRef]

110.Lhee,H.Y.;Kim,H.;Joo,K.J.;Jung,S.S.;Lee,K.B.Theclinicalsignificanceofserumandurinaryneopterinlevelsinseveralrenal
diseases.J.KoreanMed.Sci.2006,21,678–682.[CrossRef]

111.Mor,A.;Kalaska,B.;Pawlak,D.KynureninePathwayinChronicKidneyDisease:What’sOld,What’sNew,andWhat’sNext?
Int.J.Tryptophan.Res.2020,13,1178646920954882.[CrossRef]

112.Pawlak,D.;Tankiewicz,A.;Matys,T.;Buczko,W.Peripheraldistributionofkynureninemetabolitesandactivityofkynurenine
pathwayenzymesinrenalfailure.J.Physiol.Pharmacol.2003,54,175–189.

113.Palmer,S.;Vecchio,M.;Craig,J.C.;Tonelli,M.;Johnson,D.W.;Nicolucci,A.;Pellegrini,F.;Saglimbene,V.;Logroscino,G.;
Fishbane,S.;etal.Prevalenceofdepressioninchronickidneydisease:Systematicreviewandmeta-analysisofobservational
studies.KidneyInt.2013,84,179–191.[CrossRef][PubMed]

114.Liu,M.;Zhang,Y.;Yang,S.;Wu,Q.;Ye,Z.;Zhou,C.;He,P.;Zhang,Y.;Hou,F.F.;Qin,X.Bidirectionalrelationsbetweendepression
symptomsandchronickidneydisease.J.Affect.Disord.2022,311,224–230.[CrossRef][PubMed]

115.Dadvar,S.;Ferreira,D.M.S.;Cervenka,I.;Ruas,J.L.Theweightofnutrients:Kynureninemetabolitesinobesityandexercise.J.
Intern.Med.2018,284,519–533.[CrossRef][PubMed]

116.LeFloc’h,N.;Otten,W.;Merlot,E.Tryptophanmetabolism,fromnutritiontopotentialtherapeuticapplications.Amino.Acids
2011,41,1195–1205.[CrossRef]

117.Mangge,H.;Summers,K.L.;Meinitzer,A.;Zelzer,S.;Almer,G.;Prassl,R.;Schnedl,W.J.;Reininghaus,E.;Paulmichl,K.;Weghuber,
D.;etal.Obesity-relateddysregulationofthetryptophan-kynureninemetabolism:Roleofageandparametersofthemetabolic
syndrome.Obesity2014,22,195–201.[CrossRef]

118.Favennec,M.;Hennart,B.;Caiazzo,R.;Leloire,A.;Yengo,L.;Verbanck,M.;Arredouani,A.;Marre,M.;Pigeyre,M.;Bessede,A.;
etal.Thekynureninepathwayisactivatedinhumanobesityandshiftedtowardkynureninemonooxygenaseactivation.Obesity
2015,23,2066–2074.[CrossRef]

119.Spencer,M.E.;Jain,A.;Matteini,A.;Beamer,B.A.;Wang,N.Y.;Leng,S.X.;Punjabi,N.M.;Walston,J.D.;Fedarko,N.S.Serum
levelsoftheimmuneactivationmarkerneopterinchangewithageandgenderandaremodifiedbyrace,BMI,andpercentageof
bodyfat.J.Gerontol.ABiol.Sci.Med.Sci.2010,65,858–865.[CrossRef]

120.Wolowczuk,I.;Hennart,B.;Leloire,A.;Bessede,A.;Soichot,M.;Taront,S.;Caiazzo,R.;Raverdy,V.;Pigeyre,M.;Consortium,
A.;etal.Tryptophanmetabolismactivationbyindoleamine2,3-dioxygenaseinadiposetissueofobesewomen:Anattemptto
maintainimmunehomeostasisandvasculartone.Am.J.Physiol.Regul.Integr.Comp.Physiol.2012,303,R135–R143.[CrossRef]

Pharmaceuticals2022,15,143927of29

98.Sperner-Unterweger,B.;Neurauter,G.;Klieber,M.;Kurz,K.;Meraner,V.;Zeimet,A.;Fuchs,D.Enhancedtryptophandegradation
inpatientswithovariancarcinomacorrelateswithseveralserumsolubleimmuneactivationmarkers.Immunobiology2011,216,
296–301.[CrossRef]

99.Milaneschi,Y.;Allers,K.A.;Beekman,A.T.F.;Giltay,E.J.;Keller,S.;Schoevers,R.A.;Sussmuth,S.D.;Niessen,H.G.;Penninx,B.
Theassociationbetweenplasmatryptophancatabolitesanddepression:Theroleofsymptomprofilesandinflammation.Brain
Behav.Immun.2021,97,167–175.[CrossRef]

100.Hunt,C.;Macedo,E.C.T.;Suchting,R.;deDios,C.;CuellarLeal,V.A.;Soares,J.C.;Dantzer,R.;Teixeira,A.L.;Selvaraj,S.Effectof
immuneactivationonthekynureninepathwayanddepressionsymptoms—Asystematicreviewandmeta-analysis.Neurosci.
Biobehav.Rev.2020,118,514–523.[CrossRef]

101.Dahl,J.;Ormstad,H.;Aass,H.C.;Malt,U.F.;Bendz,L.T.;Sandvik,L.;Brundin,L.;Andreassen,O.A.Theplasmalevelsofvarious
cytokinesareincreasedduringongoingdepressionandarereducedtonormallevelsafterrecovery.Psychoneuroendocrinology
2014,45,77–86.[CrossRef]

102.Dionisie,V.;Filip,G.A.;Manea,M.C.;Manea,M.;Riga,S.Theanti-inflammatoryroleofSSRIandSNRIinthetreatmentof
depression:Areviewofhumanandrodentresearchstudies.Inflammopharmacology2021,29,75–90.[CrossRef]

103.Vojvodic,J.;Mihajlovic,G.;Vojvodic,P.;Radomirovic,D.;Vojvodic,A.;Vlaskovic-Jovicevic,T.;Peric-Hajzler,Z.;Matovic,D.;
Dimitrijevic,S.;Sijan,G.;etal.TheImpactofImmunologicalFactorsonDepressionTreatment—RelationBetweenAntidepressants
andImmunomodulationAgents.OpenAccessMaced.J.Med.Sci.2019,7,3064–3069.[CrossRef][PubMed]

104.Sorgdrager,F.J.H.;Naude,P.J.W.;Kema,I.P.;Nollen,E.A.;Deyn,P.P.TryptophanMetabolisminInflammaging:FromBiomarker
toTherapeuticTarget.Front.Immunol.2019,10,2565.[CrossRef][PubMed]

105.deBie,J.;Guest,J.;Guillemin,G.J.;Grant,R.Centralkynureninepathwayshiftwithageinwomen.J.Neurochem.2016,136,
995–1003.[CrossRef][PubMed]

106.Saito,K.;Fujigaki,S.;Heyes,M.P.;Shibata,K.;Takemura,M.;Fujii,H.;Wada,H.;Noma,A.;Seishima,M.Mechanismofincreases
inL-kynurenineandquinolinicacidinrenalinsufficiency.Am.J.Physiol.Renal.Physiol2000,279,F565–F572.[CrossRef]

107.Schefold,J.C.;Zeden,J.P.;Fotopoulou,C.;vonHaehling,S.;Pschowski,R.;Hasper,D.;Volk,H.D.;Schuett,C.;Reinke,P.Increased
indoleamine2,3-dioxygenase(IDO)activityandelevatedserumlevelsoftryptophancatabolitesinpatientswithchronickidney
disease:Apossiblelinkbetweenchronicinflammationanduraemicsymptoms.Nephrol.Dial.Transplant.2009,24,1901–1908.
[CrossRef]

108.Debnath,S.;Velagapudi,C.;Redus,L.;Thameem,F.;Kasinath,B.;Hura,C.E.;Lorenzo,C.;Abboud,H.E.;O’Connor,J.C.
TryptophanMetabolisminPatientsWithChronicKidneyDiseaseSecondarytoType2Diabetes:RelationshiptoInflammatory
Markers.Int.J.Tryptophan.Res.2017,10,1178646917694600.[CrossRef]

109.Zhao,J.Plasmakynurenicacid/tryptophanratio:Asensitiveandreliablebiomarkerfortheassessmentofrenalfunction.Ren.
Fail.2013,35,648–653.[CrossRef]

110.Lhee,H.Y.;Kim,H.;Joo,K.J.;Jung,S.S.;Lee,K.B.Theclinicalsignificanceofserumandurinaryneopterinlevelsinseveralrenal
diseases.J.KoreanMed.Sci.2006,21,678–682.[CrossRef]

111.Mor,A.;Kalaska,B.;Pawlak,D.KynureninePathwayinChronicKidneyDisease:What’sOld,What’sNew,andWhat’sNext?
Int.J.Tryptophan.Res.2020,13,1178646920954882.[CrossRef]

112.Pawlak,D.;Tankiewicz,A.;Matys,T.;Buczko,W.Peripheraldistributionofkynureninemetabolitesandactivityofkynurenine
pathwayenzymesinrenalfailure.J.Physiol.Pharmacol.2003,54,175–189.

113.Palmer,S.;Vecchio,M.;Craig,J.C.;Tonelli,M.;Johnson,D.W.;Nicolucci,A.;Pellegrini,F.;Saglimbene,V.;Logroscino,G.;
Fishbane,S.;etal.Prevalenceofdepressioninchronickidneydisease:Systematicreviewandmeta-analysisofobservational
studies.KidneyInt.2013,84,179–191.[CrossRef][PubMed]

114.Liu,M.;Zhang,Y.;Yang,S.;Wu,Q.;Ye,Z.;Zhou,C.;He,P.;Zhang,Y.;Hou,F.F.;Qin,X.Bidirectionalrelationsbetweendepression
symptomsandchronickidneydisease.J.Affect.Disord.2022,311,224–230.[CrossRef][PubMed]

115.Dadvar,S.;Ferreira,D.M.S.;Cervenka,I.;Ruas,J.L.Theweightofnutrients:Kynureninemetabolitesinobesityandexercise.J.
Intern.Med.2018,284,519–533.[CrossRef][PubMed]

116.LeFloc’h,N.;Otten,W.;Merlot,E.Tryptophanmetabolism,fromnutritiontopotentialtherapeuticapplications.Amino.Acids
2011,41,1195–1205.[CrossRef]

117.Mangge,H.;Summers,K.L.;Meinitzer,A.;Zelzer,S.;Almer,G.;Prassl,R.;Schnedl,W.J.;Reininghaus,E.;Paulmichl,K.;Weghuber,
D.;etal.Obesity-relateddysregulationofthetryptophan-kynureninemetabolism:Roleofageandparametersofthemetabolic
syndrome.Obesity2014,22,195–201.[CrossRef]

118.Favennec,M.;Hennart,B.;Caiazzo,R.;Leloire,A.;Yengo,L.;Verbanck,M.;Arredouani,A.;Marre,M.;Pigeyre,M.;Bessede,A.;
etal.Thekynureninepathwayisactivatedinhumanobesityandshiftedtowardkynureninemonooxygenaseactivation.Obesity
2015,23,2066–2074.[CrossRef]

119.Spencer,M.E.;Jain,A.;Matteini,A.;Beamer,B.A.;Wang,N.Y.;Leng,S.X.;Punjabi,N.M.;Walston,J.D.;Fedarko,N.S.Serum
levelsoftheimmuneactivationmarkerneopterinchangewithageandgenderandaremodifiedbyrace,BMI,andpercentageof
bodyfat.J.Gerontol.ABiol.Sci.Med.Sci.2010,65,858–865.[CrossRef]

120.Wolowczuk,I.;Hennart,B.;Leloire,A.;Bessede,A.;Soichot,M.;Taront,S.;Caiazzo,R.;Raverdy,V.;Pigeyre,M.;Consortium,
A.;etal.Tryptophanmetabolismactivationbyindoleamine2,3-dioxygenaseinadiposetissueofobesewomen:Anattemptto
maintainimmunehomeostasisandvasculartone.Am.J.Physiol.Regul.Integr.Comp.Physiol.2012,303,R135–R143.[CrossRef]



Pharmaceuticals 2022, 15, 1439 28 of 29

121. Paul, E.R.; Schwieler, L.; Erhardt, S.; Boda, S.; Trepci, A.; Kampe, R.; Asratian, A.; Holm, L.; Yngve, A.; Dantzer, R.; et al. Peripheral
and central kynurenine pathway abnormalities in major depression. Brain Behav. Immun. 2022, 101, 136–145. [CrossRef]

122. Deac, O.M.; Mills, J.L.; Shane, B.; Midttun, O.; Ueland, P.M.; Brosnan, J.T.; Brosnan, M.E.; Laird, E.; Gibney, E.R.; Fan, R.; et al.
Tryptophan catabolism and vitamin B-6 status are affected by gender and lifestyle factors in healthy young adults. J. Nutr. 2015,
145, 701–707. [CrossRef]

123. Ulvik, A.; Theofylaktopoulou, D.; Midttun, O.; Nygard, O.; Eussen, S.J.; Ueland, P.M. Substrate product ratios of enzymes in
the kynurenine pathway measured in plasma as indicators of functional vitamin B-6 status. Am. J. Clin. Nutr. 2013, 98, 934–940.
[CrossRef] [PubMed]

124. Ueland, P.M.; McCann, A.; Midttun, O.; Ulvik, A. Inflammation, vitamin B6 and related pathways. Mol. Aspects Med. 2017, 53,
10–27. [CrossRef] [PubMed]

125. Ulvik, A.; Ebbing, M.; Hustad, S.; Midttun, O.; Nygard, O.; Vollset, S.E.; Bonaa, K.H.; Nordrehaug, J.E.; Nilsen, D.W.; Schirmer, H.;
et al. Long- and short-term effects of tobacco smoking on circulating concentrations of B vitamins. Clin. Chem. 2010, 56, 755–763.
[CrossRef] [PubMed]

126. Pertovaara, M.; Heliovaara, M.; Raitala, A.; Oja, S.S.; Knekt, P.; Hurme, M. The activity of the immunoregulatory enzyme
indoleamine 2,3-dioxygenase is decreased in smokers. Clin. Exp. Immunol. 2006, 145, 469–473. [CrossRef]

127. Chojnacki, C.; Poplawski, T.; Chojnacki, J.; Fila, M.; Konrad, P.; Blasiak, J. Tryptophan Intake and Metabolism in Older Adults
with Mood Disorders. Nutrients 2020, 12, 3183. [CrossRef]

128. Walker, A.K.; Wing, E.E.; Banks, W.A.; Dantzer, R. Leucine competes with kynurenine for blood-to-brain transport and prevents
lipopolysaccharide-induced depression-like behavior in mice. Mol. Psychiatry 2019, 24, 1523–1532. [CrossRef]

129. Regan, T.; Gill, A.C.; Clohisey, S.M.; Barnett, M.W.; Pariante, C.M.; Harrison, N.A.; Consortium, M.R.C.I.; Hume, D.A.; Bullmore,
E.T.; Freeman, T.C. Effects of anti-inflammatory drugs on the expression of tryptophan-metabolism genes by human macrophages.
J. Leukoc. Biol. 2018, 103, 681–692. [CrossRef]

130. Meier, T.B.; Drevets, W.C.; Teague, T.K.; Wurfel, B.E.; Mueller, S.C.; Bodurka, J.; Dantzer, R.; Savitz, J. Kynurenic acid is reduced in
females and oral contraceptive users: Implications for depression. Brain Behav. Immun. 2018, 67, 59–64. [CrossRef]

131. Paoletti, R.; Sirtori, C., Jr.; Spano, P.F. Clinical relevance of drugs affecting tryptophan transport. Annu. Rev. Pharmacol. 1975, 15,
73–81. [CrossRef]

132. McArthur, J.N.; Dawkins, P.D.; Smith, M.J.; Hamilton, E.B. Mode of action of antirheumatic drugs. Br. Med. J. 1971, 2, 677–679.
[CrossRef]

133. Harrison, P.J.; Geddes, J.R.; Tunbridge, E.M. The Emerging Neurobiology of Bipolar Disorder. Trends Neurosci. 2018, 41, 18–30.
[CrossRef] [PubMed]

134. Carlier, A.; Berkhof, J.G.; Rozing, M.; Bouckaert, F.; Sienaert, P.; Eikelenboom, P.; Veerhuis, R.; Vandenbulcke, M.; Berkhof, J.; Stek,
M.L.; et al. Inflammation and remission in older patients with depression treated with electroconvulsive therapy; findings from
the MODECT study(). J. Affect. Disord. 2019, 256, 509–516. [CrossRef] [PubMed]

135. Janelidze, S.; Mattei, D.; Westrin, A.; Traskman-Bendz, L.; Brundin, L. Cytokine levels in the blood may distinguish suicide
attempters from depressed patients. Brain Behav. Immun. 2011, 25, 335–339. [CrossRef] [PubMed]

136. Brundin, L.; Sellgren, C.M.; Lim, C.K.; Grit, J.; Palsson, E.; Landen, M.; Samuelsson, M.; Lundgren, K.; Brundin, P.; Fuchs, D.;
et al. An enzyme in the kynurenine pathway that governs vulnerability to suicidal behavior by regulating excitotoxicity and
neuroinflammation. Transl. Psychiatry 2016, 6, e865. [CrossRef] [PubMed]

137. Messaoud, A.; Mensi, R.; Douki, W.; Neffati, F.; Najjar, M.F.; Gobbi, G.; Valtorta, F.; Gaha, L.; Comai, S. Reduced peripheral
availability of tryptophan and increased activation of the kynurenine pathway and cortisol correlate with major depression and
suicide. World J. Biol. Psychiatry 2019, 20, 703–711. [CrossRef]

138. Bryleva, E.Y.; Brundin, L. Kynurenine pathway metabolites and suicidality. Neuropharmacology 2017, 112, 324–330. [CrossRef]
139. Wurfel, B.E.; Drevets, W.C.; Bliss, S.A.; McMillin, J.R.; Suzuki, H.; Ford, B.N.; Morris, H.M.; Teague, T.K.; Dantzer, R.; Savitz, J.B.

Serum kynurenic acid is reduced in affective psychosis. Transl. Psychiatry 2017, 7, e1115. [CrossRef]
140. Oxenkrug, G.F. Increased Plasma Levels of Xanthurenic and Kynurenic Acids in Type 2 Diabetes. Mol. Neurobiol. 2015, 52,

805–810. [CrossRef]
141. Erhardt, S.; Schwieler, L.; Imbeault, S.; Engberg, G. The kynurenine pathway in schizophrenia and bipolar disorder. Neuropharma-

cology 2017, 112, 297–306. [CrossRef]
142. Elovainio, M.; Hurme, M.; Jokela, M.; Pulkki-Raback, L.; Kivimaki, M.; Hintsanen, M.; Hintsa, T.; Lehtimaki, T.; Viikari, J.;

Raitakari, O.T.; et al. Indoleamine 2,3-dioxygenase activation and depressive symptoms: Results from the Young Finns Study.
Psychosom. Med. 2012, 74, 675–681. [CrossRef]

143. Gabbay, V.; Ely, B.A.; Babb, J.; Liebes, L. The possible role of the kynurenine pathway in anhedonia in adolescents. J. Neural.
Transm. 2012, 119, 253–260. [CrossRef] [PubMed]

144. Gabbay, V.; Liebes, L.; Katz, Y.; Liu, S.; Mendoza, S.; Babb, J.S.; Klein, R.G.; Gonen, O. The kynurenine pathway in adolescent
depression: Preliminary findings from a proton MR spectroscopy study. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34,
37–44. [CrossRef] [PubMed]

145. Solvang, S.H.; Nordrehaug, J.E.; Tell, G.S.; Nygard, O.; McCann, A.; Ueland, P.M.; Midttun, O.; Meyer, K.; Vedeler, C.A.; Aarsland,
D.; et al. The kynurenine pathway and cognitive performance in community-dwelling older adults. The Hordaland Health Study.
Brain Behav. Immun. 2019, 75, 155–162. [CrossRef] [PubMed]

Pharmaceuticals2022,15,143928of29

121.Paul,E.R.;Schwieler,L.;Erhardt,S.;Boda,S.;Trepci,A.;Kampe,R.;Asratian,A.;Holm,L.;Yngve,A.;Dantzer,R.;etal.Peripheral
andcentralkynureninepathwayabnormalitiesinmajordepression.BrainBehav.Immun.2022,101,136–145.[CrossRef]

122.Deac,O.M.;Mills,J.L.;Shane,B.;Midttun,O.;Ueland,P.M.;Brosnan,J.T.;Brosnan,M.E.;Laird,E.;Gibney,E.R.;Fan,R.;etal.
TryptophancatabolismandvitaminB-6statusareaffectedbygenderandlifestylefactorsinhealthyyoungadults.J.Nutr.2015,
145,701–707.[CrossRef]

123.Ulvik,A.;Theofylaktopoulou,D.;Midttun,O.;Nygard,O.;Eussen,S.J.;Ueland,P.M.Substrateproductratiosofenzymesin
thekynureninepathwaymeasuredinplasmaasindicatorsoffunctionalvitaminB-6status.Am.J.Clin.Nutr.2013,98,934–940.
[CrossRef][PubMed]

124.Ueland,P.M.;McCann,A.;Midttun,O.;Ulvik,A.Inflammation,vitaminB6andrelatedpathways.Mol.AspectsMed.2017,53,
10–27.[CrossRef][PubMed]

125.Ulvik,A.;Ebbing,M.;Hustad,S.;Midttun,O.;Nygard,O.;Vollset,S.E.;Bonaa,K.H.;Nordrehaug,J.E.;Nilsen,D.W.;Schirmer,H.;
etal.Long-andshort-termeffectsoftobaccosmokingoncirculatingconcentrationsofBvitamins.Clin.Chem.2010,56,755–763.
[CrossRef][PubMed]

126.Pertovaara,M.;Heliovaara,M.;Raitala,A.;Oja,S.S.;Knekt,P.;Hurme,M.Theactivityoftheimmunoregulatoryenzyme
indoleamine2,3-dioxygenaseisdecreasedinsmokers.Clin.Exp.Immunol.2006,145,469–473.[CrossRef]

127.Chojnacki,C.;Poplawski,T.;Chojnacki,J.;Fila,M.;Konrad,P.;Blasiak,J.TryptophanIntakeandMetabolisminOlderAdults
withMoodDisorders.Nutrients2020,12,3183.[CrossRef]

128.Walker,A.K.;Wing,E.E.;Banks,W.A.;Dantzer,R.Leucinecompeteswithkynurenineforblood-to-braintransportandprevents
lipopolysaccharide-induceddepression-likebehaviorinmice.Mol.Psychiatry2019,24,1523–1532.[CrossRef]

129.Regan,T.;Gill,A.C.;Clohisey,S.M.;Barnett,M.W.;Pariante,C.M.;Harrison,N.A.;Consortium,M.R.C.I.;Hume,D.A.;Bullmore,
E.T.;Freeman,T.C.Effectsofanti-inflammatorydrugsontheexpressionoftryptophan-metabolismgenesbyhumanmacrophages.
J.Leukoc.Biol.2018,103,681–692.[CrossRef]

130.Meier,T.B.;Drevets,W.C.;Teague,T.K.;Wurfel,B.E.;Mueller,S.C.;Bodurka,J.;Dantzer,R.;Savitz,J.Kynurenicacidisreducedin
femalesandoralcontraceptiveusers:Implicationsfordepression.BrainBehav.Immun.2018,67,59–64.[CrossRef]

131.Paoletti,R.;Sirtori,C.,Jr.;Spano,P.F.Clinicalrelevanceofdrugsaffectingtryptophantransport.Annu.Rev.Pharmacol.1975,15,
73–81.[CrossRef]

132.McArthur,J.N.;Dawkins,P.D.;Smith,M.J.;Hamilton,E.B.Modeofactionofantirheumaticdrugs.Br.Med.J.1971,2,677–679.
[CrossRef]

133.Harrison,P.J.;Geddes,J.R.;Tunbridge,E.M.TheEmergingNeurobiologyofBipolarDisorder.TrendsNeurosci.2018,41,18–30.
[CrossRef][PubMed]

134.Carlier,A.;Berkhof,J.G.;Rozing,M.;Bouckaert,F.;Sienaert,P.;Eikelenboom,P.;Veerhuis,R.;Vandenbulcke,M.;Berkhof,J.;Stek,
M.L.;etal.Inflammationandremissioninolderpatientswithdepressiontreatedwithelectroconvulsivetherapy;findingsfrom
theMODECTstudy().J.Affect.Disord.2019,256,509–516.[CrossRef][PubMed]

135.Janelidze,S.;Mattei,D.;Westrin,A.;Traskman-Bendz,L.;Brundin,L.Cytokinelevelsinthebloodmaydistinguishsuicide
attemptersfromdepressedpatients.BrainBehav.Immun.2011,25,335–339.[CrossRef][PubMed]

136.Brundin,L.;Sellgren,C.M.;Lim,C.K.;Grit,J.;Palsson,E.;Landen,M.;Samuelsson,M.;Lundgren,K.;Brundin,P.;Fuchs,D.;
etal.Anenzymeinthekynureninepathwaythatgovernsvulnerabilitytosuicidalbehaviorbyregulatingexcitotoxicityand
neuroinflammation.Transl.Psychiatry2016,6,e865.[CrossRef][PubMed]

137.Messaoud,A.;Mensi,R.;Douki,W.;Neffati,F.;Najjar,M.F.;Gobbi,G.;Valtorta,F.;Gaha,L.;Comai,S.Reducedperipheral
availabilityoftryptophanandincreasedactivationofthekynureninepathwayandcortisolcorrelatewithmajordepressionand
suicide.WorldJ.Biol.Psychiatry2019,20,703–711.[CrossRef]

138.Bryleva,E.Y.;Brundin,L.Kynureninepathwaymetabolitesandsuicidality.Neuropharmacology2017,112,324–330.[CrossRef]
139.Wurfel,B.E.;Drevets,W.C.;Bliss,S.A.;McMillin,J.R.;Suzuki,H.;Ford,B.N.;Morris,H.M.;Teague,T.K.;Dantzer,R.;Savitz,J.B.

Serumkynurenicacidisreducedinaffectivepsychosis.Transl.Psychiatry2017,7,e1115.[CrossRef]
140.Oxenkrug,G.F.IncreasedPlasmaLevelsofXanthurenicandKynurenicAcidsinType2Diabetes.Mol.Neurobiol.2015,52,

805–810.[CrossRef]
141.Erhardt,S.;Schwieler,L.;Imbeault,S.;Engberg,G.Thekynureninepathwayinschizophreniaandbipolardisorder.Neuropharma-

cology2017,112,297–306.[CrossRef]
142.Elovainio,M.;Hurme,M.;Jokela,M.;Pulkki-Raback,L.;Kivimaki,M.;Hintsanen,M.;Hintsa,T.;Lehtimaki,T.;Viikari,J.;

Raitakari,O.T.;etal.Indoleamine2,3-dioxygenaseactivationanddepressivesymptoms:ResultsfromtheYoungFinnsStudy.
Psychosom.Med.2012,74,675–681.[CrossRef]

143.Gabbay,V.;Ely,B.A.;Babb,J.;Liebes,L.Thepossibleroleofthekynureninepathwayinanhedoniainadolescents.J.Neural.
Transm.2012,119,253–260.[CrossRef][PubMed]

144.Gabbay,V.;Liebes,L.;Katz,Y.;Liu,S.;Mendoza,S.;Babb,J.S.;Klein,R.G.;Gonen,O.Thekynureninepathwayinadolescent
depression:PreliminaryfindingsfromaprotonMRspectroscopystudy.Prog.Neuropsychopharmacol.Biol.Psychiatry2010,34,
37–44.[CrossRef][PubMed]

145.Solvang,S.H.;Nordrehaug,J.E.;Tell,G.S.;Nygard,O.;McCann,A.;Ueland,P.M.;Midttun,O.;Meyer,K.;Vedeler,C.A.;Aarsland,
D.;etal.Thekynureninepathwayandcognitiveperformanceincommunity-dwellingolderadults.TheHordalandHealthStudy.
BrainBehav.Immun.2019,75,155–162.[CrossRef][PubMed]

Pharmaceuticals2022,15,143928of29

121.Paul,E.R.;Schwieler,L.;Erhardt,S.;Boda,S.;Trepci,A.;Kampe,R.;Asratian,A.;Holm,L.;Yngve,A.;Dantzer,R.;etal.Peripheral
andcentralkynureninepathwayabnormalitiesinmajordepression.BrainBehav.Immun.2022,101,136–145.[CrossRef]

122.Deac,O.M.;Mills,J.L.;Shane,B.;Midttun,O.;Ueland,P.M.;Brosnan,J.T.;Brosnan,M.E.;Laird,E.;Gibney,E.R.;Fan,R.;etal.
TryptophancatabolismandvitaminB-6statusareaffectedbygenderandlifestylefactorsinhealthyyoungadults.J.Nutr.2015,
145,701–707.[CrossRef]

123.Ulvik,A.;Theofylaktopoulou,D.;Midttun,O.;Nygard,O.;Eussen,S.J.;Ueland,P.M.Substrateproductratiosofenzymesin
thekynureninepathwaymeasuredinplasmaasindicatorsoffunctionalvitaminB-6status.Am.J.Clin.Nutr.2013,98,934–940.
[CrossRef][PubMed]

124.Ueland,P.M.;McCann,A.;Midttun,O.;Ulvik,A.Inflammation,vitaminB6andrelatedpathways.Mol.AspectsMed.2017,53,
10–27.[CrossRef][PubMed]

125.Ulvik,A.;Ebbing,M.;Hustad,S.;Midttun,O.;Nygard,O.;Vollset,S.E.;Bonaa,K.H.;Nordrehaug,J.E.;Nilsen,D.W.;Schirmer,H.;
etal.Long-andshort-termeffectsoftobaccosmokingoncirculatingconcentrationsofBvitamins.Clin.Chem.2010,56,755–763.
[CrossRef][PubMed]

126.Pertovaara,M.;Heliovaara,M.;Raitala,A.;Oja,S.S.;Knekt,P.;Hurme,M.Theactivityoftheimmunoregulatoryenzyme
indoleamine2,3-dioxygenaseisdecreasedinsmokers.Clin.Exp.Immunol.2006,145,469–473.[CrossRef]

127.Chojnacki,C.;Poplawski,T.;Chojnacki,J.;Fila,M.;Konrad,P.;Blasiak,J.TryptophanIntakeandMetabolisminOlderAdults
withMoodDisorders.Nutrients2020,12,3183.[CrossRef]

128.Walker,A.K.;Wing,E.E.;Banks,W.A.;Dantzer,R.Leucinecompeteswithkynurenineforblood-to-braintransportandprevents
lipopolysaccharide-induceddepression-likebehaviorinmice.Mol.Psychiatry2019,24,1523–1532.[CrossRef]

129.Regan,T.;Gill,A.C.;Clohisey,S.M.;Barnett,M.W.;Pariante,C.M.;Harrison,N.A.;Consortium,M.R.C.I.;Hume,D.A.;Bullmore,
E.T.;Freeman,T.C.Effectsofanti-inflammatorydrugsontheexpressionoftryptophan-metabolismgenesbyhumanmacrophages.
J.Leukoc.Biol.2018,103,681–692.[CrossRef]

130.Meier,T.B.;Drevets,W.C.;Teague,T.K.;Wurfel,B.E.;Mueller,S.C.;Bodurka,J.;Dantzer,R.;Savitz,J.Kynurenicacidisreducedin
femalesandoralcontraceptiveusers:Implicationsfordepression.BrainBehav.Immun.2018,67,59–64.[CrossRef]

131.Paoletti,R.;Sirtori,C.,Jr.;Spano,P.F.Clinicalrelevanceofdrugsaffectingtryptophantransport.Annu.Rev.Pharmacol.1975,15,
73–81.[CrossRef]

132.McArthur,J.N.;Dawkins,P.D.;Smith,M.J.;Hamilton,E.B.Modeofactionofantirheumaticdrugs.Br.Med.J.1971,2,677–679.
[CrossRef]

133.Harrison,P.J.;Geddes,J.R.;Tunbridge,E.M.TheEmergingNeurobiologyofBipolarDisorder.TrendsNeurosci.2018,41,18–30.
[CrossRef][PubMed]

134.Carlier,A.;Berkhof,J.G.;Rozing,M.;Bouckaert,F.;Sienaert,P.;Eikelenboom,P.;Veerhuis,R.;Vandenbulcke,M.;Berkhof,J.;Stek,
M.L.;etal.Inflammationandremissioninolderpatientswithdepressiontreatedwithelectroconvulsivetherapy;findingsfrom
theMODECTstudy().J.Affect.Disord.2019,256,509–516.[CrossRef][PubMed]

135.Janelidze,S.;Mattei,D.;Westrin,A.;Traskman-Bendz,L.;Brundin,L.Cytokinelevelsinthebloodmaydistinguishsuicide
attemptersfromdepressedpatients.BrainBehav.Immun.2011,25,335–339.[CrossRef][PubMed]

136.Brundin,L.;Sellgren,C.M.;Lim,C.K.;Grit,J.;Palsson,E.;Landen,M.;Samuelsson,M.;Lundgren,K.;Brundin,P.;Fuchs,D.;
etal.Anenzymeinthekynureninepathwaythatgovernsvulnerabilitytosuicidalbehaviorbyregulatingexcitotoxicityand
neuroinflammation.Transl.Psychiatry2016,6,e865.[CrossRef][PubMed]

137.Messaoud,A.;Mensi,R.;Douki,W.;Neffati,F.;Najjar,M.F.;Gobbi,G.;Valtorta,F.;Gaha,L.;Comai,S.Reducedperipheral
availabilityoftryptophanandincreasedactivationofthekynureninepathwayandcortisolcorrelatewithmajordepressionand
suicide.WorldJ.Biol.Psychiatry2019,20,703–711.[CrossRef]

138.Bryleva,E.Y.;Brundin,L.Kynureninepathwaymetabolitesandsuicidality.Neuropharmacology2017,112,324–330.[CrossRef]
139.Wurfel,B.E.;Drevets,W.C.;Bliss,S.A.;McMillin,J.R.;Suzuki,H.;Ford,B.N.;Morris,H.M.;Teague,T.K.;Dantzer,R.;Savitz,J.B.

Serumkynurenicacidisreducedinaffectivepsychosis.Transl.Psychiatry2017,7,e1115.[CrossRef]
140.Oxenkrug,G.F.IncreasedPlasmaLevelsofXanthurenicandKynurenicAcidsinType2Diabetes.Mol.Neurobiol.2015,52,

805–810.[CrossRef]
141.Erhardt,S.;Schwieler,L.;Imbeault,S.;Engberg,G.Thekynureninepathwayinschizophreniaandbipolardisorder.Neuropharma-

cology2017,112,297–306.[CrossRef]
142.Elovainio,M.;Hurme,M.;Jokela,M.;Pulkki-Raback,L.;Kivimaki,M.;Hintsanen,M.;Hintsa,T.;Lehtimaki,T.;Viikari,J.;

Raitakari,O.T.;etal.Indoleamine2,3-dioxygenaseactivationanddepressivesymptoms:ResultsfromtheYoungFinnsStudy.
Psychosom.Med.2012,74,675–681.[CrossRef]

143.Gabbay,V.;Ely,B.A.;Babb,J.;Liebes,L.Thepossibleroleofthekynureninepathwayinanhedoniainadolescents.J.Neural.
Transm.2012,119,253–260.[CrossRef][PubMed]

144.Gabbay,V.;Liebes,L.;Katz,Y.;Liu,S.;Mendoza,S.;Babb,J.S.;Klein,R.G.;Gonen,O.Thekynureninepathwayinadolescent
depression:PreliminaryfindingsfromaprotonMRspectroscopystudy.Prog.Neuropsychopharmacol.Biol.Psychiatry2010,34,
37–44.[CrossRef][PubMed]

145.Solvang,S.H.;Nordrehaug,J.E.;Tell,G.S.;Nygard,O.;McCann,A.;Ueland,P.M.;Midttun,O.;Meyer,K.;Vedeler,C.A.;Aarsland,
D.;etal.Thekynureninepathwayandcognitiveperformanceincommunity-dwellingolderadults.TheHordalandHealthStudy.
BrainBehav.Immun.2019,75,155–162.[CrossRef][PubMed]

Pharmaceuticals 2022, 15, 1439 28 of 29

121. Paul, E.R.; Schwieler, L.; Erhardt, S.; Boda, S.; Trepci, A.; Kampe, R.; Asratian, A.; Holm, L.; Yngve, A.; Dantzer, R.; et al. Peripheral
and central kynurenine pathway abnormalities in major depression. Brain Behav. Immun. 2022, 101, 136–145. [CrossRef]

122. Deac, O.M.; Mills, J.L.; Shane, B.; Midttun, O.; Ueland, P.M.; Brosnan, J.T.; Brosnan, M.E.; Laird, E.; Gibney, E.R.; Fan, R.; et al.
Tryptophan catabolism and vitamin B-6 status are affected by gender and lifestyle factors in healthy young adults. J. Nutr. 2015,
145, 701–707. [CrossRef]

123. Ulvik, A.; Theofylaktopoulou, D.; Midttun, O.; Nygard, O.; Eussen, S.J.; Ueland, P.M. Substrate product ratios of enzymes in
the kynurenine pathway measured in plasma as indicators of functional vitamin B-6 status. Am. J. Clin. Nutr. 2013, 98, 934–940.
[CrossRef] [PubMed]

124. Ueland, P.M.; McCann, A.; Midttun, O.; Ulvik, A. Inflammation, vitamin B6 and related pathways. Mol. Aspects Med. 2017, 53,
10–27. [CrossRef] [PubMed]

125. Ulvik, A.; Ebbing, M.; Hustad, S.; Midttun, O.; Nygard, O.; Vollset, S.E.; Bonaa, K.H.; Nordrehaug, J.E.; Nilsen, D.W.; Schirmer, H.;
et al. Long- and short-term effects of tobacco smoking on circulating concentrations of B vitamins. Clin. Chem. 2010, 56, 755–763.
[CrossRef] [PubMed]

126. Pertovaara, M.; Heliovaara, M.; Raitala, A.; Oja, S.S.; Knekt, P.; Hurme, M. The activity of the immunoregulatory enzyme
indoleamine 2,3-dioxygenase is decreased in smokers. Clin. Exp. Immunol. 2006, 145, 469–473. [CrossRef]

127. Chojnacki, C.; Poplawski, T.; Chojnacki, J.; Fila, M.; Konrad, P.; Blasiak, J. Tryptophan Intake and Metabolism in Older Adults
with Mood Disorders. Nutrients 2020, 12, 3183. [CrossRef]

128. Walker, A.K.; Wing, E.E.; Banks, W.A.; Dantzer, R. Leucine competes with kynurenine for blood-to-brain transport and prevents
lipopolysaccharide-induced depression-like behavior in mice. Mol. Psychiatry 2019, 24, 1523–1532. [CrossRef]

129. Regan, T.; Gill, A.C.; Clohisey, S.M.; Barnett, M.W.; Pariante, C.M.; Harrison, N.A.; Consortium, M.R.C.I.; Hume, D.A.; Bullmore,
E.T.; Freeman, T.C. Effects of anti-inflammatory drugs on the expression of tryptophan-metabolism genes by human macrophages.
J. Leukoc. Biol. 2018, 103, 681–692. [CrossRef]

130. Meier, T.B.; Drevets, W.C.; Teague, T.K.; Wurfel, B.E.; Mueller, S.C.; Bodurka, J.; Dantzer, R.; Savitz, J. Kynurenic acid is reduced in
females and oral contraceptive users: Implications for depression. Brain Behav. Immun. 2018, 67, 59–64. [CrossRef]

131. Paoletti, R.; Sirtori, C., Jr.; Spano, P.F. Clinical relevance of drugs affecting tryptophan transport. Annu. Rev. Pharmacol. 1975, 15,
73–81. [CrossRef]

132. McArthur, J.N.; Dawkins, P.D.; Smith, M.J.; Hamilton, E.B. Mode of action of antirheumatic drugs. Br. Med. J. 1971, 2, 677–679.
[CrossRef]

133. Harrison, P.J.; Geddes, J.R.; Tunbridge, E.M. The Emerging Neurobiology of Bipolar Disorder. Trends Neurosci. 2018, 41, 18–30.
[CrossRef] [PubMed]

134. Carlier, A.; Berkhof, J.G.; Rozing, M.; Bouckaert, F.; Sienaert, P.; Eikelenboom, P.; Veerhuis, R.; Vandenbulcke, M.; Berkhof, J.; Stek,
M.L.; et al. Inflammation and remission in older patients with depression treated with electroconvulsive therapy; findings from
the MODECT study(). J. Affect. Disord. 2019, 256, 509–516. [CrossRef] [PubMed]

135. Janelidze, S.; Mattei, D.; Westrin, A.; Traskman-Bendz, L.; Brundin, L. Cytokine levels in the blood may distinguish suicide
attempters from depressed patients. Brain Behav. Immun. 2011, 25, 335–339. [CrossRef] [PubMed]

136. Brundin, L.; Sellgren, C.M.; Lim, C.K.; Grit, J.; Palsson, E.; Landen, M.; Samuelsson, M.; Lundgren, K.; Brundin, P.; Fuchs, D.;
et al. An enzyme in the kynurenine pathway that governs vulnerability to suicidal behavior by regulating excitotoxicity and
neuroinflammation. Transl. Psychiatry 2016, 6, e865. [CrossRef] [PubMed]

137. Messaoud, A.; Mensi, R.; Douki, W.; Neffati, F.; Najjar, M.F.; Gobbi, G.; Valtorta, F.; Gaha, L.; Comai, S. Reduced peripheral
availability of tryptophan and increased activation of the kynurenine pathway and cortisol correlate with major depression and
suicide. World J. Biol. Psychiatry 2019, 20, 703–711. [CrossRef]

138. Bryleva, E.Y.; Brundin, L. Kynurenine pathway metabolites and suicidality. Neuropharmacology 2017, 112, 324–330. [CrossRef]
139. Wurfel, B.E.; Drevets, W.C.; Bliss, S.A.; McMillin, J.R.; Suzuki, H.; Ford, B.N.; Morris, H.M.; Teague, T.K.; Dantzer, R.; Savitz, J.B.

Serum kynurenic acid is reduced in affective psychosis. Transl. Psychiatry 2017, 7, e1115. [CrossRef]
140. Oxenkrug, G.F. Increased Plasma Levels of Xanthurenic and Kynurenic Acids in Type 2 Diabetes. Mol. Neurobiol. 2015, 52,

805–810. [CrossRef]
141. Erhardt, S.; Schwieler, L.; Imbeault, S.; Engberg, G. The kynurenine pathway in schizophrenia and bipolar disorder. Neuropharma-

cology 2017, 112, 297–306. [CrossRef]
142. Elovainio, M.; Hurme, M.; Jokela, M.; Pulkki-Raback, L.; Kivimaki, M.; Hintsanen, M.; Hintsa, T.; Lehtimaki, T.; Viikari, J.;

Raitakari, O.T.; et al. Indoleamine 2,3-dioxygenase activation and depressive symptoms: Results from the Young Finns Study.
Psychosom. Med. 2012, 74, 675–681. [CrossRef]

143. Gabbay, V.; Ely, B.A.; Babb, J.; Liebes, L. The possible role of the kynurenine pathway in anhedonia in adolescents. J. Neural.
Transm. 2012, 119, 253–260. [CrossRef] [PubMed]

144. Gabbay, V.; Liebes, L.; Katz, Y.; Liu, S.; Mendoza, S.; Babb, J.S.; Klein, R.G.; Gonen, O. The kynurenine pathway in adolescent
depression: Preliminary findings from a proton MR spectroscopy study. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34,
37–44. [CrossRef] [PubMed]

145. Solvang, S.H.; Nordrehaug, J.E.; Tell, G.S.; Nygard, O.; McCann, A.; Ueland, P.M.; Midttun, O.; Meyer, K.; Vedeler, C.A.; Aarsland,
D.; et al. The kynurenine pathway and cognitive performance in community-dwelling older adults. The Hordaland Health Study.
Brain Behav. Immun. 2019, 75, 155–162. [CrossRef] [PubMed]

Pharmaceuticals 2022, 15, 1439 28 of 29

121. Paul, E.R.; Schwieler, L.; Erhardt, S.; Boda, S.; Trepci, A.; Kampe, R.; Asratian, A.; Holm, L.; Yngve, A.; Dantzer, R.; et al. Peripheral
and central kynurenine pathway abnormalities in major depression. Brain Behav. Immun. 2022, 101, 136–145. [CrossRef]

122. Deac, O.M.; Mills, J.L.; Shane, B.; Midttun, O.; Ueland, P.M.; Brosnan, J.T.; Brosnan, M.E.; Laird, E.; Gibney, E.R.; Fan, R.; et al.
Tryptophan catabolism and vitamin B-6 status are affected by gender and lifestyle factors in healthy young adults. J. Nutr. 2015,
145, 701–707. [CrossRef]

123. Ulvik, A.; Theofylaktopoulou, D.; Midttun, O.; Nygard, O.; Eussen, S.J.; Ueland, P.M. Substrate product ratios of enzymes in
the kynurenine pathway measured in plasma as indicators of functional vitamin B-6 status. Am. J. Clin. Nutr. 2013, 98, 934–940.
[CrossRef] [PubMed]

124. Ueland, P.M.; McCann, A.; Midttun, O.; Ulvik, A. Inflammation, vitamin B6 and related pathways. Mol. Aspects Med. 2017, 53,
10–27. [CrossRef] [PubMed]

125. Ulvik, A.; Ebbing, M.; Hustad, S.; Midttun, O.; Nygard, O.; Vollset, S.E.; Bonaa, K.H.; Nordrehaug, J.E.; Nilsen, D.W.; Schirmer, H.;
et al. Long- and short-term effects of tobacco smoking on circulating concentrations of B vitamins. Clin. Chem. 2010, 56, 755–763.
[CrossRef] [PubMed]

126. Pertovaara, M.; Heliovaara, M.; Raitala, A.; Oja, S.S.; Knekt, P.; Hurme, M. The activity of the immunoregulatory enzyme
indoleamine 2,3-dioxygenase is decreased in smokers. Clin. Exp. Immunol. 2006, 145, 469–473. [CrossRef]

127. Chojnacki, C.; Poplawski, T.; Chojnacki, J.; Fila, M.; Konrad, P.; Blasiak, J. Tryptophan Intake and Metabolism in Older Adults
with Mood Disorders. Nutrients 2020, 12, 3183. [CrossRef]

128. Walker, A.K.; Wing, E.E.; Banks, W.A.; Dantzer, R. Leucine competes with kynurenine for blood-to-brain transport and prevents
lipopolysaccharide-induced depression-like behavior in mice. Mol. Psychiatry 2019, 24, 1523–1532. [CrossRef]

129. Regan, T.; Gill, A.C.; Clohisey, S.M.; Barnett, M.W.; Pariante, C.M.; Harrison, N.A.; Consortium, M.R.C.I.; Hume, D.A.; Bullmore,
E.T.; Freeman, T.C. Effects of anti-inflammatory drugs on the expression of tryptophan-metabolism genes by human macrophages.
J. Leukoc. Biol. 2018, 103, 681–692. [CrossRef]

130. Meier, T.B.; Drevets, W.C.; Teague, T.K.; Wurfel, B.E.; Mueller, S.C.; Bodurka, J.; Dantzer, R.; Savitz, J. Kynurenic acid is reduced in
females and oral contraceptive users: Implications for depression. Brain Behav. Immun. 2018, 67, 59–64. [CrossRef]

131. Paoletti, R.; Sirtori, C., Jr.; Spano, P.F. Clinical relevance of drugs affecting tryptophan transport. Annu. Rev. Pharmacol. 1975, 15,
73–81. [CrossRef]

132. McArthur, J.N.; Dawkins, P.D.; Smith, M.J.; Hamilton, E.B. Mode of action of antirheumatic drugs. Br. Med. J. 1971, 2, 677–679.
[CrossRef]

133. Harrison, P.J.; Geddes, J.R.; Tunbridge, E.M. The Emerging Neurobiology of Bipolar Disorder. Trends Neurosci. 2018, 41, 18–30.
[CrossRef] [PubMed]

134. Carlier, A.; Berkhof, J.G.; Rozing, M.; Bouckaert, F.; Sienaert, P.; Eikelenboom, P.; Veerhuis, R.; Vandenbulcke, M.; Berkhof, J.; Stek,
M.L.; et al. Inflammation and remission in older patients with depression treated with electroconvulsive therapy; findings from
the MODECT study(). J. Affect. Disord. 2019, 256, 509–516. [CrossRef] [PubMed]

135. Janelidze, S.; Mattei, D.; Westrin, A.; Traskman-Bendz, L.; Brundin, L. Cytokine levels in the blood may distinguish suicide
attempters from depressed patients. Brain Behav. Immun. 2011, 25, 335–339. [CrossRef] [PubMed]

136. Brundin, L.; Sellgren, C.M.; Lim, C.K.; Grit, J.; Palsson, E.; Landen, M.; Samuelsson, M.; Lundgren, K.; Brundin, P.; Fuchs, D.;
et al. An enzyme in the kynurenine pathway that governs vulnerability to suicidal behavior by regulating excitotoxicity and
neuroinflammation. Transl. Psychiatry 2016, 6, e865. [CrossRef] [PubMed]

137. Messaoud, A.; Mensi, R.; Douki, W.; Neffati, F.; Najjar, M.F.; Gobbi, G.; Valtorta, F.; Gaha, L.; Comai, S. Reduced peripheral
availability of tryptophan and increased activation of the kynurenine pathway and cortisol correlate with major depression and
suicide. World J. Biol. Psychiatry 2019, 20, 703–711. [CrossRef]

138. Bryleva, E.Y.; Brundin, L. Kynurenine pathway metabolites and suicidality. Neuropharmacology 2017, 112, 324–330. [CrossRef]
139. Wurfel, B.E.; Drevets, W.C.; Bliss, S.A.; McMillin, J.R.; Suzuki, H.; Ford, B.N.; Morris, H.M.; Teague, T.K.; Dantzer, R.; Savitz, J.B.

Serum kynurenic acid is reduced in affective psychosis. Transl. Psychiatry 2017, 7, e1115. [CrossRef]
140. Oxenkrug, G.F. Increased Plasma Levels of Xanthurenic and Kynurenic Acids in Type 2 Diabetes. Mol. Neurobiol. 2015, 52,

805–810. [CrossRef]
141. Erhardt, S.; Schwieler, L.; Imbeault, S.; Engberg, G. The kynurenine pathway in schizophrenia and bipolar disorder. Neuropharma-

cology 2017, 112, 297–306. [CrossRef]
142. Elovainio, M.; Hurme, M.; Jokela, M.; Pulkki-Raback, L.; Kivimaki, M.; Hintsanen, M.; Hintsa, T.; Lehtimaki, T.; Viikari, J.;

Raitakari, O.T.; et al. Indoleamine 2,3-dioxygenase activation and depressive symptoms: Results from the Young Finns Study.
Psychosom. Med. 2012, 74, 675–681. [CrossRef]

143. Gabbay, V.; Ely, B.A.; Babb, J.; Liebes, L. The possible role of the kynurenine pathway in anhedonia in adolescents. J. Neural.
Transm. 2012, 119, 253–260. [CrossRef] [PubMed]

144. Gabbay, V.; Liebes, L.; Katz, Y.; Liu, S.; Mendoza, S.; Babb, J.S.; Klein, R.G.; Gonen, O. The kynurenine pathway in adolescent
depression: Preliminary findings from a proton MR spectroscopy study. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34,
37–44. [CrossRef] [PubMed]

145. Solvang, S.H.; Nordrehaug, J.E.; Tell, G.S.; Nygard, O.; McCann, A.; Ueland, P.M.; Midttun, O.; Meyer, K.; Vedeler, C.A.; Aarsland,
D.; et al. The kynurenine pathway and cognitive performance in community-dwelling older adults. The Hordaland Health Study.
Brain Behav. Immun. 2019, 75, 155–162. [CrossRef] [PubMed]

Pharmaceuticals2022,15,143928of29

121.Paul,E.R.;Schwieler,L.;Erhardt,S.;Boda,S.;Trepci,A.;Kampe,R.;Asratian,A.;Holm,L.;Yngve,A.;Dantzer,R.;etal.Peripheral
andcentralkynureninepathwayabnormalitiesinmajordepression.BrainBehav.Immun.2022,101,136–145.[CrossRef]

122.Deac,O.M.;Mills,J.L.;Shane,B.;Midttun,O.;Ueland,P.M.;Brosnan,J.T.;Brosnan,M.E.;Laird,E.;Gibney,E.R.;Fan,R.;etal.
TryptophancatabolismandvitaminB-6statusareaffectedbygenderandlifestylefactorsinhealthyyoungadults.J.Nutr.2015,
145,701–707.[CrossRef]

123.Ulvik,A.;Theofylaktopoulou,D.;Midttun,O.;Nygard,O.;Eussen,S.J.;Ueland,P.M.Substrateproductratiosofenzymesin
thekynureninepathwaymeasuredinplasmaasindicatorsoffunctionalvitaminB-6status.Am.J.Clin.Nutr.2013,98,934–940.
[CrossRef][PubMed]

124.Ueland,P.M.;McCann,A.;Midttun,O.;Ulvik,A.Inflammation,vitaminB6andrelatedpathways.Mol.AspectsMed.2017,53,
10–27.[CrossRef][PubMed]

125.Ulvik,A.;Ebbing,M.;Hustad,S.;Midttun,O.;Nygard,O.;Vollset,S.E.;Bonaa,K.H.;Nordrehaug,J.E.;Nilsen,D.W.;Schirmer,H.;
etal.Long-andshort-termeffectsoftobaccosmokingoncirculatingconcentrationsofBvitamins.Clin.Chem.2010,56,755–763.
[CrossRef][PubMed]

126.Pertovaara,M.;Heliovaara,M.;Raitala,A.;Oja,S.S.;Knekt,P.;Hurme,M.Theactivityoftheimmunoregulatoryenzyme
indoleamine2,3-dioxygenaseisdecreasedinsmokers.Clin.Exp.Immunol.2006,145,469–473.[CrossRef]

127.Chojnacki,C.;Poplawski,T.;Chojnacki,J.;Fila,M.;Konrad,P.;Blasiak,J.TryptophanIntakeandMetabolisminOlderAdults
withMoodDisorders.Nutrients2020,12,3183.[CrossRef]

128.Walker,A.K.;Wing,E.E.;Banks,W.A.;Dantzer,R.Leucinecompeteswithkynurenineforblood-to-braintransportandprevents
lipopolysaccharide-induceddepression-likebehaviorinmice.Mol.Psychiatry2019,24,1523–1532.[CrossRef]

129.Regan,T.;Gill,A.C.;Clohisey,S.M.;Barnett,M.W.;Pariante,C.M.;Harrison,N.A.;Consortium,M.R.C.I.;Hume,D.A.;Bullmore,
E.T.;Freeman,T.C.Effectsofanti-inflammatorydrugsontheexpressionoftryptophan-metabolismgenesbyhumanmacrophages.
J.Leukoc.Biol.2018,103,681–692.[CrossRef]

130.Meier,T.B.;Drevets,W.C.;Teague,T.K.;Wurfel,B.E.;Mueller,S.C.;Bodurka,J.;Dantzer,R.;Savitz,J.Kynurenicacidisreducedin
femalesandoralcontraceptiveusers:Implicationsfordepression.BrainBehav.Immun.2018,67,59–64.[CrossRef]

131.Paoletti,R.;Sirtori,C.,Jr.;Spano,P.F.Clinicalrelevanceofdrugsaffectingtryptophantransport.Annu.Rev.Pharmacol.1975,15,
73–81.[CrossRef]

132.McArthur,J.N.;Dawkins,P.D.;Smith,M.J.;Hamilton,E.B.Modeofactionofantirheumaticdrugs.Br.Med.J.1971,2,677–679.
[CrossRef]

133.Harrison,P.J.;Geddes,J.R.;Tunbridge,E.M.TheEmergingNeurobiologyofBipolarDisorder.TrendsNeurosci.2018,41,18–30.
[CrossRef][PubMed]

134.Carlier,A.;Berkhof,J.G.;Rozing,M.;Bouckaert,F.;Sienaert,P.;Eikelenboom,P.;Veerhuis,R.;Vandenbulcke,M.;Berkhof,J.;Stek,
M.L.;etal.Inflammationandremissioninolderpatientswithdepressiontreatedwithelectroconvulsivetherapy;findingsfrom
theMODECTstudy().J.Affect.Disord.2019,256,509–516.[CrossRef][PubMed]

135.Janelidze,S.;Mattei,D.;Westrin,A.;Traskman-Bendz,L.;Brundin,L.Cytokinelevelsinthebloodmaydistinguishsuicide
attemptersfromdepressedpatients.BrainBehav.Immun.2011,25,335–339.[CrossRef][PubMed]

136.Brundin,L.;Sellgren,C.M.;Lim,C.K.;Grit,J.;Palsson,E.;Landen,M.;Samuelsson,M.;Lundgren,K.;Brundin,P.;Fuchs,D.;
etal.Anenzymeinthekynureninepathwaythatgovernsvulnerabilitytosuicidalbehaviorbyregulatingexcitotoxicityand
neuroinflammation.Transl.Psychiatry2016,6,e865.[CrossRef][PubMed]

137.Messaoud,A.;Mensi,R.;Douki,W.;Neffati,F.;Najjar,M.F.;Gobbi,G.;Valtorta,F.;Gaha,L.;Comai,S.Reducedperipheral
availabilityoftryptophanandincreasedactivationofthekynureninepathwayandcortisolcorrelatewithmajordepressionand
suicide.WorldJ.Biol.Psychiatry2019,20,703–711.[CrossRef]

138.Bryleva,E.Y.;Brundin,L.Kynureninepathwaymetabolitesandsuicidality.Neuropharmacology2017,112,324–330.[CrossRef]
139.Wurfel,B.E.;Drevets,W.C.;Bliss,S.A.;McMillin,J.R.;Suzuki,H.;Ford,B.N.;Morris,H.M.;Teague,T.K.;Dantzer,R.;Savitz,J.B.

Serumkynurenicacidisreducedinaffectivepsychosis.Transl.Psychiatry2017,7,e1115.[CrossRef]
140.Oxenkrug,G.F.IncreasedPlasmaLevelsofXanthurenicandKynurenicAcidsinType2Diabetes.Mol.Neurobiol.2015,52,

805–810.[CrossRef]
141.Erhardt,S.;Schwieler,L.;Imbeault,S.;Engberg,G.Thekynureninepathwayinschizophreniaandbipolardisorder.Neuropharma-

cology2017,112,297–306.[CrossRef]
142.Elovainio,M.;Hurme,M.;Jokela,M.;Pulkki-Raback,L.;Kivimaki,M.;Hintsanen,M.;Hintsa,T.;Lehtimaki,T.;Viikari,J.;

Raitakari,O.T.;etal.Indoleamine2,3-dioxygenaseactivationanddepressivesymptoms:ResultsfromtheYoungFinnsStudy.
Psychosom.Med.2012,74,675–681.[CrossRef]

143.Gabbay,V.;Ely,B.A.;Babb,J.;Liebes,L.Thepossibleroleofthekynureninepathwayinanhedoniainadolescents.J.Neural.
Transm.2012,119,253–260.[CrossRef][PubMed]

144.Gabbay,V.;Liebes,L.;Katz,Y.;Liu,S.;Mendoza,S.;Babb,J.S.;Klein,R.G.;Gonen,O.Thekynureninepathwayinadolescent
depression:PreliminaryfindingsfromaprotonMRspectroscopystudy.Prog.Neuropsychopharmacol.Biol.Psychiatry2010,34,
37–44.[CrossRef][PubMed]

145.Solvang,S.H.;Nordrehaug,J.E.;Tell,G.S.;Nygard,O.;McCann,A.;Ueland,P.M.;Midttun,O.;Meyer,K.;Vedeler,C.A.;Aarsland,
D.;etal.Thekynureninepathwayandcognitiveperformanceincommunity-dwellingolderadults.TheHordalandHealthStudy.
BrainBehav.Immun.2019,75,155–162.[CrossRef][PubMed]

Pharmaceuticals2022,15,143928of29

121.Paul,E.R.;Schwieler,L.;Erhardt,S.;Boda,S.;Trepci,A.;Kampe,R.;Asratian,A.;Holm,L.;Yngve,A.;Dantzer,R.;etal.Peripheral
andcentralkynureninepathwayabnormalitiesinmajordepression.BrainBehav.Immun.2022,101,136–145.[CrossRef]

122.Deac,O.M.;Mills,J.L.;Shane,B.;Midttun,O.;Ueland,P.M.;Brosnan,J.T.;Brosnan,M.E.;Laird,E.;Gibney,E.R.;Fan,R.;etal.
TryptophancatabolismandvitaminB-6statusareaffectedbygenderandlifestylefactorsinhealthyyoungadults.J.Nutr.2015,
145,701–707.[CrossRef]

123.Ulvik,A.;Theofylaktopoulou,D.;Midttun,O.;Nygard,O.;Eussen,S.J.;Ueland,P.M.Substrateproductratiosofenzymesin
thekynureninepathwaymeasuredinplasmaasindicatorsoffunctionalvitaminB-6status.Am.J.Clin.Nutr.2013,98,934–940.
[CrossRef][PubMed]

124.Ueland,P.M.;McCann,A.;Midttun,O.;Ulvik,A.Inflammation,vitaminB6andrelatedpathways.Mol.AspectsMed.2017,53,
10–27.[CrossRef][PubMed]

125.Ulvik,A.;Ebbing,M.;Hustad,S.;Midttun,O.;Nygard,O.;Vollset,S.E.;Bonaa,K.H.;Nordrehaug,J.E.;Nilsen,D.W.;Schirmer,H.;
etal.Long-andshort-termeffectsoftobaccosmokingoncirculatingconcentrationsofBvitamins.Clin.Chem.2010,56,755–763.
[CrossRef][PubMed]

126.Pertovaara,M.;Heliovaara,M.;Raitala,A.;Oja,S.S.;Knekt,P.;Hurme,M.Theactivityoftheimmunoregulatoryenzyme
indoleamine2,3-dioxygenaseisdecreasedinsmokers.Clin.Exp.Immunol.2006,145,469–473.[CrossRef]

127.Chojnacki,C.;Poplawski,T.;Chojnacki,J.;Fila,M.;Konrad,P.;Blasiak,J.TryptophanIntakeandMetabolisminOlderAdults
withMoodDisorders.Nutrients2020,12,3183.[CrossRef]

128.Walker,A.K.;Wing,E.E.;Banks,W.A.;Dantzer,R.Leucinecompeteswithkynurenineforblood-to-braintransportandprevents
lipopolysaccharide-induceddepression-likebehaviorinmice.Mol.Psychiatry2019,24,1523–1532.[CrossRef]

129.Regan,T.;Gill,A.C.;Clohisey,S.M.;Barnett,M.W.;Pariante,C.M.;Harrison,N.A.;Consortium,M.R.C.I.;Hume,D.A.;Bullmore,
E.T.;Freeman,T.C.Effectsofanti-inflammatorydrugsontheexpressionoftryptophan-metabolismgenesbyhumanmacrophages.
J.Leukoc.Biol.2018,103,681–692.[CrossRef]

130.Meier,T.B.;Drevets,W.C.;Teague,T.K.;Wurfel,B.E.;Mueller,S.C.;Bodurka,J.;Dantzer,R.;Savitz,J.Kynurenicacidisreducedin
femalesandoralcontraceptiveusers:Implicationsfordepression.BrainBehav.Immun.2018,67,59–64.[CrossRef]

131.Paoletti,R.;Sirtori,C.,Jr.;Spano,P.F.Clinicalrelevanceofdrugsaffectingtryptophantransport.Annu.Rev.Pharmacol.1975,15,
73–81.[CrossRef]

132.McArthur,J.N.;Dawkins,P.D.;Smith,M.J.;Hamilton,E.B.Modeofactionofantirheumaticdrugs.Br.Med.J.1971,2,677–679.
[CrossRef]

133.Harrison,P.J.;Geddes,J.R.;Tunbridge,E.M.TheEmergingNeurobiologyofBipolarDisorder.TrendsNeurosci.2018,41,18–30.
[CrossRef][PubMed]

134.Carlier,A.;Berkhof,J.G.;Rozing,M.;Bouckaert,F.;Sienaert,P.;Eikelenboom,P.;Veerhuis,R.;Vandenbulcke,M.;Berkhof,J.;Stek,
M.L.;etal.Inflammationandremissioninolderpatientswithdepressiontreatedwithelectroconvulsivetherapy;findingsfrom
theMODECTstudy().J.Affect.Disord.2019,256,509–516.[CrossRef][PubMed]

135.Janelidze,S.;Mattei,D.;Westrin,A.;Traskman-Bendz,L.;Brundin,L.Cytokinelevelsinthebloodmaydistinguishsuicide
attemptersfromdepressedpatients.BrainBehav.Immun.2011,25,335–339.[CrossRef][PubMed]

136.Brundin,L.;Sellgren,C.M.;Lim,C.K.;Grit,J.;Palsson,E.;Landen,M.;Samuelsson,M.;Lundgren,K.;Brundin,P.;Fuchs,D.;
etal.Anenzymeinthekynureninepathwaythatgovernsvulnerabilitytosuicidalbehaviorbyregulatingexcitotoxicityand
neuroinflammation.Transl.Psychiatry2016,6,e865.[CrossRef][PubMed]

137.Messaoud,A.;Mensi,R.;Douki,W.;Neffati,F.;Najjar,M.F.;Gobbi,G.;Valtorta,F.;Gaha,L.;Comai,S.Reducedperipheral
availabilityoftryptophanandincreasedactivationofthekynureninepathwayandcortisolcorrelatewithmajordepressionand
suicide.WorldJ.Biol.Psychiatry2019,20,703–711.[CrossRef]

138.Bryleva,E.Y.;Brundin,L.Kynureninepathwaymetabolitesandsuicidality.Neuropharmacology2017,112,324–330.[CrossRef]
139.Wurfel,B.E.;Drevets,W.C.;Bliss,S.A.;McMillin,J.R.;Suzuki,H.;Ford,B.N.;Morris,H.M.;Teague,T.K.;Dantzer,R.;Savitz,J.B.

Serumkynurenicacidisreducedinaffectivepsychosis.Transl.Psychiatry2017,7,e1115.[CrossRef]
140.Oxenkrug,G.F.IncreasedPlasmaLevelsofXanthurenicandKynurenicAcidsinType2Diabetes.Mol.Neurobiol.2015,52,

805–810.[CrossRef]
141.Erhardt,S.;Schwieler,L.;Imbeault,S.;Engberg,G.Thekynureninepathwayinschizophreniaandbipolardisorder.Neuropharma-

cology2017,112,297–306.[CrossRef]
142.Elovainio,M.;Hurme,M.;Jokela,M.;Pulkki-Raback,L.;Kivimaki,M.;Hintsanen,M.;Hintsa,T.;Lehtimaki,T.;Viikari,J.;

Raitakari,O.T.;etal.Indoleamine2,3-dioxygenaseactivationanddepressivesymptoms:ResultsfromtheYoungFinnsStudy.
Psychosom.Med.2012,74,675–681.[CrossRef]

143.Gabbay,V.;Ely,B.A.;Babb,J.;Liebes,L.Thepossibleroleofthekynureninepathwayinanhedoniainadolescents.J.Neural.
Transm.2012,119,253–260.[CrossRef][PubMed]

144.Gabbay,V.;Liebes,L.;Katz,Y.;Liu,S.;Mendoza,S.;Babb,J.S.;Klein,R.G.;Gonen,O.Thekynureninepathwayinadolescent
depression:PreliminaryfindingsfromaprotonMRspectroscopystudy.Prog.Neuropsychopharmacol.Biol.Psychiatry2010,34,
37–44.[CrossRef][PubMed]

145.Solvang,S.H.;Nordrehaug,J.E.;Tell,G.S.;Nygard,O.;McCann,A.;Ueland,P.M.;Midttun,O.;Meyer,K.;Vedeler,C.A.;Aarsland,
D.;etal.Thekynureninepathwayandcognitiveperformanceincommunity-dwellingolderadults.TheHordalandHealthStudy.
BrainBehav.Immun.2019,75,155–162.[CrossRef][PubMed]

Pharmaceuticals2022,15,143928of29

121.Paul,E.R.;Schwieler,L.;Erhardt,S.;Boda,S.;Trepci,A.;Kampe,R.;Asratian,A.;Holm,L.;Yngve,A.;Dantzer,R.;etal.Peripheral
andcentralkynureninepathwayabnormalitiesinmajordepression.BrainBehav.Immun.2022,101,136–145.[CrossRef]

122.Deac,O.M.;Mills,J.L.;Shane,B.;Midttun,O.;Ueland,P.M.;Brosnan,J.T.;Brosnan,M.E.;Laird,E.;Gibney,E.R.;Fan,R.;etal.
TryptophancatabolismandvitaminB-6statusareaffectedbygenderandlifestylefactorsinhealthyyoungadults.J.Nutr.2015,
145,701–707.[CrossRef]

123.Ulvik,A.;Theofylaktopoulou,D.;Midttun,O.;Nygard,O.;Eussen,S.J.;Ueland,P.M.Substrateproductratiosofenzymesin
thekynureninepathwaymeasuredinplasmaasindicatorsoffunctionalvitaminB-6status.Am.J.Clin.Nutr.2013,98,934–940.
[CrossRef][PubMed]

124.Ueland,P.M.;McCann,A.;Midttun,O.;Ulvik,A.Inflammation,vitaminB6andrelatedpathways.Mol.AspectsMed.2017,53,
10–27.[CrossRef][PubMed]

125.Ulvik,A.;Ebbing,M.;Hustad,S.;Midttun,O.;Nygard,O.;Vollset,S.E.;Bonaa,K.H.;Nordrehaug,J.E.;Nilsen,D.W.;Schirmer,H.;
etal.Long-andshort-termeffectsoftobaccosmokingoncirculatingconcentrationsofBvitamins.Clin.Chem.2010,56,755–763.
[CrossRef][PubMed]

126.Pertovaara,M.;Heliovaara,M.;Raitala,A.;Oja,S.S.;Knekt,P.;Hurme,M.Theactivityoftheimmunoregulatoryenzyme
indoleamine2,3-dioxygenaseisdecreasedinsmokers.Clin.Exp.Immunol.2006,145,469–473.[CrossRef]

127.Chojnacki,C.;Poplawski,T.;Chojnacki,J.;Fila,M.;Konrad,P.;Blasiak,J.TryptophanIntakeandMetabolisminOlderAdults
withMoodDisorders.Nutrients2020,12,3183.[CrossRef]

128.Walker,A.K.;Wing,E.E.;Banks,W.A.;Dantzer,R.Leucinecompeteswithkynurenineforblood-to-braintransportandprevents
lipopolysaccharide-induceddepression-likebehaviorinmice.Mol.Psychiatry2019,24,1523–1532.[CrossRef]

129.Regan,T.;Gill,A.C.;Clohisey,S.M.;Barnett,M.W.;Pariante,C.M.;Harrison,N.A.;Consortium,M.R.C.I.;Hume,D.A.;Bullmore,
E.T.;Freeman,T.C.Effectsofanti-inflammatorydrugsontheexpressionoftryptophan-metabolismgenesbyhumanmacrophages.
J.Leukoc.Biol.2018,103,681–692.[CrossRef]

130.Meier,T.B.;Drevets,W.C.;Teague,T.K.;Wurfel,B.E.;Mueller,S.C.;Bodurka,J.;Dantzer,R.;Savitz,J.Kynurenicacidisreducedin
femalesandoralcontraceptiveusers:Implicationsfordepression.BrainBehav.Immun.2018,67,59–64.[CrossRef]

131.Paoletti,R.;Sirtori,C.,Jr.;Spano,P.F.Clinicalrelevanceofdrugsaffectingtryptophantransport.Annu.Rev.Pharmacol.1975,15,
73–81.[CrossRef]

132.McArthur,J.N.;Dawkins,P.D.;Smith,M.J.;Hamilton,E.B.Modeofactionofantirheumaticdrugs.Br.Med.J.1971,2,677–679.
[CrossRef]

133.Harrison,P.J.;Geddes,J.R.;Tunbridge,E.M.TheEmergingNeurobiologyofBipolarDisorder.TrendsNeurosci.2018,41,18–30.
[CrossRef][PubMed]

134.Carlier,A.;Berkhof,J.G.;Rozing,M.;Bouckaert,F.;Sienaert,P.;Eikelenboom,P.;Veerhuis,R.;Vandenbulcke,M.;Berkhof,J.;Stek,
M.L.;etal.Inflammationandremissioninolderpatientswithdepressiontreatedwithelectroconvulsivetherapy;findingsfrom
theMODECTstudy().J.Affect.Disord.2019,256,509–516.[CrossRef][PubMed]

135.Janelidze,S.;Mattei,D.;Westrin,A.;Traskman-Bendz,L.;Brundin,L.Cytokinelevelsinthebloodmaydistinguishsuicide
attemptersfromdepressedpatients.BrainBehav.Immun.2011,25,335–339.[CrossRef][PubMed]

136.Brundin,L.;Sellgren,C.M.;Lim,C.K.;Grit,J.;Palsson,E.;Landen,M.;Samuelsson,M.;Lundgren,K.;Brundin,P.;Fuchs,D.;
etal.Anenzymeinthekynureninepathwaythatgovernsvulnerabilitytosuicidalbehaviorbyregulatingexcitotoxicityand
neuroinflammation.Transl.Psychiatry2016,6,e865.[CrossRef][PubMed]

137.Messaoud,A.;Mensi,R.;Douki,W.;Neffati,F.;Najjar,M.F.;Gobbi,G.;Valtorta,F.;Gaha,L.;Comai,S.Reducedperipheral
availabilityoftryptophanandincreasedactivationofthekynureninepathwayandcortisolcorrelatewithmajordepressionand
suicide.WorldJ.Biol.Psychiatry2019,20,703–711.[CrossRef]

138.Bryleva,E.Y.;Brundin,L.Kynureninepathwaymetabolitesandsuicidality.Neuropharmacology2017,112,324–330.[CrossRef]
139.Wurfel,B.E.;Drevets,W.C.;Bliss,S.A.;McMillin,J.R.;Suzuki,H.;Ford,B.N.;Morris,H.M.;Teague,T.K.;Dantzer,R.;Savitz,J.B.

Serumkynurenicacidisreducedinaffectivepsychosis.Transl.Psychiatry2017,7,e1115.[CrossRef]
140.Oxenkrug,G.F.IncreasedPlasmaLevelsofXanthurenicandKynurenicAcidsinType2Diabetes.Mol.Neurobiol.2015,52,

805–810.[CrossRef]
141.Erhardt,S.;Schwieler,L.;Imbeault,S.;Engberg,G.Thekynureninepathwayinschizophreniaandbipolardisorder.Neuropharma-

cology2017,112,297–306.[CrossRef]
142.Elovainio,M.;Hurme,M.;Jokela,M.;Pulkki-Raback,L.;Kivimaki,M.;Hintsanen,M.;Hintsa,T.;Lehtimaki,T.;Viikari,J.;

Raitakari,O.T.;etal.Indoleamine2,3-dioxygenaseactivationanddepressivesymptoms:ResultsfromtheYoungFinnsStudy.
Psychosom.Med.2012,74,675–681.[CrossRef]

143.Gabbay,V.;Ely,B.A.;Babb,J.;Liebes,L.Thepossibleroleofthekynureninepathwayinanhedoniainadolescents.J.Neural.
Transm.2012,119,253–260.[CrossRef][PubMed]

144.Gabbay,V.;Liebes,L.;Katz,Y.;Liu,S.;Mendoza,S.;Babb,J.S.;Klein,R.G.;Gonen,O.Thekynureninepathwayinadolescent
depression:PreliminaryfindingsfromaprotonMRspectroscopystudy.Prog.Neuropsychopharmacol.Biol.Psychiatry2010,34,
37–44.[CrossRef][PubMed]

145.Solvang,S.H.;Nordrehaug,J.E.;Tell,G.S.;Nygard,O.;McCann,A.;Ueland,P.M.;Midttun,O.;Meyer,K.;Vedeler,C.A.;Aarsland,
D.;etal.Thekynureninepathwayandcognitiveperformanceincommunity-dwellingolderadults.TheHordalandHealthStudy.
BrainBehav.Immun.2019,75,155–162.[CrossRef][PubMed]

Pharmaceuticals2022,15,143928of29

121.Paul,E.R.;Schwieler,L.;Erhardt,S.;Boda,S.;Trepci,A.;Kampe,R.;Asratian,A.;Holm,L.;Yngve,A.;Dantzer,R.;etal.Peripheral
andcentralkynureninepathwayabnormalitiesinmajordepression.BrainBehav.Immun.2022,101,136–145.[CrossRef]

122.Deac,O.M.;Mills,J.L.;Shane,B.;Midttun,O.;Ueland,P.M.;Brosnan,J.T.;Brosnan,M.E.;Laird,E.;Gibney,E.R.;Fan,R.;etal.
TryptophancatabolismandvitaminB-6statusareaffectedbygenderandlifestylefactorsinhealthyyoungadults.J.Nutr.2015,
145,701–707.[CrossRef]

123.Ulvik,A.;Theofylaktopoulou,D.;Midttun,O.;Nygard,O.;Eussen,S.J.;Ueland,P.M.Substrateproductratiosofenzymesin
thekynureninepathwaymeasuredinplasmaasindicatorsoffunctionalvitaminB-6status.Am.J.Clin.Nutr.2013,98,934–940.
[CrossRef][PubMed]

124.Ueland,P.M.;McCann,A.;Midttun,O.;Ulvik,A.Inflammation,vitaminB6andrelatedpathways.Mol.AspectsMed.2017,53,
10–27.[CrossRef][PubMed]

125.Ulvik,A.;Ebbing,M.;Hustad,S.;Midttun,O.;Nygard,O.;Vollset,S.E.;Bonaa,K.H.;Nordrehaug,J.E.;Nilsen,D.W.;Schirmer,H.;
etal.Long-andshort-termeffectsoftobaccosmokingoncirculatingconcentrationsofBvitamins.Clin.Chem.2010,56,755–763.
[CrossRef][PubMed]

126.Pertovaara,M.;Heliovaara,M.;Raitala,A.;Oja,S.S.;Knekt,P.;Hurme,M.Theactivityoftheimmunoregulatoryenzyme
indoleamine2,3-dioxygenaseisdecreasedinsmokers.Clin.Exp.Immunol.2006,145,469–473.[CrossRef]

127.Chojnacki,C.;Poplawski,T.;Chojnacki,J.;Fila,M.;Konrad,P.;Blasiak,J.TryptophanIntakeandMetabolisminOlderAdults
withMoodDisorders.Nutrients2020,12,3183.[CrossRef]

128.Walker,A.K.;Wing,E.E.;Banks,W.A.;Dantzer,R.Leucinecompeteswithkynurenineforblood-to-braintransportandprevents
lipopolysaccharide-induceddepression-likebehaviorinmice.Mol.Psychiatry2019,24,1523–1532.[CrossRef]

129.Regan,T.;Gill,A.C.;Clohisey,S.M.;Barnett,M.W.;Pariante,C.M.;Harrison,N.A.;Consortium,M.R.C.I.;Hume,D.A.;Bullmore,
E.T.;Freeman,T.C.Effectsofanti-inflammatorydrugsontheexpressionoftryptophan-metabolismgenesbyhumanmacrophages.
J.Leukoc.Biol.2018,103,681–692.[CrossRef]

130.Meier,T.B.;Drevets,W.C.;Teague,T.K.;Wurfel,B.E.;Mueller,S.C.;Bodurka,J.;Dantzer,R.;Savitz,J.Kynurenicacidisreducedin
femalesandoralcontraceptiveusers:Implicationsfordepression.BrainBehav.Immun.2018,67,59–64.[CrossRef]

131.Paoletti,R.;Sirtori,C.,Jr.;Spano,P.F.Clinicalrelevanceofdrugsaffectingtryptophantransport.Annu.Rev.Pharmacol.1975,15,
73–81.[CrossRef]

132.McArthur,J.N.;Dawkins,P.D.;Smith,M.J.;Hamilton,E.B.Modeofactionofantirheumaticdrugs.Br.Med.J.1971,2,677–679.
[CrossRef]

133.Harrison,P.J.;Geddes,J.R.;Tunbridge,E.M.TheEmergingNeurobiologyofBipolarDisorder.TrendsNeurosci.2018,41,18–30.
[CrossRef][PubMed]

134.Carlier,A.;Berkhof,J.G.;Rozing,M.;Bouckaert,F.;Sienaert,P.;Eikelenboom,P.;Veerhuis,R.;Vandenbulcke,M.;Berkhof,J.;Stek,
M.L.;etal.Inflammationandremissioninolderpatientswithdepressiontreatedwithelectroconvulsivetherapy;findingsfrom
theMODECTstudy().J.Affect.Disord.2019,256,509–516.[CrossRef][PubMed]

135.Janelidze,S.;Mattei,D.;Westrin,A.;Traskman-Bendz,L.;Brundin,L.Cytokinelevelsinthebloodmaydistinguishsuicide
attemptersfromdepressedpatients.BrainBehav.Immun.2011,25,335–339.[CrossRef][PubMed]

136.Brundin,L.;Sellgren,C.M.;Lim,C.K.;Grit,J.;Palsson,E.;Landen,M.;Samuelsson,M.;Lundgren,K.;Brundin,P.;Fuchs,D.;
etal.Anenzymeinthekynureninepathwaythatgovernsvulnerabilitytosuicidalbehaviorbyregulatingexcitotoxicityand
neuroinflammation.Transl.Psychiatry2016,6,e865.[CrossRef][PubMed]

137.Messaoud,A.;Mensi,R.;Douki,W.;Neffati,F.;Najjar,M.F.;Gobbi,G.;Valtorta,F.;Gaha,L.;Comai,S.Reducedperipheral
availabilityoftryptophanandincreasedactivationofthekynureninepathwayandcortisolcorrelatewithmajordepressionand
suicide.WorldJ.Biol.Psychiatry2019,20,703–711.[CrossRef]

138.Bryleva,E.Y.;Brundin,L.Kynureninepathwaymetabolitesandsuicidality.Neuropharmacology2017,112,324–330.[CrossRef]
139.Wurfel,B.E.;Drevets,W.C.;Bliss,S.A.;McMillin,J.R.;Suzuki,H.;Ford,B.N.;Morris,H.M.;Teague,T.K.;Dantzer,R.;Savitz,J.B.

Serumkynurenicacidisreducedinaffectivepsychosis.Transl.Psychiatry2017,7,e1115.[CrossRef]
140.Oxenkrug,G.F.IncreasedPlasmaLevelsofXanthurenicandKynurenicAcidsinType2Diabetes.Mol.Neurobiol.2015,52,

805–810.[CrossRef]
141.Erhardt,S.;Schwieler,L.;Imbeault,S.;Engberg,G.Thekynureninepathwayinschizophreniaandbipolardisorder.Neuropharma-

cology2017,112,297–306.[CrossRef]
142.Elovainio,M.;Hurme,M.;Jokela,M.;Pulkki-Raback,L.;Kivimaki,M.;Hintsanen,M.;Hintsa,T.;Lehtimaki,T.;Viikari,J.;

Raitakari,O.T.;etal.Indoleamine2,3-dioxygenaseactivationanddepressivesymptoms:ResultsfromtheYoungFinnsStudy.
Psychosom.Med.2012,74,675–681.[CrossRef]

143.Gabbay,V.;Ely,B.A.;Babb,J.;Liebes,L.Thepossibleroleofthekynureninepathwayinanhedoniainadolescents.J.Neural.
Transm.2012,119,253–260.[CrossRef][PubMed]

144.Gabbay,V.;Liebes,L.;Katz,Y.;Liu,S.;Mendoza,S.;Babb,J.S.;Klein,R.G.;Gonen,O.Thekynureninepathwayinadolescent
depression:PreliminaryfindingsfromaprotonMRspectroscopystudy.Prog.Neuropsychopharmacol.Biol.Psychiatry2010,34,
37–44.[CrossRef][PubMed]

145.Solvang,S.H.;Nordrehaug,J.E.;Tell,G.S.;Nygard,O.;McCann,A.;Ueland,P.M.;Midttun,O.;Meyer,K.;Vedeler,C.A.;Aarsland,
D.;etal.Thekynureninepathwayandcognitiveperformanceincommunity-dwellingolderadults.TheHordalandHealthStudy.
BrainBehav.Immun.2019,75,155–162.[CrossRef][PubMed]



Pharmaceuticals 2022, 15, 1439 29 of 29

146. Hestad, K.A.; Engedal, K.; Whist, J.E.; Farup, P.G. The Relationships among Tryptophan, Kynurenine, Indoleamine 2,3-
Dioxygenase, Depression, and Neuropsychological Performance. Front. Psychol. 2017, 8, 1561. [CrossRef] [PubMed]

147. Maes, M.; Rief, W. Diagnostic classifications in depression and somatization should include biomarkers, such as disorders in the
tryptophan catabolite (TRYCAT) pathway. Psychiatry Res. 2012, 196, 243–249. [CrossRef] [PubMed]

148. Stippl, A.; Kirkgoze, F.N.; Bajbouj, M.; Grimm, S. Differential Effects of Electroconvulsive Therapy in the Treatment of Major
Depressive Disorder. Neuropsychobiology 2020, 79, 408–416. [CrossRef]

149. Pluijms, E.M.; Kamperman, A.M.; Hoogendijk, W.J.; Birkenhager, T.K.; van den Broek, W.W. Influence of an adjuvant antidepres-
sant on the efficacy of electroconvulsive therapy: A systematic review and meta-analysis. Aust. New Zealand J. Psychiatry 2021, 55,
366–380. [CrossRef]

150. Badawy, A.A.; Evans, M. Inhibition of rat liver tryptophan pyrrolase activity and elevation of brain tryptophan concentration by
administration of antidepressants. Biochem. Pharmacol. 1981, 30, 1211–1216. [CrossRef]

151. van Diermen, L.; van den Ameele, S.; Kamperman, A.M.; Sabbe, B.C.G.; Vermeulen, T.; Schrijvers, D.; Birkenhager, T.K. Prediction
of electroconvulsive therapy response and remission in major depression: Meta-analysis. Br. J. Psychiatry 2018, 212, 71–80.
[CrossRef]

152. Midttun, O.; Townsend, M.K.; Nygard, O.; Tworoger, S.S.; Brennan, P.; Johansson, M.; Ueland, P.M. Most blood biomarkers related
to vitamin status, one-carbon metabolism, and the kynurenine pathway show adequate preanalytical stability and within-person
reproducibility to allow assessment of exposure or nutritional status in healthy women and cardiovascular patients. J. Nutr. 2014,
144, 784–790. [CrossRef]

153. Haroon, E.; Welle, J.R.; Woolwine, B.J.; Goldsmith, D.R.; Baer, W.; Patel, T.; Felger, J.C.; Miller, A.H. Associations among peripheral
and central kynurenine pathway metabolites and inflammation in depression. Neuropsychopharmacology 2020, 45, 998–1007.
[CrossRef] [PubMed]

154. Sellgren, C.M.; Gracias, J.; Jungholm, O.; Perlis, R.H.; Engberg, G.; Schwieler, L.; Landen, M.; Erhardt, S. Peripheral and central
levels of kynurenic acid in bipolar disorder subjects and healthy controls. Transl. Psychiatry 2019, 9, 37. [CrossRef] [PubMed]

155. Jacobs, K.R.; Lim, C.K.; Blennow, K.; Zetterberg, H.; Chatterjee, P.; Martins, R.N.; Brew, B.J.; Guillemin, G.J.; Lovejoy, D.B.
Correlation between plasma and CSF concentrations of kynurenine pathway metabolites in Alzheimer’s disease and relationship
to amyloid-beta and tau. Neurobiol. Aging 2019, 80, 11–20. [CrossRef] [PubMed]

Pharmaceuticals2022,15,143929of29

146.Hestad,K.A.;Engedal,K.;Whist,J.E.;Farup,P.G.TheRelationshipsamongTryptophan,Kynurenine,Indoleamine2,3-
Dioxygenase,Depression,andNeuropsychologicalPerformance.Front.Psychol.2017,8,1561.[CrossRef][PubMed]

147.Maes,M.;Rief,W.Diagnosticclassificationsindepressionandsomatizationshouldincludebiomarkers,suchasdisordersinthe
tryptophancatabolite(TRYCAT)pathway.PsychiatryRes.2012,196,243–249.[CrossRef][PubMed]

148.Stippl,A.;Kirkgoze,F.N.;Bajbouj,M.;Grimm,S.DifferentialEffectsofElectroconvulsiveTherapyintheTreatmentofMajor
DepressiveDisorder.Neuropsychobiology2020,79,408–416.[CrossRef]

149.Pluijms,E.M.;Kamperman,A.M.;Hoogendijk,W.J.;Birkenhager,T.K.;vandenBroek,W.W.Influenceofanadjuvantantidepres-
santontheefficacyofelectroconvulsivetherapy:Asystematicreviewandmeta-analysis.Aust.NewZealandJ.Psychiatry2021,55,
366–380.[CrossRef]

150.Badawy,A.A.;Evans,M.Inhibitionofratlivertryptophanpyrrolaseactivityandelevationofbraintryptophanconcentrationby
administrationofantidepressants.Biochem.Pharmacol.1981,30,1211–1216.[CrossRef]

151.vanDiermen,L.;vandenAmeele,S.;Kamperman,A.M.;Sabbe,B.C.G.;Vermeulen,T.;Schrijvers,D.;Birkenhager,T.K.Prediction
ofelectroconvulsivetherapyresponseandremissioninmajordepression:Meta-analysis.Br.J.Psychiatry2018,212,71–80.
[CrossRef]

152.Midttun,O.;Townsend,M.K.;Nygard,O.;Tworoger,S.S.;Brennan,P.;Johansson,M.;Ueland,P.M.Mostbloodbiomarkersrelated
tovitaminstatus,one-carbonmetabolism,andthekynureninepathwayshowadequatepreanalyticalstabilityandwithin-person
reproducibilitytoallowassessmentofexposureornutritionalstatusinhealthywomenandcardiovascularpatients.J.Nutr.2014,
144,784–790.[CrossRef]

153.Haroon,E.;Welle,J.R.;Woolwine,B.J.;Goldsmith,D.R.;Baer,W.;Patel,T.;Felger,J.C.;Miller,A.H.Associationsamongperipheral
andcentralkynureninepathwaymetabolitesandinflammationindepression.Neuropsychopharmacology2020,45,998–1007.
[CrossRef][PubMed]

154.Sellgren,C.M.;Gracias,J.;Jungholm,O.;Perlis,R.H.;Engberg,G.;Schwieler,L.;Landen,M.;Erhardt,S.Peripheralandcentral
levelsofkynurenicacidinbipolardisordersubjectsandhealthycontrols.Transl.Psychiatry2019,9,37.[CrossRef][PubMed]

155.Jacobs,K.R.;Lim,C.K.;Blennow,K.;Zetterberg,H.;Chatterjee,P.;Martins,R.N.;Brew,B.J.;Guillemin,G.J.;Lovejoy,D.B.
CorrelationbetweenplasmaandCSFconcentrationsofkynureninepathwaymetabolitesinAlzheimer’sdiseaseandrelationship
toamyloid-betaandtau.Neurobiol.Aging2019,80,11–20.[CrossRef][PubMed]

Pharmaceuticals2022,15,143929of29

146.Hestad,K.A.;Engedal,K.;Whist,J.E.;Farup,P.G.TheRelationshipsamongTryptophan,Kynurenine,Indoleamine2,3-
Dioxygenase,Depression,andNeuropsychologicalPerformance.Front.Psychol.2017,8,1561.[CrossRef][PubMed]

147.Maes,M.;Rief,W.Diagnosticclassificationsindepressionandsomatizationshouldincludebiomarkers,suchasdisordersinthe
tryptophancatabolite(TRYCAT)pathway.PsychiatryRes.2012,196,243–249.[CrossRef][PubMed]

148.Stippl,A.;Kirkgoze,F.N.;Bajbouj,M.;Grimm,S.DifferentialEffectsofElectroconvulsiveTherapyintheTreatmentofMajor
DepressiveDisorder.Neuropsychobiology2020,79,408–416.[CrossRef]

149.Pluijms,E.M.;Kamperman,A.M.;Hoogendijk,W.J.;Birkenhager,T.K.;vandenBroek,W.W.Influenceofanadjuvantantidepres-
santontheefficacyofelectroconvulsivetherapy:Asystematicreviewandmeta-analysis.Aust.NewZealandJ.Psychiatry2021,55,
366–380.[CrossRef]

150.Badawy,A.A.;Evans,M.Inhibitionofratlivertryptophanpyrrolaseactivityandelevationofbraintryptophanconcentrationby
administrationofantidepressants.Biochem.Pharmacol.1981,30,1211–1216.[CrossRef]

151.vanDiermen,L.;vandenAmeele,S.;Kamperman,A.M.;Sabbe,B.C.G.;Vermeulen,T.;Schrijvers,D.;Birkenhager,T.K.Prediction
ofelectroconvulsivetherapyresponseandremissioninmajordepression:Meta-analysis.Br.J.Psychiatry2018,212,71–80.
[CrossRef]

152.Midttun,O.;Townsend,M.K.;Nygard,O.;Tworoger,S.S.;Brennan,P.;Johansson,M.;Ueland,P.M.Mostbloodbiomarkersrelated
tovitaminstatus,one-carbonmetabolism,andthekynureninepathwayshowadequatepreanalyticalstabilityandwithin-person
reproducibilitytoallowassessmentofexposureornutritionalstatusinhealthywomenandcardiovascularpatients.J.Nutr.2014,
144,784–790.[CrossRef]

153.Haroon,E.;Welle,J.R.;Woolwine,B.J.;Goldsmith,D.R.;Baer,W.;Patel,T.;Felger,J.C.;Miller,A.H.Associationsamongperipheral
andcentralkynureninepathwaymetabolitesandinflammationindepression.Neuropsychopharmacology2020,45,998–1007.
[CrossRef][PubMed]

154.Sellgren,C.M.;Gracias,J.;Jungholm,O.;Perlis,R.H.;Engberg,G.;Schwieler,L.;Landen,M.;Erhardt,S.Peripheralandcentral
levelsofkynurenicacidinbipolardisordersubjectsandhealthycontrols.Transl.Psychiatry2019,9,37.[CrossRef][PubMed]

155.Jacobs,K.R.;Lim,C.K.;Blennow,K.;Zetterberg,H.;Chatterjee,P.;Martins,R.N.;Brew,B.J.;Guillemin,G.J.;Lovejoy,D.B.
CorrelationbetweenplasmaandCSFconcentrationsofkynureninepathwaymetabolitesinAlzheimer’sdiseaseandrelationship
toamyloid-betaandtau.Neurobiol.Aging2019,80,11–20.[CrossRef][PubMed]

Pharmaceuticals 2022, 15, 1439 29 of 29

146. Hestad, K.A.; Engedal, K.; Whist, J.E.; Farup, P.G. The Relationships among Tryptophan, Kynurenine, Indoleamine 2,3-
Dioxygenase, Depression, and Neuropsychological Performance. Front. Psychol. 2017, 8, 1561. [CrossRef] [PubMed]

147. Maes, M.; Rief, W. Diagnostic classifications in depression and somatization should include biomarkers, such as disorders in the
tryptophan catabolite (TRYCAT) pathway. Psychiatry Res. 2012, 196, 243–249. [CrossRef] [PubMed]

148. Stippl, A.; Kirkgoze, F.N.; Bajbouj, M.; Grimm, S. Differential Effects of Electroconvulsive Therapy in the Treatment of Major
Depressive Disorder. Neuropsychobiology 2020, 79, 408–416. [CrossRef]

149. Pluijms, E.M.; Kamperman, A.M.; Hoogendijk, W.J.; Birkenhager, T.K.; van den Broek, W.W. Influence of an adjuvant antidepres-
sant on the efficacy of electroconvulsive therapy: A systematic review and meta-analysis. Aust. New Zealand J. Psychiatry 2021, 55,
366–380. [CrossRef]

150. Badawy, A.A.; Evans, M. Inhibition of rat liver tryptophan pyrrolase activity and elevation of brain tryptophan concentration by
administration of antidepressants. Biochem. Pharmacol. 1981, 30, 1211–1216. [CrossRef]

151. van Diermen, L.; van den Ameele, S.; Kamperman, A.M.; Sabbe, B.C.G.; Vermeulen, T.; Schrijvers, D.; Birkenhager, T.K. Prediction
of electroconvulsive therapy response and remission in major depression: Meta-analysis. Br. J. Psychiatry 2018, 212, 71–80.
[CrossRef]

152. Midttun, O.; Townsend, M.K.; Nygard, O.; Tworoger, S.S.; Brennan, P.; Johansson, M.; Ueland, P.M. Most blood biomarkers related
to vitamin status, one-carbon metabolism, and the kynurenine pathway show adequate preanalytical stability and within-person
reproducibility to allow assessment of exposure or nutritional status in healthy women and cardiovascular patients. J. Nutr. 2014,
144, 784–790. [CrossRef]

153. Haroon, E.; Welle, J.R.; Woolwine, B.J.; Goldsmith, D.R.; Baer, W.; Patel, T.; Felger, J.C.; Miller, A.H. Associations among peripheral
and central kynurenine pathway metabolites and inflammation in depression. Neuropsychopharmacology 2020, 45, 998–1007.
[CrossRef] [PubMed]

154. Sellgren, C.M.; Gracias, J.; Jungholm, O.; Perlis, R.H.; Engberg, G.; Schwieler, L.; Landen, M.; Erhardt, S. Peripheral and central
levels of kynurenic acid in bipolar disorder subjects and healthy controls. Transl. Psychiatry 2019, 9, 37. [CrossRef] [PubMed]

155. Jacobs, K.R.; Lim, C.K.; Blennow, K.; Zetterberg, H.; Chatterjee, P.; Martins, R.N.; Brew, B.J.; Guillemin, G.J.; Lovejoy, D.B.
Correlation between plasma and CSF concentrations of kynurenine pathway metabolites in Alzheimer’s disease and relationship
to amyloid-beta and tau. Neurobiol. Aging 2019, 80, 11–20. [CrossRef] [PubMed]

Pharmaceuticals 2022, 15, 1439 29 of 29

146. Hestad, K.A.; Engedal, K.; Whist, J.E.; Farup, P.G. The Relationships among Tryptophan, Kynurenine, Indoleamine 2,3-
Dioxygenase, Depression, and Neuropsychological Performance. Front. Psychol. 2017, 8, 1561. [CrossRef] [PubMed]

147. Maes, M.; Rief, W. Diagnostic classifications in depression and somatization should include biomarkers, such as disorders in the
tryptophan catabolite (TRYCAT) pathway. Psychiatry Res. 2012, 196, 243–249. [CrossRef] [PubMed]

148. Stippl, A.; Kirkgoze, F.N.; Bajbouj, M.; Grimm, S. Differential Effects of Electroconvulsive Therapy in the Treatment of Major
Depressive Disorder. Neuropsychobiology 2020, 79, 408–416. [CrossRef]

149. Pluijms, E.M.; Kamperman, A.M.; Hoogendijk, W.J.; Birkenhager, T.K.; van den Broek, W.W. Influence of an adjuvant antidepres-
sant on the efficacy of electroconvulsive therapy: A systematic review and meta-analysis. Aust. New Zealand J. Psychiatry 2021, 55,
366–380. [CrossRef]

150. Badawy, A.A.; Evans, M. Inhibition of rat liver tryptophan pyrrolase activity and elevation of brain tryptophan concentration by
administration of antidepressants. Biochem. Pharmacol. 1981, 30, 1211–1216. [CrossRef]

151. van Diermen, L.; van den Ameele, S.; Kamperman, A.M.; Sabbe, B.C.G.; Vermeulen, T.; Schrijvers, D.; Birkenhager, T.K. Prediction
of electroconvulsive therapy response and remission in major depression: Meta-analysis. Br. J. Psychiatry 2018, 212, 71–80.
[CrossRef]

152. Midttun, O.; Townsend, M.K.; Nygard, O.; Tworoger, S.S.; Brennan, P.; Johansson, M.; Ueland, P.M. Most blood biomarkers related
to vitamin status, one-carbon metabolism, and the kynurenine pathway show adequate preanalytical stability and within-person
reproducibility to allow assessment of exposure or nutritional status in healthy women and cardiovascular patients. J. Nutr. 2014,
144, 784–790. [CrossRef]

153. Haroon, E.; Welle, J.R.; Woolwine, B.J.; Goldsmith, D.R.; Baer, W.; Patel, T.; Felger, J.C.; Miller, A.H. Associations among peripheral
and central kynurenine pathway metabolites and inflammation in depression. Neuropsychopharmacology 2020, 45, 998–1007.
[CrossRef] [PubMed]

154. Sellgren, C.M.; Gracias, J.; Jungholm, O.; Perlis, R.H.; Engberg, G.; Schwieler, L.; Landen, M.; Erhardt, S. Peripheral and central
levels of kynurenic acid in bipolar disorder subjects and healthy controls. Transl. Psychiatry 2019, 9, 37. [CrossRef] [PubMed]

155. Jacobs, K.R.; Lim, C.K.; Blennow, K.; Zetterberg, H.; Chatterjee, P.; Martins, R.N.; Brew, B.J.; Guillemin, G.J.; Lovejoy, D.B.
Correlation between plasma and CSF concentrations of kynurenine pathway metabolites in Alzheimer’s disease and relationship
to amyloid-beta and tau. Neurobiol. Aging 2019, 80, 11–20. [CrossRef] [PubMed]

Pharmaceuticals2022,15,143929of29

146.Hestad,K.A.;Engedal,K.;Whist,J.E.;Farup,P.G.TheRelationshipsamongTryptophan,Kynurenine,Indoleamine2,3-
Dioxygenase,Depression,andNeuropsychologicalPerformance.Front.Psychol.2017,8,1561.[CrossRef][PubMed]

147.Maes,M.;Rief,W.Diagnosticclassificationsindepressionandsomatizationshouldincludebiomarkers,suchasdisordersinthe
tryptophancatabolite(TRYCAT)pathway.PsychiatryRes.2012,196,243–249.[CrossRef][PubMed]

148.Stippl,A.;Kirkgoze,F.N.;Bajbouj,M.;Grimm,S.DifferentialEffectsofElectroconvulsiveTherapyintheTreatmentofMajor
DepressiveDisorder.Neuropsychobiology2020,79,408–416.[CrossRef]

149.Pluijms,E.M.;Kamperman,A.M.;Hoogendijk,W.J.;Birkenhager,T.K.;vandenBroek,W.W.Influenceofanadjuvantantidepres-
santontheefficacyofelectroconvulsivetherapy:Asystematicreviewandmeta-analysis.Aust.NewZealandJ.Psychiatry2021,55,
366–380.[CrossRef]

150.Badawy,A.A.;Evans,M.Inhibitionofratlivertryptophanpyrrolaseactivityandelevationofbraintryptophanconcentrationby
administrationofantidepressants.Biochem.Pharmacol.1981,30,1211–1216.[CrossRef]

151.vanDiermen,L.;vandenAmeele,S.;Kamperman,A.M.;Sabbe,B.C.G.;Vermeulen,T.;Schrijvers,D.;Birkenhager,T.K.Prediction
ofelectroconvulsivetherapyresponseandremissioninmajordepression:Meta-analysis.Br.J.Psychiatry2018,212,71–80.
[CrossRef]

152.Midttun,O.;Townsend,M.K.;Nygard,O.;Tworoger,S.S.;Brennan,P.;Johansson,M.;Ueland,P.M.Mostbloodbiomarkersrelated
tovitaminstatus,one-carbonmetabolism,andthekynureninepathwayshowadequatepreanalyticalstabilityandwithin-person
reproducibilitytoallowassessmentofexposureornutritionalstatusinhealthywomenandcardiovascularpatients.J.Nutr.2014,
144,784–790.[CrossRef]

153.Haroon,E.;Welle,J.R.;Woolwine,B.J.;Goldsmith,D.R.;Baer,W.;Patel,T.;Felger,J.C.;Miller,A.H.Associationsamongperipheral
andcentralkynureninepathwaymetabolitesandinflammationindepression.Neuropsychopharmacology2020,45,998–1007.
[CrossRef][PubMed]

154.Sellgren,C.M.;Gracias,J.;Jungholm,O.;Perlis,R.H.;Engberg,G.;Schwieler,L.;Landen,M.;Erhardt,S.Peripheralandcentral
levelsofkynurenicacidinbipolardisordersubjectsandhealthycontrols.Transl.Psychiatry2019,9,37.[CrossRef][PubMed]

155.Jacobs,K.R.;Lim,C.K.;Blennow,K.;Zetterberg,H.;Chatterjee,P.;Martins,R.N.;Brew,B.J.;Guillemin,G.J.;Lovejoy,D.B.
CorrelationbetweenplasmaandCSFconcentrationsofkynureninepathwaymetabolitesinAlzheimer’sdiseaseandrelationship
toamyloid-betaandtau.Neurobiol.Aging2019,80,11–20.[CrossRef][PubMed]

Pharmaceuticals2022,15,143929of29

146.Hestad,K.A.;Engedal,K.;Whist,J.E.;Farup,P.G.TheRelationshipsamongTryptophan,Kynurenine,Indoleamine2,3-
Dioxygenase,Depression,andNeuropsychologicalPerformance.Front.Psychol.2017,8,1561.[CrossRef][PubMed]

147.Maes,M.;Rief,W.Diagnosticclassificationsindepressionandsomatizationshouldincludebiomarkers,suchasdisordersinthe
tryptophancatabolite(TRYCAT)pathway.PsychiatryRes.2012,196,243–249.[CrossRef][PubMed]

148.Stippl,A.;Kirkgoze,F.N.;Bajbouj,M.;Grimm,S.DifferentialEffectsofElectroconvulsiveTherapyintheTreatmentofMajor
DepressiveDisorder.Neuropsychobiology2020,79,408–416.[CrossRef]

149.Pluijms,E.M.;Kamperman,A.M.;Hoogendijk,W.J.;Birkenhager,T.K.;vandenBroek,W.W.Influenceofanadjuvantantidepres-
santontheefficacyofelectroconvulsivetherapy:Asystematicreviewandmeta-analysis.Aust.NewZealandJ.Psychiatry2021,55,
366–380.[CrossRef]

150.Badawy,A.A.;Evans,M.Inhibitionofratlivertryptophanpyrrolaseactivityandelevationofbraintryptophanconcentrationby
administrationofantidepressants.Biochem.Pharmacol.1981,30,1211–1216.[CrossRef]

151.vanDiermen,L.;vandenAmeele,S.;Kamperman,A.M.;Sabbe,B.C.G.;Vermeulen,T.;Schrijvers,D.;Birkenhager,T.K.Prediction
ofelectroconvulsivetherapyresponseandremissioninmajordepression:Meta-analysis.Br.J.Psychiatry2018,212,71–80.
[CrossRef]

152.Midttun,O.;Townsend,M.K.;Nygard,O.;Tworoger,S.S.;Brennan,P.;Johansson,M.;Ueland,P.M.Mostbloodbiomarkersrelated
tovitaminstatus,one-carbonmetabolism,andthekynureninepathwayshowadequatepreanalyticalstabilityandwithin-person
reproducibilitytoallowassessmentofexposureornutritionalstatusinhealthywomenandcardiovascularpatients.J.Nutr.2014,
144,784–790.[CrossRef]

153.Haroon,E.;Welle,J.R.;Woolwine,B.J.;Goldsmith,D.R.;Baer,W.;Patel,T.;Felger,J.C.;Miller,A.H.Associationsamongperipheral
andcentralkynureninepathwaymetabolitesandinflammationindepression.Neuropsychopharmacology2020,45,998–1007.
[CrossRef][PubMed]

154.Sellgren,C.M.;Gracias,J.;Jungholm,O.;Perlis,R.H.;Engberg,G.;Schwieler,L.;Landen,M.;Erhardt,S.Peripheralandcentral
levelsofkynurenicacidinbipolardisordersubjectsandhealthycontrols.Transl.Psychiatry2019,9,37.[CrossRef][PubMed]

155.Jacobs,K.R.;Lim,C.K.;Blennow,K.;Zetterberg,H.;Chatterjee,P.;Martins,R.N.;Brew,B.J.;Guillemin,G.J.;Lovejoy,D.B.
CorrelationbetweenplasmaandCSFconcentrationsofkynureninepathwaymetabolitesinAlzheimer’sdiseaseandrelationship
toamyloid-betaandtau.Neurobiol.Aging2019,80,11–20.[CrossRef][PubMed]

Pharmaceuticals2022,15,143929of29

146.Hestad,K.A.;Engedal,K.;Whist,J.E.;Farup,P.G.TheRelationshipsamongTryptophan,Kynurenine,Indoleamine2,3-
Dioxygenase,Depression,andNeuropsychologicalPerformance.Front.Psychol.2017,8,1561.[CrossRef][PubMed]

147.Maes,M.;Rief,W.Diagnosticclassificationsindepressionandsomatizationshouldincludebiomarkers,suchasdisordersinthe
tryptophancatabolite(TRYCAT)pathway.PsychiatryRes.2012,196,243–249.[CrossRef][PubMed]

148.Stippl,A.;Kirkgoze,F.N.;Bajbouj,M.;Grimm,S.DifferentialEffectsofElectroconvulsiveTherapyintheTreatmentofMajor
DepressiveDisorder.Neuropsychobiology2020,79,408–416.[CrossRef]

149.Pluijms,E.M.;Kamperman,A.M.;Hoogendijk,W.J.;Birkenhager,T.K.;vandenBroek,W.W.Influenceofanadjuvantantidepres-
santontheefficacyofelectroconvulsivetherapy:Asystematicreviewandmeta-analysis.Aust.NewZealandJ.Psychiatry2021,55,
366–380.[CrossRef]

150.Badawy,A.A.;Evans,M.Inhibitionofratlivertryptophanpyrrolaseactivityandelevationofbraintryptophanconcentrationby
administrationofantidepressants.Biochem.Pharmacol.1981,30,1211–1216.[CrossRef]

151.vanDiermen,L.;vandenAmeele,S.;Kamperman,A.M.;Sabbe,B.C.G.;Vermeulen,T.;Schrijvers,D.;Birkenhager,T.K.Prediction
ofelectroconvulsivetherapyresponseandremissioninmajordepression:Meta-analysis.Br.J.Psychiatry2018,212,71–80.
[CrossRef]

152.Midttun,O.;Townsend,M.K.;Nygard,O.;Tworoger,S.S.;Brennan,P.;Johansson,M.;Ueland,P.M.Mostbloodbiomarkersrelated
tovitaminstatus,one-carbonmetabolism,andthekynureninepathwayshowadequatepreanalyticalstabilityandwithin-person
reproducibilitytoallowassessmentofexposureornutritionalstatusinhealthywomenandcardiovascularpatients.J.Nutr.2014,
144,784–790.[CrossRef]

153.Haroon,E.;Welle,J.R.;Woolwine,B.J.;Goldsmith,D.R.;Baer,W.;Patel,T.;Felger,J.C.;Miller,A.H.Associationsamongperipheral
andcentralkynureninepathwaymetabolitesandinflammationindepression.Neuropsychopharmacology2020,45,998–1007.
[CrossRef][PubMed]

154.Sellgren,C.M.;Gracias,J.;Jungholm,O.;Perlis,R.H.;Engberg,G.;Schwieler,L.;Landen,M.;Erhardt,S.Peripheralandcentral
levelsofkynurenicacidinbipolardisordersubjectsandhealthycontrols.Transl.Psychiatry2019,9,37.[CrossRef][PubMed]

155.Jacobs,K.R.;Lim,C.K.;Blennow,K.;Zetterberg,H.;Chatterjee,P.;Martins,R.N.;Brew,B.J.;Guillemin,G.J.;Lovejoy,D.B.
CorrelationbetweenplasmaandCSFconcentrationsofkynureninepathwaymetabolitesinAlzheimer’sdiseaseandrelationship
toamyloid-betaandtau.Neurobiol.Aging2019,80,11–20.[CrossRef][PubMed]

Pharmaceuticals2022,15,143929of29

146.Hestad,K.A.;Engedal,K.;Whist,J.E.;Farup,P.G.TheRelationshipsamongTryptophan,Kynurenine,Indoleamine2,3-
Dioxygenase,Depression,andNeuropsychologicalPerformance.Front.Psychol.2017,8,1561.[CrossRef][PubMed]

147.Maes,M.;Rief,W.Diagnosticclassificationsindepressionandsomatizationshouldincludebiomarkers,suchasdisordersinthe
tryptophancatabolite(TRYCAT)pathway.PsychiatryRes.2012,196,243–249.[CrossRef][PubMed]

148.Stippl,A.;Kirkgoze,F.N.;Bajbouj,M.;Grimm,S.DifferentialEffectsofElectroconvulsiveTherapyintheTreatmentofMajor
DepressiveDisorder.Neuropsychobiology2020,79,408–416.[CrossRef]

149.Pluijms,E.M.;Kamperman,A.M.;Hoogendijk,W.J.;Birkenhager,T.K.;vandenBroek,W.W.Influenceofanadjuvantantidepres-
santontheefficacyofelectroconvulsivetherapy:Asystematicreviewandmeta-analysis.Aust.NewZealandJ.Psychiatry2021,55,
366–380.[CrossRef]

150.Badawy,A.A.;Evans,M.Inhibitionofratlivertryptophanpyrrolaseactivityandelevationofbraintryptophanconcentrationby
administrationofantidepressants.Biochem.Pharmacol.1981,30,1211–1216.[CrossRef]

151.vanDiermen,L.;vandenAmeele,S.;Kamperman,A.M.;Sabbe,B.C.G.;Vermeulen,T.;Schrijvers,D.;Birkenhager,T.K.Prediction
ofelectroconvulsivetherapyresponseandremissioninmajordepression:Meta-analysis.Br.J.Psychiatry2018,212,71–80.
[CrossRef]

152.Midttun,O.;Townsend,M.K.;Nygard,O.;Tworoger,S.S.;Brennan,P.;Johansson,M.;Ueland,P.M.Mostbloodbiomarkersrelated
tovitaminstatus,one-carbonmetabolism,andthekynureninepathwayshowadequatepreanalyticalstabilityandwithin-person
reproducibilitytoallowassessmentofexposureornutritionalstatusinhealthywomenandcardiovascularpatients.J.Nutr.2014,
144,784–790.[CrossRef]

153.Haroon,E.;Welle,J.R.;Woolwine,B.J.;Goldsmith,D.R.;Baer,W.;Patel,T.;Felger,J.C.;Miller,A.H.Associationsamongperipheral
andcentralkynureninepathwaymetabolitesandinflammationindepression.Neuropsychopharmacology2020,45,998–1007.
[CrossRef][PubMed]

154.Sellgren,C.M.;Gracias,J.;Jungholm,O.;Perlis,R.H.;Engberg,G.;Schwieler,L.;Landen,M.;Erhardt,S.Peripheralandcentral
levelsofkynurenicacidinbipolardisordersubjectsandhealthycontrols.Transl.Psychiatry2019,9,37.[CrossRef][PubMed]

155.Jacobs,K.R.;Lim,C.K.;Blennow,K.;Zetterberg,H.;Chatterjee,P.;Martins,R.N.;Brew,B.J.;Guillemin,G.J.;Lovejoy,D.B.
CorrelationbetweenplasmaandCSFconcentrationsofkynureninepathwaymetabolitesinAlzheimer’sdiseaseandrelationship
toamyloid-betaandtau.Neurobiol.Aging2019,80,11–20.[CrossRef][PubMed]





Study IV

Supplementary material 

StudyIV

Supplementary material 

StudyIV

Supplementary material 

Study IV

Supplementary material 

Study IV

Supplementary material 

StudyIV

Supplementary material 

StudyIV

Supplementary material 

StudyIV

Supplementary material 

StudyIV

Supplementary material 



 
Supplementary Document: Syntax for systematic literature search, july 2022 
 

The syntax for the original literature search for june 2020 was identical to the one presented 
below. The number of records identified by each index term or free text in the syntax is indicated at the 
end of each line. Unlike in the original search, the results showen here were filtered on publication date.  
 
 
Ovid MEDLINE(R) and Epub Ahead of Print, In-Process, In-Data-Review & Other Non-Indexed 
Citations and Daily <1946 to July 19, 2022> 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 2682 
2 tryptophan.mp. 65112 
3 kynurenine.mp. 6883 
4 (kynurenine tryptophan ratio or KTR).mp. 817 
5 (kynurenic acid or kynurenate or KYNA).mp. 4130 
6 anthranilic acid.mp. 1776 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 831 
8 xanthurenic acid.mp. 674 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 710 
10 (quinolinic acid or QUIN).mp. 4048 
11 picolinic acid.mp. 1106 
12 tryptophan 2,3-dioxygenase.mp. 649 
13 indoleamine 2,3-dioxygenase.mp. 4297 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 407 
15 kynurenine aminotransferase.mp. 311 
16 kynurenine 3-monooxygenase.mp. 343 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 77159 
18 exp tryptophan/ 35459 
19 exp kynurenine/ 3876 
20 exp kynurenic acid/ 2501 
21 exp ortho-aminobenzoates/ 8070 
22 exp xanthurenates/ 3030 
23 exp 3-hydroxyanthranilic acid/ 340 
24 exp quinolinic acid/ 1790 
25 exp picolinic acids/ 3590 
26 exp tryptophan oxygenase/ 1993 
27 exp indoleamine-pyrrole 2,3,-dioxygenase/ 3261 
28 exp kynurenine 3-monooxygenase/ 252 
29 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 54079 
30 17 or 29 89654 
31 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 33799 
32 exp Electroconvulsive Therapy/ 13965 
33 31 or 32 33799 
34 30 and 33 267 
35 limit 34 to yr="2020 -Current" 6 
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tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 2682 
2 tryptophan.mp. 65112 
3 kynurenine.mp. 6883 
4 (kynurenine tryptophan ratio or KTR).mp. 817 
5 (kynurenic acid or kynurenate or KYNA).mp. 4130 
6 anthranilic acid.mp. 1776 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 831 
8 xanthurenic acid.mp. 674 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 710 
10 (quinolinic acid or QUIN).mp. 4048 
11 picolinic acid.mp. 1106 
12 tryptophan 2,3-dioxygenase.mp. 649 
13 indoleamine 2,3-dioxygenase.mp. 4297 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 407 
15 kynurenine aminotransferase.mp. 311 
16 kynurenine 3-monooxygenase.mp. 343 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 77159 
18 exp tryptophan/ 35459 
19 exp kynurenine/ 3876 
20 exp kynurenic acid/ 2501 
21 exp ortho-aminobenzoates/ 8070 
22 exp xanthurenates/ 3030 
23 exp 3-hydroxyanthranilic acid/ 340 
24 exp quinolinic acid/ 1790 
25 exp picolinic acids/ 3590 
26 exp tryptophan oxygenase/ 1993 
27 exp indoleamine-pyrrole 2,3,-dioxygenase/ 3261 
28 exp kynurenine 3-monooxygenase/ 252 
29 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 54079 
30 17 or 29 89654 
31 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 33799 
32 exp Electroconvulsive Therapy/ 13965 
33 31 or 32 33799 
34 30 and 33 267 
35 limit 34 to yr="2020 -Current" 6 
 
 
Embase 1974 to 2022 July 19 

 
Supplementary Document: Syntax for systematic literature search, july 2022 
 

The syntax for the original literature search for june 2020 was identical to the one presented 
below. The number of records identified by each index term or free text in the syntax is indicated at the 
end of each line. Unlike in the original search, the results showen here were filtered on publication date.  
 
 
Ovid MEDLINE(R) and Epub Ahead of Print, In-Process, In-Data-Review & Other Non-Indexed 
Citations and Daily <1946 to July 19, 2022> 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 2682 
2 tryptophan.mp. 65112 
3 kynurenine.mp. 6883 
4 (kynurenine tryptophan ratio or KTR).mp. 817 
5 (kynurenic acid or kynurenate or KYNA).mp. 4130 
6 anthranilic acid.mp. 1776 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 831 
8 xanthurenic acid.mp. 674 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 710 
10 (quinolinic acid or QUIN).mp. 4048 
11 picolinic acid.mp. 1106 
12 tryptophan 2,3-dioxygenase.mp. 649 
13 indoleamine 2,3-dioxygenase.mp. 4297 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 407 
15 kynurenine aminotransferase.mp. 311 
16 kynurenine 3-monooxygenase.mp. 343 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 77159 
18 exp tryptophan/ 35459 
19 exp kynurenine/ 3876 
20 exp kynurenic acid/ 2501 
21 exp ortho-aminobenzoates/ 8070 
22 exp xanthurenates/ 3030 
23 exp 3-hydroxyanthranilic acid/ 340 
24 exp quinolinic acid/ 1790 
25 exp picolinic acids/ 3590 
26 exp tryptophan oxygenase/ 1993 
27 exp indoleamine-pyrrole 2,3,-dioxygenase/ 3261 
28 exp kynurenine 3-monooxygenase/ 252 
29 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 54079 
30 17 or 29 89654 
31 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 33799 
32 exp Electroconvulsive Therapy/ 13965 
33 31 or 32 33799 
34 30 and 33 267 
35 limit 34 to yr="2020 -Current" 6 
 
 
Embase 1974 to 2022 July 19 

 
Supplementary Document: Syntax for systematic literature search, july 2022 
 

The syntax for the original literature search for june 2020 was identical to the one presented 
below. The number of records identified by each index term or free text in the syntax is indicated at the 
end of each line. Unlike in the original search, the results showen here were filtered on publication date.  
 
 
Ovid MEDLINE(R) and Epub Ahead of Print, In-Process, In-Data-Review & Other Non-Indexed 
Citations and Daily <1946 to July 19, 2022> 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 2682 
2 tryptophan.mp. 65112 
3 kynurenine.mp. 6883 
4 (kynurenine tryptophan ratio or KTR).mp. 817 
5 (kynurenic acid or kynurenate or KYNA).mp. 4130 
6 anthranilic acid.mp. 1776 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 831 
8 xanthurenic acid.mp. 674 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 710 
10 (quinolinic acid or QUIN).mp. 4048 
11 picolinic acid.mp. 1106 
12 tryptophan 2,3-dioxygenase.mp. 649 
13 indoleamine 2,3-dioxygenase.mp. 4297 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 407 
15 kynurenine aminotransferase.mp. 311 
16 kynurenine 3-monooxygenase.mp. 343 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 77159 
18 exp tryptophan/ 35459 
19 exp kynurenine/ 3876 
20 exp kynurenic acid/ 2501 
21 exp ortho-aminobenzoates/ 8070 
22 exp xanthurenates/ 3030 
23 exp 3-hydroxyanthranilic acid/ 340 
24 exp quinolinic acid/ 1790 
25 exp picolinic acids/ 3590 
26 exp tryptophan oxygenase/ 1993 
27 exp indoleamine-pyrrole 2,3,-dioxygenase/ 3261 
28 exp kynurenine 3-monooxygenase/ 252 
29 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 54079 
30 17 or 29 89654 
31 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 33799 
32 exp Electroconvulsive Therapy/ 13965 
33 31 or 32 33799 
34 30 and 33 267 
35 limit 34 to yr="2020 -Current" 6 
 
 
Embase 1974 to 2022 July 19 

 
Supplementary Document: Syntax for systematic literature search, july 2022 
 

The syntax for the original literature search for june 2020 was identical to the one presented 
below. The number of records identified by each index term or free text in the syntax is indicated at the 
end of each line. Unlike in the original search, the results showen here were filtered on publication date.  
 
 
Ovid MEDLINE(R) and Epub Ahead of Print, In-Process, In-Data-Review & Other Non-Indexed 
Citations and Daily <1946 to July 19, 2022> 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 2682 
2 tryptophan.mp. 65112 
3 kynurenine.mp. 6883 
4 (kynurenine tryptophan ratio or KTR).mp. 817 
5 (kynurenic acid or kynurenate or KYNA).mp. 4130 
6 anthranilic acid.mp. 1776 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 831 
8 xanthurenic acid.mp. 674 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 710 
10 (quinolinic acid or QUIN).mp. 4048 
11 picolinic acid.mp. 1106 
12 tryptophan 2,3-dioxygenase.mp. 649 
13 indoleamine 2,3-dioxygenase.mp. 4297 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 407 
15 kynurenine aminotransferase.mp. 311 
16 kynurenine 3-monooxygenase.mp. 343 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 77159 
18 exp tryptophan/ 35459 
19 exp kynurenine/ 3876 
20 exp kynurenic acid/ 2501 
21 exp ortho-aminobenzoates/ 8070 
22 exp xanthurenates/ 3030 
23 exp 3-hydroxyanthranilic acid/ 340 
24 exp quinolinic acid/ 1790 
25 exp picolinic acids/ 3590 
26 exp tryptophan oxygenase/ 1993 
27 exp indoleamine-pyrrole 2,3,-dioxygenase/ 3261 
28 exp kynurenine 3-monooxygenase/ 252 
29 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 54079 
30 17 or 29 89654 
31 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 33799 
32 exp Electroconvulsive Therapy/ 13965 
33 31 or 32 33799 
34 30 and 33 267 
35 limit 34 to yr="2020 -Current" 6 
 
 
Embase 1974 to 2022 July 19 



 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
27 exp tryptophan 2,3 dioxygenase/ 1647 
28 exp indoleamine 2,3 dioxygenase/ 7720 
29 exp kynureninase/ 451 
30 exp Kynurenine 3 monooxygenase/ 520 
31 exp Kynurenine aminotransferase/ 456 
32 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 65535 
33 17 or 32 100720 
34 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
 
 
APA PsycInfo 1806 to July Week 2 2022 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 491 
2 tryptophan.mp. 4461 
3 kynurenine.mp. 840 
4 (kynurenine tryptophan ratio or KTR).mp. 47 
5 (kynurenic acid or kynurenate or KYNA).mp. 747 

 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
27 exp tryptophan 2,3 dioxygenase/ 1647 
28 exp indoleamine 2,3 dioxygenase/ 7720 
29 exp kynureninase/ 451 
30 exp Kynurenine 3 monooxygenase/ 520 
31 exp Kynurenine aminotransferase/ 456 
32 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 65535 
33 17 or 32 100720 
34 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
 
 
APA PsycInfo 1806 to July Week 2 2022 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 491 
2 tryptophan.mp. 4461 
3 kynurenine.mp. 840 
4 (kynurenine tryptophan ratio or KTR).mp. 47 
5 (kynurenic acid or kynurenate or KYNA).mp. 747 

 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
27 exp tryptophan 2,3 dioxygenase/ 1647 
28 exp indoleamine 2,3 dioxygenase/ 7720 
29 exp kynureninase/ 451 
30 exp Kynurenine 3 monooxygenase/ 520 
31 exp Kynurenine aminotransferase/ 456 
32 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 65535 
33 17 or 32 100720 
34 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
 
 
APA PsycInfo 1806 to July Week 2 2022 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 491 
2 tryptophan.mp. 4461 
3 kynurenine.mp. 840 
4 (kynurenine tryptophan ratio or KTR).mp. 47 
5 (kynurenic acid or kynurenate or KYNA).mp. 747 

 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
27 exp tryptophan 2,3 dioxygenase/ 1647 
28 exp indoleamine 2,3 dioxygenase/ 7720 
29 exp kynureninase/ 451 
30 exp Kynurenine 3 monooxygenase/ 520 
31 exp Kynurenine aminotransferase/ 456 
32 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 65535 
33 17 or 32 100720 
34 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
 
 
APA PsycInfo 1806 to July Week 2 2022 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 491 
2 tryptophan.mp. 4461 
3 kynurenine.mp. 840 
4 (kynurenine tryptophan ratio or KTR).mp. 47 
5 (kynurenic acid or kynurenate or KYNA).mp. 747 

 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
27 exp tryptophan 2,3 dioxygenase/ 1647 
28 exp indoleamine 2,3 dioxygenase/ 7720 
29 exp kynureninase/ 451 
30 exp Kynurenine 3 monooxygenase/ 520 
31 exp Kynurenine aminotransferase/ 456 
32 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 65535 
33 17 or 32 100720 
34 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
 
 
APA PsycInfo 1806 to July Week 2 2022 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 491 
2 tryptophan.mp. 4461 
3 kynurenine.mp. 840 
4 (kynurenine tryptophan ratio or KTR).mp. 47 
5 (kynurenic acid or kynurenate or KYNA).mp. 747 

 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
27 exp tryptophan 2,3 dioxygenase/ 1647 
28 exp indoleamine 2,3 dioxygenase/ 7720 
29 exp kynureninase/ 451 
30 exp Kynurenine 3 monooxygenase/ 520 
31 exp Kynurenine aminotransferase/ 456 
32 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 65535 
33 17 or 32 100720 
34 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
 
 
APA PsycInfo 1806 to July Week 2 2022 
 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 491 
2 tryptophan.mp. 4461 
3 kynurenine.mp. 840 
4 (kynurenine tryptophan ratio or KTR).mp. 47 
5 (kynurenic acid or kynurenate or KYNA).mp. 747 

 
1 (Kynurenine pathway or tryptophan kynurenine pathway or tryptophan kynurenine metabolism or 
tryptophan catabolism or tryptophan catabolite pathway or TRYCAT).mp. 3581 
2 tryptophan.mp. 79946 
3 kynurenine.mp. 9464 
4 (kynurenine tryptophan ratio or KTR).mp. 1919 
5 (kynurenic acid or kynurenate or KYNA).mp. 5093 
6 anthranilic acid.mp. 4175 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 1152 
8 xanthurenic acid.mp. 899 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 907 
10 (quinolinic acid or QUIN).mp. 5581 
11 picolinic acid.mp. 2210 
12 tryptophan 2,3-dioxygenase.mp. 1813 
13 indoleamine 2,3-dioxygenase.mp. 9057 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 605 
15 kynurenine aminotransferase.mp. 584 
16 kynurenine 3-monooxygenase.mp. 553 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 100720 
18 exp tryptophan/ 49648 
19 exp kynurenine/ 7397 
20 exp kynurenic acid/ 4162 
21 exp anthranilic acid/ 1770 
22 exp 3-hydroxykynurenine/ 905 
23 exp xanthurenic acid/ 759 
24 exp 3-hydroxyanthranilic acid/ 623 
25 exp quinolinic acid/ 3530 
26 exp picolinic acid/ 1189 
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Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric Shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive Shock or ECT).mp. 30370 
35 exp Electroconvulsive Therapy/ 20071 
36 34 or 35 30370 
37 33 and 36 310 
38 limit 37 to yr="2020 -Current" 23 
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6 anthranilic acid.mp. 35 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 98 
8 xanthurenic acid.mp. 42 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 35 
10 (quinolinic acid or QUIN).mp. 515 
11 picolinic acid.mp. 28 
12 tryptophan 2,3-dioxygenase.mp. 49 
13 indoleamine 2,3-dioxygenase.mp. 252 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 12 
15 kynurenine aminotransferase.mp. 35 
16 kynurenine 3-monooxygenase.mp. 54 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 5459 
18 exp tryptophan/ 2384 
19 17 or 18 5615 
20 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 18654 
21 exp Electroconvulsive Shock Therapy/ 7077 
22 20 or 21 18654 
23 19 and 22 101 
24 limit 23 to yr="2020 -Current" 4 
 
 
Pubmed from 2020/6/3 - 2022/7/20 
 
((kynurenine pathway[Title/Abstract] OR tryptophan kynurenine pathway[Title/Abstract] OR 
tryptophan kynurenine metabolism[Title/Abstract] OR tryptophan catabolism[Title/Abstract] OR 
tryptophan catabolite pathway[Title/Abstract] OR TRYCAT[Title/Abstract] OR 
tryptophan[Title/Abstract] OR kynurenine[Title/Abstract] OR kynurenine tryptophan 
ratio[Title/Abstract] OR KTR[Title/Abstract] OR kynurenic acid[Title/Abstract] OR 
kynurenate[Title/Abstract] OR KYNA[Title/Abstract] OR anthranilic acid[Title/Abstract] OR 
hydroxyanthranilic acid[Title/Abstract] OR 3-hydroxyanthranilic acid[Title/Abstract] OR quinolinic 
acid[Title/Abstract] OR QUIN[Title/Abstract] OR picolinic acid[Title/Abstract] OR tryptophan 2,3,-
dioxygenase[Title/Abstract] OR indoleamine 2,3-dioxygenase[Title/Abstract] OR 
kynureninase[Title/Abstract] OR kynurenine hydrolase[Title/Abstract] OR KYNU[Title/Abstract] OR 
kynurenine aminotransferase[Title/Abstract] OR kynurenine 3-monooxygenase) AND 
(electroconvulsive[Title/Abstract] OR electroshock[Title/Abstract] OR electroconvulsive 
therapy[Title/Abstract] OR electroconvulsive therapies[Title/Abstract] OR electroshock 
therapy[Title/Abstract] OR electroshock therapies[Title/Abstract] OR electric convulsive 
therapy[Title/Abstract] OR electric convulsive therapies[Title/Abstract] OR electric shock 
therapy[Title/Abstract] OR electric shock therapies[Title/Abstract] OR electroconvulsive shock 
therapy[Title/Abstract] OR electroconvulsive shock therapies[Title/Abstract] OR electroconvulsive 
shock[Title/Abstract] OR ECT[Title/Abstract))    87 
 
Filters applied: from 2020/6/4 - 2022/7/20     3 
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((kynurenine pathway[Title/Abstract] OR tryptophan kynurenine pathway[Title/Abstract] OR 
tryptophan kynurenine metabolism[Title/Abstract] OR tryptophan catabolism[Title/Abstract] OR 
tryptophan catabolite pathway[Title/Abstract] OR TRYCAT[Title/Abstract] OR 
tryptophan[Title/Abstract] OR kynurenine[Title/Abstract] OR kynurenine tryptophan 
ratio[Title/Abstract] OR KTR[Title/Abstract] OR kynurenic acid[Title/Abstract] OR 
kynurenate[Title/Abstract] OR KYNA[Title/Abstract] OR anthranilic acid[Title/Abstract] OR 
hydroxyanthranilic acid[Title/Abstract] OR 3-hydroxyanthranilic acid[Title/Abstract] OR quinolinic 
acid[Title/Abstract] OR QUIN[Title/Abstract] OR picolinic acid[Title/Abstract] OR tryptophan 2,3,-
dioxygenase[Title/Abstract] OR indoleamine 2,3-dioxygenase[Title/Abstract] OR 
kynureninase[Title/Abstract] OR kynurenine hydrolase[Title/Abstract] OR KYNU[Title/Abstract] OR 
kynurenine aminotransferase[Title/Abstract] OR kynurenine 3-monooxygenase) AND 
(electroconvulsive[Title/Abstract] OR electroshock[Title/Abstract] OR electroconvulsive 
therapy[Title/Abstract] OR electroconvulsive therapies[Title/Abstract] OR electroshock 
therapy[Title/Abstract] OR electroshock therapies[Title/Abstract] OR electric convulsive 
therapy[Title/Abstract] OR electric convulsive therapies[Title/Abstract] OR electric shock 
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shock[Title/Abstract] OR ECT[Title/Abstract))    87 
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13 indoleamine 2,3-dioxygenase.mp. 252 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 12 
15 kynurenine aminotransferase.mp. 35 
16 kynurenine 3-monooxygenase.mp. 54 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 5459 
18 exp tryptophan/ 2384 
19 17 or 18 5615 
20 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 18654 
21 exp Electroconvulsive Shock Therapy/ 7077 
22 20 or 21 18654 
23 19 and 22 101 
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Pubmed from 2020/6/3 - 2022/7/20 
 
((kynurenine pathway[Title/Abstract] OR tryptophan kynurenine pathway[Title/Abstract] OR 
tryptophan kynurenine metabolism[Title/Abstract] OR tryptophan catabolism[Title/Abstract] OR 
tryptophan catabolite pathway[Title/Abstract] OR TRYCAT[Title/Abstract] OR 
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kynurenate[Title/Abstract] OR KYNA[Title/Abstract] OR anthranilic acid[Title/Abstract] OR 
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acid[Title/Abstract] OR QUIN[Title/Abstract] OR picolinic acid[Title/Abstract] OR tryptophan 2,3,-
dioxygenase[Title/Abstract] OR indoleamine 2,3-dioxygenase[Title/Abstract] OR 
kynureninase[Title/Abstract] OR kynurenine hydrolase[Title/Abstract] OR KYNU[Title/Abstract] OR 
kynurenine aminotransferase[Title/Abstract] OR kynurenine 3-monooxygenase) AND 
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therapy[Title/Abstract] OR electroconvulsive therapies[Title/Abstract] OR electroshock 
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therapy[Title/Abstract] OR electric convulsive therapies[Title/Abstract] OR electric shock 
therapy[Title/Abstract] OR electric shock therapies[Title/Abstract] OR electroconvulsive shock 
therapy[Title/Abstract] OR electroconvulsive shock therapies[Title/Abstract] OR electroconvulsive 
shock[Title/Abstract] OR ECT[Title/Abstract))    87 
 
Filters applied: from 2020/6/4 - 2022/7/20     3 
 
 

6 anthranilic acid.mp. 35 
7 (hydroxykynurenine or 3-hydroxykynurenine).mp. 98 
8 xanthurenic acid.mp. 42 
9 (hydroxyanthranilic acid or 3-hydroxyanthranilic acid).mp. 35 
10 (quinolinic acid or QUIN).mp. 515 
11 picolinic acid.mp. 28 
12 tryptophan 2,3-dioxygenase.mp. 49 
13 indoleamine 2,3-dioxygenase.mp. 252 
14 (kynureninase or kynurenine hydrolase or KYNU).mp. 12 
15 kynurenine aminotransferase.mp. 35 
16 kynurenine 3-monooxygenase.mp. 54 
17 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 5459 
18 exp tryptophan/ 2384 
19 17 or 18 5615 
20 (Electroconvulsive or Electroshock or Electroconvulsive Therapy or Electroconvulsive Therapies or 
Electroshock Therapy or Electroshock Therapies or Electric Convulsive Therapy or Electric Convulsive 
Therapies or Electric Shock Therapy or Electric shock Therapies or Electroconvulsive Shock Therapy or 
Electroconvulsive Shock Therapies or Electroconvulsive shock or ECT).mp. 18654 
21 exp Electroconvulsive Shock Therapy/ 7077 
22 20 or 21 18654 
23 19 and 22 101 
24 limit 23 to yr="2020 -Current" 4 
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((kynurenine pathway[Title/Abstract] OR tryptophan kynurenine pathway[Title/Abstract] OR 
tryptophan kynurenine metabolism[Title/Abstract] OR tryptophan catabolism[Title/Abstract] OR 
tryptophan catabolite pathway[Title/Abstract] OR TRYCAT[Title/Abstract] OR 
tryptophan[Title/Abstract] OR kynurenine[Title/Abstract] OR kynurenine tryptophan 
ratio[Title/Abstract] OR KTR[Title/Abstract] OR kynurenic acid[Title/Abstract] OR 
kynurenate[Title/Abstract] OR KYNA[Title/Abstract] OR anthranilic acid[Title/Abstract] OR 
hydroxyanthranilic acid[Title/Abstract] OR 3-hydroxyanthranilic acid[Title/Abstract] OR quinolinic 
acid[Title/Abstract] OR QUIN[Title/Abstract] OR picolinic acid[Title/Abstract] OR tryptophan 2,3,-
dioxygenase[Title/Abstract] OR indoleamine 2,3-dioxygenase[Title/Abstract] OR 
kynureninase[Title/Abstract] OR kynurenine hydrolase[Title/Abstract] OR KYNU[Title/Abstract] OR 
kynurenine aminotransferase[Title/Abstract] OR kynurenine 3-monooxygenase) AND 
(electroconvulsive[Title/Abstract] OR electroshock[Title/Abstract] OR electroconvulsive 
therapy[Title/Abstract] OR electroconvulsive therapies[Title/Abstract] OR electroshock 
therapy[Title/Abstract] OR electroshock therapies[Title/Abstract] OR electric convulsive 
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Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change

Author 
(year)

Guloksuz 
(2015)

Schwieler 1 

(2016)
Allen 1 

(2018)
Aarsland 2 

(2019)
Ryan 
(2020)

Aarsland 
(2022)

Olajossy 
(2018)

Participants Patients (n=19) Patients (n=15) Controls (n=14) Patients (n=18) Patients (n=21) Controls (n=12) Patients (n=94) Controls (n=57) Patients (n=48) SAD (n=7) DBD (n=11) RDD (n= 32) Controls (n=48)

Unit µg/ml (total Trp), 
ng/ml, ratio

µmol/L, nmol/L, 
ratio

µmol/l, nmol/l, 
ratio ng/ml, ratio µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio Not reported Not reported

Distribution Mean (SD) Mean (SD) Mean (SD) Mean Median (IQR) Median (IQR) Mean (SD) Mean (SD) Median (IQR) Median Median

Test / estimate Multilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / t Wilcoxon paired test / ?

Linear model (for 
log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
percentage change 

Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

Trp Total Trp

Pre 8.34 (1.23) 85.5 (24.3) 73.6 (12.4) 9173 (2825) 73.5 (11.0) 76.1 (10.9) 54.3 (10.99) 65.6 (12.47) 63.3 (20.2)

Post ? 70.7 (18.2) 8419 (2400) 68.2 (13.3) 70.7 (8.19) 56.36 (10.60) 66.6 (15.9)

Estimate / p-value -0.003 / 0.448 ? / <0.05 t=? / n.s. ? / 0.36 -7.15 / 0.15 F=4.02 / 0.048 1.50 / 0.24

Kynurenines

Kyn

Pre 535.44 3.30 (1.15) 3.00 (0.73) 461 (144) 1.53 (0.57) 1.44 (0.49) 1.52 (0.47) 1.64 (0.41) 2.00 (0.75)

Post ? 2.61 (0.89) 502 (268) 1.50 (0.60) 1.51 (0.57) 1.66 (0.47) 1.92 (0.59)

Estimate / p-value 0.92 / 0.061 ? / <0.01 t=? / n.s. ? / 0.43 5.03 / 0.02 F=7.362 / 0.008 0.96 / 0.71

KA

Pre 9.35 24.4 (8.07) 41.9 (12.4) 4.92 (2.44) 36.7 (18.8) 50.1 (12.4) 41.34 (19.42) 54.85 (19.42) 52.0 (28.2) 0.16 0.12 0.15 0.20

Post 26.2 (9.69) 4.84 (3.53) 36.2 (26.2) 42.4 (14.3) 44.02 (20.61) 48.7 (23.3) 0.16 0.11 0.17

Estimate / p-value 0.04 / 0.001 ? / n.s. t=? / n.s. ? / 0.11 -15.4 / 0.003 F=2.18 / 0.143 2.72 / 0.81 0.33 / 0.88 0.66 / 0.95 1.41  / 0.70

HK

Pre 8.57 32.6 (12.9) 37.8 (7.25) 41.68 (15.64) 42.18 (12.03) 53.9 (37.0)

Post ? 41.4 (19.1) 34.0 (10.3) 45.23 (18.0) 51.9 (29.3)

Estimate / p-value 0.02 / 0.161 ? / 0.05 -9.93 / 0.30 Z=2773.5 / 0.041 9.63 / 0.30

AA

Pre 15,5 (6,30) 20.4 (8.78) 12.67 (3.98) 14.64 (4.07) 17.8 (4.75)

Post 16,3 (6,20) 16.5 (3.15) 13.58 (4.82) 17.5 (5.50)

Estimate / p-value ? / 0.39 -18.9 / 0.03 F=3.89 / 0.052 0.29 / 0.77

HAA

Pre 54.57 28,2 (13,9) 38.0 (13.3) 32.84 (14.64) 41.23 (20.83) 33.5 (17.5)

Post ? 41,7 (18,8) 30.2 (15.7) 36.20 (17.76) 35.6 (25.7)

Estimate / p-value -0.08 / 0.294 ? / 0.03 -20.4 / 0.13 F=3.73 / 0.056 10.6 / 0.12

XA

Pre 9,71 (5,34) 15.5 (5.65) 10.58 (6.63) 18.65 (9.72) 10.7 (9.33)

Post 11,4 (9,17) 15.7 (10.8) 12.0 (7.01) 12.2 (8.95)

Estimate / p-value ? / 0.20 1.29 / 0.47 Z=2683 / 0.089 16.1 / 0.12

Pic

Pre 24,5 (14,6) 32.0 (13.0) 32.0 (20.72) 44.21 (26.96) 39.4 (23.8)

Post 31,5 (14,2) 30.0 (15.5) 33.73 (25.21) 42.4 (23.5)

Estimate / p-value ? / 0.01 -6.10 / 0.31 F=0.748 / 0.389 7.70 / 0.81

QA

Pre 635.7 (239.2) 603.2 (215.0) 329 (189) 318 (127) 419.4 (216.3) 400.8 (143.7) 512 (352)

Post 513.8 (256.5) 370 (152) 301 (98.8) 448.2 (210.2) 489 (247)

Estimate / p-value ? / <0.001 ? / 0.35 -5.5 / 0.48 F=3.44 / 0.067 -3.23 / 0.41

Ratios

KTR

Pre 63.75 0.0384 (0.008342) 0.04 (0.007845) 0.0527284 
(0.0177521) 20.8 (6.56) 18.8 (5.14) 32.3 (15.7)

Post ? 0.038 (0.009411) 0.05807656 
(0.01647596) 20.2 (8.58) 19.1 (5.32) 29.4 (13.7)

Estimate / p-value 0.14 / 0.001 ? / n.s. t=? / n.s. ? / 0.16 1.70 / 0.52 ? / 0.065 -2.51 / 0.48

KA/Kyn

Pre 17.18 0.009784233 
(0.004211415) 26.1 (10.2) 31.9 (2.36)

Post ? 0.008830895 
(0.003578453) 27.9 (9.70) 28.0 (8.56)

Estimate / p-value 0.07 / <0.001 t=? / n.s. ? / 0.23 -12.4 / 0.13 ? / 0.647

KA/HK

Pre 1.23 10.0 (4.63) 12.7 (2.16) 9.91 (4.39)

Post ? 11.1 (5.66) 12.1 (5.39) 9.44 (4.12)

Estimate / p-value 0.01 / 0.008 ? / 0.89 -4.97 / 0.38 -16.1 / 0.02

QA/KA

Pre 28.4 (13.7) 14.8 (4,93)

Post 21.3 (7.83)

Estimate / p-value ? / <0.05

KA/QA

Pre 11.0 (3.83) 15.2 (4.45) 9.68 (3.67)

Post 11.8 (4.73) 13.6 (6.47) 9.74 (3.04)

Estimate / p-value ? / 0.32 -10.2 / 0.05 -2.70 / 0.70

Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change

Author 
(year)

Guloksuz 
(2015)

Schwieler 1 

(2016)
Allen 1 

(2018)
Aarsland 2 

(2019)
Ryan 
(2020)

Aarsland 
(2022)

Olajossy 
(2018)

ParticipantsPatients (n=19)Patients (n=15)Controls (n=14)Patients (n=18)Patients (n=21)Controls (n=12)Patients (n=94)Controls (n=57)Patients (n=48)SAD (n=7)DBD (n=11)RDD (n= 32)Controls (n=48)

Unitµg/ml (total Trp), 
ng/ml, ratio

µmol/L, nmol/L, 
ratio

µmol/l, nmol/l, 
rationg/ml, ratioµmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratioNot reportedNot reported

DistributionMean (SD)Mean (SD)Mean (SD)MeanMedian (IQR)Median (IQR)Mean (SD)Mean (SD)Median (IQR)MedianMedian

Test / estimateMultilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / tWilcoxon paired test / ?

Linear model (for 
log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
percentage change 

Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

TrpTotal Trp

Pre8.34 (1.23)85.5 (24.3)73.6 (12.4)9173 (2825)73.5 (11.0)76.1 (10.9)54.3 (10.99)65.6 (12.47)63.3 (20.2)

Post?70.7 (18.2)8419 (2400)68.2 (13.3)70.7 (8.19)56.36 (10.60)66.6 (15.9)

Estimate / p-value-0.003 / 0.448? / <0.05t=? / n.s.? / 0.36-7.15 / 0.15F=4.02 / 0.0481.50 / 0.24

Kynurenines

Kyn

Pre535.443.30 (1.15)3.00 (0.73)461 (144)1.53 (0.57)1.44 (0.49)1.52 (0.47)1.64 (0.41)2.00 (0.75)

Post?2.61 (0.89)502 (268)1.50 (0.60)1.51 (0.57)1.66 (0.47)1.92 (0.59)

Estimate / p-value0.92 / 0.061? / <0.01t=? / n.s.? / 0.435.03 / 0.02F=7.362 / 0.0080.96 / 0.71

KA

Pre9.3524.4 (8.07)41.9 (12.4)4.92 (2.44)36.7 (18.8)50.1 (12.4)41.34 (19.42)54.85 (19.42)52.0 (28.2)0.160.120.150.20

Post26.2 (9.69)4.84 (3.53)36.2 (26.2)42.4 (14.3)44.02 (20.61)48.7 (23.3)0.160.110.17

Estimate / p-value0.04 / 0.001? / n.s.t=? / n.s.? / 0.11-15.4 / 0.003F=2.18 / 0.1432.72 / 0.810.33 / 0.880.66 / 0.951.41  / 0.70

HK

Pre8.5732.6 (12.9)37.8 (7.25)41.68 (15.64)42.18 (12.03)53.9 (37.0)

Post?41.4 (19.1)34.0 (10.3)45.23 (18.0)51.9 (29.3)

Estimate / p-value0.02 / 0.161? / 0.05-9.93 / 0.30Z=2773.5 / 0.0419.63 / 0.30

AA

Pre15,5 (6,30)20.4 (8.78)12.67 (3.98)14.64 (4.07)17.8 (4.75)

Post16,3 (6,20)16.5 (3.15)13.58 (4.82)17.5 (5.50)

Estimate / p-value? / 0.39-18.9 / 0.03F=3.89 / 0.0520.29 / 0.77

HAA

Pre54.5728,2 (13,9)38.0 (13.3)32.84 (14.64)41.23 (20.83)33.5 (17.5)

Post?41,7 (18,8)30.2 (15.7)36.20 (17.76)35.6 (25.7)

Estimate / p-value-0.08 / 0.294? / 0.03-20.4 / 0.13F=3.73 / 0.05610.6 / 0.12

XA

Pre9,71 (5,34)15.5 (5.65)10.58 (6.63)18.65 (9.72)10.7 (9.33)

Post11,4 (9,17)15.7 (10.8)12.0 (7.01)12.2 (8.95)

Estimate / p-value? / 0.201.29 / 0.47Z=2683 / 0.08916.1 / 0.12

Pic

Pre24,5 (14,6)32.0 (13.0)32.0 (20.72)44.21 (26.96)39.4 (23.8)

Post31,5 (14,2)30.0 (15.5)33.73 (25.21)42.4 (23.5)

Estimate / p-value? / 0.01-6.10 / 0.31F=0.748 / 0.3897.70 / 0.81

QA

Pre635.7 (239.2)603.2 (215.0)329 (189)318 (127)419.4 (216.3)400.8 (143.7)512 (352)

Post513.8 (256.5)370 (152)301 (98.8)448.2 (210.2)489 (247)

Estimate / p-value? / <0.001? / 0.35-5.5 / 0.48F=3.44 / 0.067-3.23 / 0.41

Ratios

KTR

Pre63.750.0384 (0.008342)0.04 (0.007845)0.0527284 
(0.0177521)20.8 (6.56)18.8 (5.14)32.3 (15.7)

Post?0.038 (0.009411)0.05807656 
(0.01647596)20.2 (8.58)19.1 (5.32)29.4 (13.7)

Estimate / p-value0.14 / 0.001? / n.s.t=? / n.s.? / 0.161.70 / 0.52? / 0.065-2.51 / 0.48

KA/Kyn

Pre17.180.009784233 
(0.004211415)26.1 (10.2)31.9 (2.36)

Post?0.008830895 
(0.003578453)27.9 (9.70)28.0 (8.56)

Estimate / p-value0.07 / <0.001t=? / n.s.? / 0.23-12.4 / 0.13? / 0.647

KA/HK

Pre1.2310.0 (4.63)12.7 (2.16)9.91 (4.39)

Post?11.1 (5.66)12.1 (5.39)9.44 (4.12)

Estimate / p-value0.01 / 0.008? / 0.89-4.97 / 0.38-16.1 / 0.02

QA/KA

Pre28.4 (13.7)14.8 (4,93)

Post21.3 (7.83)

Estimate / p-value? / <0.05

KA/QA

Pre11.0 (3.83)15.2 (4.45)9.68 (3.67)

Post11.8 (4.73)13.6 (6.47)9.74 (3.04)

Estimate / p-value? / 0.32-10.2 / 0.05-2.70 / 0.70

Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change

Author 
(year)

Guloksuz 
(2015)

Schwieler 1 

(2016)
Allen 1 

(2018)
Aarsland 2 

(2019)
Ryan 
(2020)

Aarsland 
(2022)

Olajossy 
(2018)

ParticipantsPatients (n=19)Patients (n=15)Controls (n=14)Patients (n=18)Patients (n=21)Controls (n=12)Patients (n=94)Controls (n=57)Patients (n=48)SAD (n=7)DBD (n=11)RDD (n= 32)Controls (n=48)

Unitµg/ml (total Trp), 
ng/ml, ratio

µmol/L, nmol/L, 
ratio

µmol/l, nmol/l, 
rationg/ml, ratioµmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratioNot reportedNot reported

DistributionMean (SD)Mean (SD)Mean (SD)MeanMedian (IQR)Median (IQR)Mean (SD)Mean (SD)Median (IQR)MedianMedian

Test / estimateMultilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / tWilcoxon paired test / ?

Linear model (for 
log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
percentage change 

Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

TrpTotal Trp

Pre8.34 (1.23)85.5 (24.3)73.6 (12.4)9173 (2825)73.5 (11.0)76.1 (10.9)54.3 (10.99)65.6 (12.47)63.3 (20.2)

Post?70.7 (18.2)8419 (2400)68.2 (13.3)70.7 (8.19)56.36 (10.60)66.6 (15.9)

Estimate / p-value-0.003 / 0.448? / <0.05t=? / n.s.? / 0.36-7.15 / 0.15F=4.02 / 0.0481.50 / 0.24

Kynurenines

Kyn

Pre535.443.30 (1.15)3.00 (0.73)461 (144)1.53 (0.57)1.44 (0.49)1.52 (0.47)1.64 (0.41)2.00 (0.75)

Post?2.61 (0.89)502 (268)1.50 (0.60)1.51 (0.57)1.66 (0.47)1.92 (0.59)

Estimate / p-value0.92 / 0.061? / <0.01t=? / n.s.? / 0.435.03 / 0.02F=7.362 / 0.0080.96 / 0.71

KA

Pre9.3524.4 (8.07)41.9 (12.4)4.92 (2.44)36.7 (18.8)50.1 (12.4)41.34 (19.42)54.85 (19.42)52.0 (28.2)0.160.120.150.20

Post26.2 (9.69)4.84 (3.53)36.2 (26.2)42.4 (14.3)44.02 (20.61)48.7 (23.3)0.160.110.17

Estimate / p-value0.04 / 0.001? / n.s.t=? / n.s.? / 0.11-15.4 / 0.003F=2.18 / 0.1432.72 / 0.810.33 / 0.880.66 / 0.951.41  / 0.70

HK

Pre8.5732.6 (12.9)37.8 (7.25)41.68 (15.64)42.18 (12.03)53.9 (37.0)

Post?41.4 (19.1)34.0 (10.3)45.23 (18.0)51.9 (29.3)

Estimate / p-value0.02 / 0.161? / 0.05-9.93 / 0.30Z=2773.5 / 0.0419.63 / 0.30

AA

Pre15,5 (6,30)20.4 (8.78)12.67 (3.98)14.64 (4.07)17.8 (4.75)

Post16,3 (6,20)16.5 (3.15)13.58 (4.82)17.5 (5.50)

Estimate / p-value? / 0.39-18.9 / 0.03F=3.89 / 0.0520.29 / 0.77

HAA

Pre54.5728,2 (13,9)38.0 (13.3)32.84 (14.64)41.23 (20.83)33.5 (17.5)

Post?41,7 (18,8)30.2 (15.7)36.20 (17.76)35.6 (25.7)

Estimate / p-value-0.08 / 0.294? / 0.03-20.4 / 0.13F=3.73 / 0.05610.6 / 0.12

XA

Pre9,71 (5,34)15.5 (5.65)10.58 (6.63)18.65 (9.72)10.7 (9.33)

Post11,4 (9,17)15.7 (10.8)12.0 (7.01)12.2 (8.95)

Estimate / p-value? / 0.201.29 / 0.47Z=2683 / 0.08916.1 / 0.12

Pic

Pre24,5 (14,6)32.0 (13.0)32.0 (20.72)44.21 (26.96)39.4 (23.8)

Post31,5 (14,2)30.0 (15.5)33.73 (25.21)42.4 (23.5)

Estimate / p-value? / 0.01-6.10 / 0.31F=0.748 / 0.3897.70 / 0.81

QA

Pre635.7 (239.2)603.2 (215.0)329 (189)318 (127)419.4 (216.3)400.8 (143.7)512 (352)

Post513.8 (256.5)370 (152)301 (98.8)448.2 (210.2)489 (247)

Estimate / p-value? / <0.001? / 0.35-5.5 / 0.48F=3.44 / 0.067-3.23 / 0.41

Ratios

KTR

Pre63.750.0384 (0.008342)0.04 (0.007845)0.0527284 
(0.0177521)20.8 (6.56)18.8 (5.14)32.3 (15.7)

Post?0.038 (0.009411)0.05807656 
(0.01647596)20.2 (8.58)19.1 (5.32)29.4 (13.7)

Estimate / p-value0.14 / 0.001? / n.s.t=? / n.s.? / 0.161.70 / 0.52? / 0.065-2.51 / 0.48

KA/Kyn

Pre17.180.009784233 
(0.004211415)26.1 (10.2)31.9 (2.36)

Post?0.008830895 
(0.003578453)27.9 (9.70)28.0 (8.56)

Estimate / p-value0.07 / <0.001t=? / n.s.? / 0.23-12.4 / 0.13? / 0.647

KA/HK

Pre1.2310.0 (4.63)12.7 (2.16)9.91 (4.39)

Post?11.1 (5.66)12.1 (5.39)9.44 (4.12)

Estimate / p-value0.01 / 0.008? / 0.89-4.97 / 0.38-16.1 / 0.02

QA/KA

Pre28.4 (13.7)14.8 (4,93)

Post21.3 (7.83)

Estimate / p-value? / <0.05

KA/QA

Pre11.0 (3.83)15.2 (4.45)9.68 (3.67)

Post11.8 (4.73)13.6 (6.47)9.74 (3.04)

Estimate / p-value? / 0.32-10.2 / 0.05-2.70 / 0.70

Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change

Author 
(year)

Guloksuz 
(2015)

Schwieler 1 

(2016)
Allen 1 

(2018)
Aarsland 2 

(2019)
Ryan 
(2020)

Aarsland 
(2022)

Olajossy 
(2018)

Participants Patients (n=19) Patients (n=15) Controls (n=14) Patients (n=18) Patients (n=21) Controls (n=12) Patients (n=94) Controls (n=57) Patients (n=48) SAD (n=7) DBD (n=11) RDD (n= 32) Controls (n=48)

Unit µg/ml (total Trp), 
ng/ml, ratio

µmol/L, nmol/L, 
ratio

µmol/l, nmol/l, 
ratio ng/ml, ratio µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio Not reported Not reported

Distribution Mean (SD) Mean (SD) Mean (SD) Mean Median (IQR) Median (IQR) Mean (SD) Mean (SD) Median (IQR) Median Median

Test / estimate Multilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / t Wilcoxon paired test / ?

Linear model (for 
log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
percentage change 

Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

Trp Total Trp

Pre 8.34 (1.23) 85.5 (24.3) 73.6 (12.4) 9173 (2825) 73.5 (11.0) 76.1 (10.9) 54.3 (10.99) 65.6 (12.47) 63.3 (20.2)

Post ? 70.7 (18.2) 8419 (2400) 68.2 (13.3) 70.7 (8.19) 56.36 (10.60) 66.6 (15.9)

Estimate / p-value -0.003 / 0.448 ? / <0.05 t=? / n.s. ? / 0.36 -7.15 / 0.15 F=4.02 / 0.048 1.50 / 0.24

Kynurenines

Kyn

Pre 535.44 3.30 (1.15) 3.00 (0.73) 461 (144) 1.53 (0.57) 1.44 (0.49) 1.52 (0.47) 1.64 (0.41) 2.00 (0.75)

Post ? 2.61 (0.89) 502 (268) 1.50 (0.60) 1.51 (0.57) 1.66 (0.47) 1.92 (0.59)

Estimate / p-value 0.92 / 0.061 ? / <0.01 t=? / n.s. ? / 0.43 5.03 / 0.02 F=7.362 / 0.008 0.96 / 0.71

KA

Pre 9.35 24.4 (8.07) 41.9 (12.4) 4.92 (2.44) 36.7 (18.8) 50.1 (12.4) 41.34 (19.42) 54.85 (19.42) 52.0 (28.2) 0.16 0.12 0.15 0.20

Post 26.2 (9.69) 4.84 (3.53) 36.2 (26.2) 42.4 (14.3) 44.02 (20.61) 48.7 (23.3) 0.16 0.11 0.17

Estimate / p-value 0.04 / 0.001 ? / n.s. t=? / n.s. ? / 0.11 -15.4 / 0.003 F=2.18 / 0.143 2.72 / 0.81 0.33 / 0.88 0.66 / 0.95 1.41  / 0.70

HK

Pre 8.57 32.6 (12.9) 37.8 (7.25) 41.68 (15.64) 42.18 (12.03) 53.9 (37.0)

Post ? 41.4 (19.1) 34.0 (10.3) 45.23 (18.0) 51.9 (29.3)

Estimate / p-value 0.02 / 0.161 ? / 0.05 -9.93 / 0.30 Z=2773.5 / 0.041 9.63 / 0.30

AA

Pre 15,5 (6,30) 20.4 (8.78) 12.67 (3.98) 14.64 (4.07) 17.8 (4.75)

Post 16,3 (6,20) 16.5 (3.15) 13.58 (4.82) 17.5 (5.50)

Estimate / p-value ? / 0.39 -18.9 / 0.03 F=3.89 / 0.052 0.29 / 0.77

HAA

Pre 54.57 28,2 (13,9) 38.0 (13.3) 32.84 (14.64) 41.23 (20.83) 33.5 (17.5)

Post ? 41,7 (18,8) 30.2 (15.7) 36.20 (17.76) 35.6 (25.7)

Estimate / p-value -0.08 / 0.294 ? / 0.03 -20.4 / 0.13 F=3.73 / 0.056 10.6 / 0.12

XA

Pre 9,71 (5,34) 15.5 (5.65) 10.58 (6.63) 18.65 (9.72) 10.7 (9.33)

Post 11,4 (9,17) 15.7 (10.8) 12.0 (7.01) 12.2 (8.95)

Estimate / p-value ? / 0.20 1.29 / 0.47 Z=2683 / 0.089 16.1 / 0.12

Pic

Pre 24,5 (14,6) 32.0 (13.0) 32.0 (20.72) 44.21 (26.96) 39.4 (23.8)

Post 31,5 (14,2) 30.0 (15.5) 33.73 (25.21) 42.4 (23.5)

Estimate / p-value ? / 0.01 -6.10 / 0.31 F=0.748 / 0.389 7.70 / 0.81

QA

Pre 635.7 (239.2) 603.2 (215.0) 329 (189) 318 (127) 419.4 (216.3) 400.8 (143.7) 512 (352)

Post 513.8 (256.5) 370 (152) 301 (98.8) 448.2 (210.2) 489 (247)

Estimate / p-value ? / <0.001 ? / 0.35 -5.5 / 0.48 F=3.44 / 0.067 -3.23 / 0.41

Ratios

KTR

Pre 63.75 0.0384 (0.008342) 0.04 (0.007845) 0.0527284 
(0.0177521) 20.8 (6.56) 18.8 (5.14) 32.3 (15.7)

Post ? 0.038 (0.009411) 0.05807656 
(0.01647596) 20.2 (8.58) 19.1 (5.32) 29.4 (13.7)

Estimate / p-value 0.14 / 0.001 ? / n.s. t=? / n.s. ? / 0.16 1.70 / 0.52 ? / 0.065 -2.51 / 0.48

KA/Kyn

Pre 17.18 0.009784233 
(0.004211415) 26.1 (10.2) 31.9 (2.36)

Post ? 0.008830895 
(0.003578453) 27.9 (9.70) 28.0 (8.56)

Estimate / p-value 0.07 / <0.001 t=? / n.s. ? / 0.23 -12.4 / 0.13 ? / 0.647

KA/HK

Pre 1.23 10.0 (4.63) 12.7 (2.16) 9.91 (4.39)

Post ? 11.1 (5.66) 12.1 (5.39) 9.44 (4.12)

Estimate / p-value 0.01 / 0.008 ? / 0.89 -4.97 / 0.38 -16.1 / 0.02

QA/KA

Pre 28.4 (13.7) 14.8 (4,93)

Post 21.3 (7.83)

Estimate / p-value ? / <0.05

KA/QA

Pre 11.0 (3.83) 15.2 (4.45) 9.68 (3.67)

Post 11.8 (4.73) 13.6 (6.47) 9.74 (3.04)

Estimate / p-value ? / 0.32 -10.2 / 0.05 -2.70 / 0.70

Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change

Author 
(year)

Guloksuz 
(2015)

Schwieler 1 

(2016)
Allen 1 

(2018)
Aarsland 2 

(2019)
Ryan 
(2020)

Aarsland 
(2022)

Olajossy 
(2018)

Participants Patients (n=19) Patients (n=15) Controls (n=14) Patients (n=18) Patients (n=21) Controls (n=12) Patients (n=94) Controls (n=57) Patients (n=48) SAD (n=7) DBD (n=11) RDD (n= 32) Controls (n=48)

Unit µg/ml (total Trp), 
ng/ml, ratio

µmol/L, nmol/L, 
ratio

µmol/l, nmol/l, 
ratio ng/ml, ratio µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio Not reported Not reported

Distribution Mean (SD) Mean (SD) Mean (SD) Mean Median (IQR) Median (IQR) Mean (SD) Mean (SD) Median (IQR) Median Median

Test / estimate Multilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / t Wilcoxon paired test / ?

Linear model (for 
log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
percentage change 

Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

Trp Total Trp

Pre 8.34 (1.23) 85.5 (24.3) 73.6 (12.4) 9173 (2825) 73.5 (11.0) 76.1 (10.9) 54.3 (10.99) 65.6 (12.47) 63.3 (20.2)

Post ? 70.7 (18.2) 8419 (2400) 68.2 (13.3) 70.7 (8.19) 56.36 (10.60) 66.6 (15.9)

Estimate / p-value -0.003 / 0.448 ? / <0.05 t=? / n.s. ? / 0.36 -7.15 / 0.15 F=4.02 / 0.048 1.50 / 0.24

Kynurenines

Kyn

Pre 535.44 3.30 (1.15) 3.00 (0.73) 461 (144) 1.53 (0.57) 1.44 (0.49) 1.52 (0.47) 1.64 (0.41) 2.00 (0.75)

Post ? 2.61 (0.89) 502 (268) 1.50 (0.60) 1.51 (0.57) 1.66 (0.47) 1.92 (0.59)

Estimate / p-value 0.92 / 0.061 ? / <0.01 t=? / n.s. ? / 0.43 5.03 / 0.02 F=7.362 / 0.008 0.96 / 0.71

KA

Pre 9.35 24.4 (8.07) 41.9 (12.4) 4.92 (2.44) 36.7 (18.8) 50.1 (12.4) 41.34 (19.42) 54.85 (19.42) 52.0 (28.2) 0.16 0.12 0.15 0.20

Post 26.2 (9.69) 4.84 (3.53) 36.2 (26.2) 42.4 (14.3) 44.02 (20.61) 48.7 (23.3) 0.16 0.11 0.17

Estimate / p-value 0.04 / 0.001 ? / n.s. t=? / n.s. ? / 0.11 -15.4 / 0.003 F=2.18 / 0.143 2.72 / 0.81 0.33 / 0.88 0.66 / 0.95 1.41  / 0.70

HK

Pre 8.57 32.6 (12.9) 37.8 (7.25) 41.68 (15.64) 42.18 (12.03) 53.9 (37.0)

Post ? 41.4 (19.1) 34.0 (10.3) 45.23 (18.0) 51.9 (29.3)

Estimate / p-value 0.02 / 0.161 ? / 0.05 -9.93 / 0.30 Z=2773.5 / 0.041 9.63 / 0.30

AA

Pre 15,5 (6,30) 20.4 (8.78) 12.67 (3.98) 14.64 (4.07) 17.8 (4.75)

Post 16,3 (6,20) 16.5 (3.15) 13.58 (4.82) 17.5 (5.50)

Estimate / p-value ? / 0.39 -18.9 / 0.03 F=3.89 / 0.052 0.29 / 0.77

HAA

Pre 54.57 28,2 (13,9) 38.0 (13.3) 32.84 (14.64) 41.23 (20.83) 33.5 (17.5)

Post ? 41,7 (18,8) 30.2 (15.7) 36.20 (17.76) 35.6 (25.7)

Estimate / p-value -0.08 / 0.294 ? / 0.03 -20.4 / 0.13 F=3.73 / 0.056 10.6 / 0.12

XA

Pre 9,71 (5,34) 15.5 (5.65) 10.58 (6.63) 18.65 (9.72) 10.7 (9.33)

Post 11,4 (9,17) 15.7 (10.8) 12.0 (7.01) 12.2 (8.95)

Estimate / p-value ? / 0.20 1.29 / 0.47 Z=2683 / 0.089 16.1 / 0.12

Pic

Pre 24,5 (14,6) 32.0 (13.0) 32.0 (20.72) 44.21 (26.96) 39.4 (23.8)

Post 31,5 (14,2) 30.0 (15.5) 33.73 (25.21) 42.4 (23.5)

Estimate / p-value ? / 0.01 -6.10 / 0.31 F=0.748 / 0.389 7.70 / 0.81

QA

Pre 635.7 (239.2) 603.2 (215.0) 329 (189) 318 (127) 419.4 (216.3) 400.8 (143.7) 512 (352)

Post 513.8 (256.5) 370 (152) 301 (98.8) 448.2 (210.2) 489 (247)

Estimate / p-value ? / <0.001 ? / 0.35 -5.5 / 0.48 F=3.44 / 0.067 -3.23 / 0.41

Ratios

KTR

Pre 63.75 0.0384 (0.008342) 0.04 (0.007845) 0.0527284 
(0.0177521) 20.8 (6.56) 18.8 (5.14) 32.3 (15.7)

Post ? 0.038 (0.009411) 0.05807656 
(0.01647596) 20.2 (8.58) 19.1 (5.32) 29.4 (13.7)

Estimate / p-value 0.14 / 0.001 ? / n.s. t=? / n.s. ? / 0.16 1.70 / 0.52 ? / 0.065 -2.51 / 0.48

KA/Kyn

Pre 17.18 0.009784233 
(0.004211415) 26.1 (10.2) 31.9 (2.36)

Post ? 0.008830895 
(0.003578453) 27.9 (9.70) 28.0 (8.56)

Estimate / p-value 0.07 / <0.001 t=? / n.s. ? / 0.23 -12.4 / 0.13 ? / 0.647

KA/HK

Pre 1.23 10.0 (4.63) 12.7 (2.16) 9.91 (4.39)

Post ? 11.1 (5.66) 12.1 (5.39) 9.44 (4.12)

Estimate / p-value 0.01 / 0.008 ? / 0.89 -4.97 / 0.38 -16.1 / 0.02

QA/KA

Pre 28.4 (13.7) 14.8 (4,93)

Post 21.3 (7.83)

Estimate / p-value ? / <0.05

KA/QA

Pre 11.0 (3.83) 15.2 (4.45) 9.68 (3.67)

Post 11.8 (4.73) 13.6 (6.47) 9.74 (3.04)

Estimate / p-value ? / 0.32 -10.2 / 0.05 -2.70 / 0.70

Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change

Author 
(year)

Guloksuz 
(2015)

Schwieler 1 

(2016)
Allen 1 

(2018)
Aarsland 2 

(2019)
Ryan 
(2020)

Aarsland 
(2022)

Olajossy 
(2018)

ParticipantsPatients (n=19)Patients (n=15)Controls (n=14)Patients (n=18)Patients (n=21)Controls (n=12)Patients (n=94)Controls (n=57)Patients (n=48)SAD (n=7)DBD (n=11)RDD (n= 32)Controls (n=48)

Unitµg/ml (total Trp), 
ng/ml, ratio

µmol/L, nmol/L, 
ratio

µmol/l, nmol/l, 
rationg/ml, ratioµmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratio
µmol/l, nmol/l, 

ratio
µmol/L, nmol/L, 

ratioNot reportedNot reported

DistributionMean (SD)Mean (SD)Mean (SD)MeanMedian (IQR)Median (IQR)Mean (SD)Mean (SD)Median (IQR)MedianMedian

Test / estimateMultilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / tWilcoxon paired test / ?

Linear model (for 
log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
percentage change 

Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

TrpTotal Trp

Pre8.34 (1.23)85.5 (24.3)73.6 (12.4)9173 (2825)73.5 (11.0)76.1 (10.9)54.3 (10.99)65.6 (12.47)63.3 (20.2)

Post?70.7 (18.2)8419 (2400)68.2 (13.3)70.7 (8.19)56.36 (10.60)66.6 (15.9)

Estimate / p-value-0.003 / 0.448? / <0.05t=? / n.s.? / 0.36-7.15 / 0.15F=4.02 / 0.0481.50 / 0.24

Kynurenines

Kyn

Pre535.443.30 (1.15)3.00 (0.73)461 (144)1.53 (0.57)1.44 (0.49)1.52 (0.47)1.64 (0.41)2.00 (0.75)

Post?2.61 (0.89)502 (268)1.50 (0.60)1.51 (0.57)1.66 (0.47)1.92 (0.59)

Estimate / p-value0.92 / 0.061? / <0.01t=? / n.s.? / 0.435.03 / 0.02F=7.362 / 0.0080.96 / 0.71

KA

Pre9.3524.4 (8.07)41.9 (12.4)4.92 (2.44)36.7 (18.8)50.1 (12.4)41.34 (19.42)54.85 (19.42)52.0 (28.2)0.160.120.150.20

Post26.2 (9.69)4.84 (3.53)36.2 (26.2)42.4 (14.3)44.02 (20.61)48.7 (23.3)0.160.110.17

Estimate / p-value0.04 / 0.001? / n.s.t=? / n.s.? / 0.11-15.4 / 0.003F=2.18 / 0.1432.72 / 0.810.33 / 0.880.66 / 0.951.41  / 0.70

HK

Pre8.5732.6 (12.9)37.8 (7.25)41.68 (15.64)42.18 (12.03)53.9 (37.0)

Post?41.4 (19.1)34.0 (10.3)45.23 (18.0)51.9 (29.3)

Estimate / p-value0.02 / 0.161? / 0.05-9.93 / 0.30Z=2773.5 / 0.0419.63 / 0.30

AA

Pre15,5 (6,30)20.4 (8.78)12.67 (3.98)14.64 (4.07)17.8 (4.75)

Post16,3 (6,20)16.5 (3.15)13.58 (4.82)17.5 (5.50)

Estimate / p-value? / 0.39-18.9 / 0.03F=3.89 / 0.0520.29 / 0.77

HAA

Pre54.5728,2 (13,9)38.0 (13.3)32.84 (14.64)41.23 (20.83)33.5 (17.5)

Post?41,7 (18,8)30.2 (15.7)36.20 (17.76)35.6 (25.7)

Estimate / p-value-0.08 / 0.294? / 0.03-20.4 / 0.13F=3.73 / 0.05610.6 / 0.12

XA

Pre9,71 (5,34)15.5 (5.65)10.58 (6.63)18.65 (9.72)10.7 (9.33)

Post11,4 (9,17)15.7 (10.8)12.0 (7.01)12.2 (8.95)

Estimate / p-value? / 0.201.29 / 0.47Z=2683 / 0.08916.1 / 0.12

Pic

Pre24,5 (14,6)32.0 (13.0)32.0 (20.72)44.21 (26.96)39.4 (23.8)

Post31,5 (14,2)30.0 (15.5)33.73 (25.21)42.4 (23.5)

Estimate / p-value? / 0.01-6.10 / 0.31F=0.748 / 0.3897.70 / 0.81

QA

Pre635.7 (239.2)603.2 (215.0)329 (189)318 (127)419.4 (216.3)400.8 (143.7)512 (352)

Post513.8 (256.5)370 (152)301 (98.8)448.2 (210.2)489 (247)

Estimate / p-value? / <0.001? / 0.35-5.5 / 0.48F=3.44 / 0.067-3.23 / 0.41

Ratios

KTR

Pre63.750.0384 (0.008342)0.04 (0.007845)0.0527284 
(0.0177521)20.8 (6.56)18.8 (5.14)32.3 (15.7)

Post?0.038 (0.009411)0.05807656 
(0.01647596)20.2 (8.58)19.1 (5.32)29.4 (13.7)

Estimate / p-value0.14 / 0.001? / n.s.t=? / n.s.? / 0.161.70 / 0.52? / 0.065-2.51 / 0.48

KA/Kyn

Pre17.180.009784233 
(0.004211415)26.1 (10.2)31.9 (2.36)

Post?0.008830895 
(0.003578453)27.9 (9.70)28.0 (8.56)

Estimate / p-value0.07 / <0.001t=? / n.s.? / 0.23-12.4 / 0.13? / 0.647

KA/HK

Pre1.2310.0 (4.63)12.7 (2.16)9.91 (4.39)

Post?11.1 (5.66)12.1 (5.39)9.44 (4.12)

Estimate / p-value0.01 / 0.008? / 0.89-4.97 / 0.38-16.1 / 0.02

QA/KA

Pre28.4 (13.7)14.8 (4,93)

Post21.3 (7.83)

Estimate / p-value? / <0.05

KA/QA

Pre11.0 (3.83)15.2 (4.45)9.68 (3.67)

Post11.8 (4.73)13.6 (6.47)9.74 (3.04)

Estimate / p-value? / 0.32-10.2 / 0.05-2.70 / 0.70

Supplementary Table 1: Reported levels of tryptophan, kynurenines, ratios and related biomarkers before and after a series of ECT and corresponding analyses of change
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Test / estimateMultilevel linear 
regression / B

Wilcoxon 
matched-paired 

signed-rank test / ?
t-test / tWilcoxon paired test / ?
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log(metabolite)), 
Wilcoxon signed 
rank (for ratios) / 

F, Z

Paired Wilcoxon 
signed-rank test / 

Median 
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Friedman's ANOVA and Kendalls coefficient of 
concordance / χ2

Biomarkers

TrpTotal Trp

Pre8.34 (1.23)85.5 (24.3)73.6 (12.4)9173 (2825)73.5 (11.0)76.1 (10.9)54.3 (10.99)65.6 (12.47)63.3 (20.2)

Post?70.7 (18.2)8419 (2400)68.2 (13.3)70.7 (8.19)56.36 (10.60)66.6 (15.9)

Estimate / p-value-0.003 / 0.448? / <0.05t=? / n.s.? / 0.36-7.15 / 0.15F=4.02 / 0.0481.50 / 0.24
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XA

Pre9,71 (5,34)15.5 (5.65)10.58 (6.63)18.65 (9.72)10.7 (9.33)

Post11,4 (9,17)15.7 (10.8)12.0 (7.01)12.2 (8.95)
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Pre17.180.009784233 
(0.004211415)26.1 (10.2)31.9 (2.36)

Post?0.008830895 
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Ratios

XA/HK

Pre 25.7 (12.9) 44.3 (13.8)

Post 27.1 (12.2) 41.3 (24.0)

Estimate / p-value ? / 0.63 -6.86 / 0.79

Pic/QA

Pre 69.2 (21.8) 104.7 (39.7)

Post 87.6 (51.7) 93.2 (36.4)

Estimate / p-value ? / 0.02 -11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-value p = 0.702

Other 
biomarkers

Other 1

Biomarker name MADRS Creatinin

Pre 34.0 (8.00) 73.5 (10.9)

Post 15.0 (15.0) 72.1 (11.1)

Estimate / p-value ? / 0.00 -1.90 / 0.003

Other 2

Biomarker name Neopterin Neopterin CRP CRP Neopterin

Pre 17.7 (9.70) 14.8 (6.03) 0.63 (0.92) 0.26 (0.42) 29.2 (17.2)

Post 23.3 (9.00) 16.6 (9.50) 0.62 (0.74) 29.4 (21.2)

Estimate / p-value ? / 0.00 12.2 / 0.33 Z=1805 / p=0.27 1.30 / 0.43

Other 3

Biomarker name Riboflavin Riboflacin TNF-α TNF-α Riboflavin

Pre 12.6 (5.60) 13.0 (4.45) 3.34 (1.00) 2.68 (0.69) 22.0 (20.6)

Post 12.6 (9.90) 14.5 (4.73) 3.47 (1.14) 20.2 (23.3)

Estimate / p-value ? / 0.75 11.2 / 0.53 F3.84 / 0.05 -1.12 / 0.70

Other 4

Biomarker name PLP PLP TNF-α mRNA TNF-α mRNA PLP

Pre 46.0 (33.6) 63.5 (9.48) 0.97 (0.30) 1.12 (0.32) 22.8 (21.6)

Post 42.7 (45.9) 65.0 (18.4) 1.04 (0.27) 22.8 (19.9)

Estimate / p-value ? / 0.79 2.28 / 0.85 F=4.37 / p=0.04 -17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre25.7 (12.9)44.3 (13.8)

Post27.1 (12.2)41.3 (24.0)

Estimate / p-value? / 0.63-6.86 / 0.79

Pic/QA

Pre69.2 (21.8)104.7 (39.7)

Post87.6 (51.7)93.2 (36.4)

Estimate / p-value? / 0.02-11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-valuep = 0.702

Other 
biomarkers

Other 1

Biomarker nameMADRSCreatinin

Pre34.0 (8.00)73.5 (10.9)

Post15.0 (15.0)72.1 (11.1)

Estimate / p-value? / 0.00-1.90 / 0.003

Other 2

Biomarker nameNeopterinNeopterinCRPCRPNeopterin

Pre17.7 (9.70)14.8 (6.03)0.63 (0.92)0.26 (0.42)29.2 (17.2)

Post23.3 (9.00)16.6 (9.50)0.62 (0.74)29.4 (21.2)

Estimate / p-value? / 0.0012.2 / 0.33Z=1805 / p=0.271.30 / 0.43

Other 3

Biomarker nameRiboflavinRiboflacinTNF-αTNF-αRiboflavin

Pre12.6 (5.60)13.0 (4.45)3.34 (1.00)2.68 (0.69)22.0 (20.6)

Post12.6 (9.90)14.5 (4.73)3.47 (1.14)20.2 (23.3)

Estimate / p-value? / 0.7511.2 / 0.53F3.84 / 0.05-1.12 / 0.70

Other 4

Biomarker namePLPPLPTNF-α mRNATNF-α mRNAPLP

Pre46.0 (33.6)63.5 (9.48)0.97 (0.30)1.12 (0.32)22.8 (21.6)

Post42.7 (45.9)65.0 (18.4)1.04 (0.27)22.8 (19.9)

Estimate / p-value? / 0.792.28 / 0.85F=4.37 / p=0.04-17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre25.7 (12.9)44.3 (13.8)

Post27.1 (12.2)41.3 (24.0)

Estimate / p-value? / 0.63-6.86 / 0.79

Pic/QA

Pre69.2 (21.8)104.7 (39.7)

Post87.6 (51.7)93.2 (36.4)

Estimate / p-value? / 0.02-11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-valuep = 0.702

Other 
biomarkers

Other 1

Biomarker nameMADRSCreatinin

Pre34.0 (8.00)73.5 (10.9)

Post15.0 (15.0)72.1 (11.1)

Estimate / p-value? / 0.00-1.90 / 0.003

Other 2

Biomarker nameNeopterinNeopterinCRPCRPNeopterin

Pre17.7 (9.70)14.8 (6.03)0.63 (0.92)0.26 (0.42)29.2 (17.2)

Post23.3 (9.00)16.6 (9.50)0.62 (0.74)29.4 (21.2)

Estimate / p-value? / 0.0012.2 / 0.33Z=1805 / p=0.271.30 / 0.43

Other 3

Biomarker nameRiboflavinRiboflacinTNF-αTNF-αRiboflavin

Pre12.6 (5.60)13.0 (4.45)3.34 (1.00)2.68 (0.69)22.0 (20.6)

Post12.6 (9.90)14.5 (4.73)3.47 (1.14)20.2 (23.3)

Estimate / p-value? / 0.7511.2 / 0.53F3.84 / 0.05-1.12 / 0.70

Other 4

Biomarker namePLPPLPTNF-α mRNATNF-α mRNAPLP

Pre46.0 (33.6)63.5 (9.48)0.97 (0.30)1.12 (0.32)22.8 (21.6)

Post42.7 (45.9)65.0 (18.4)1.04 (0.27)22.8 (19.9)

Estimate / p-value? / 0.792.28 / 0.85F=4.37 / p=0.04-17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre 25.7 (12.9) 44.3 (13.8)

Post 27.1 (12.2) 41.3 (24.0)

Estimate / p-value ? / 0.63 -6.86 / 0.79

Pic/QA

Pre 69.2 (21.8) 104.7 (39.7)

Post 87.6 (51.7) 93.2 (36.4)

Estimate / p-value ? / 0.02 -11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-value p = 0.702

Other 
biomarkers

Other 1

Biomarker name MADRS Creatinin

Pre 34.0 (8.00) 73.5 (10.9)

Post 15.0 (15.0) 72.1 (11.1)

Estimate / p-value ? / 0.00 -1.90 / 0.003

Other 2

Biomarker name Neopterin Neopterin CRP CRP Neopterin

Pre 17.7 (9.70) 14.8 (6.03) 0.63 (0.92) 0.26 (0.42) 29.2 (17.2)

Post 23.3 (9.00) 16.6 (9.50) 0.62 (0.74) 29.4 (21.2)

Estimate / p-value ? / 0.00 12.2 / 0.33 Z=1805 / p=0.27 1.30 / 0.43

Other 3

Biomarker name Riboflavin Riboflacin TNF-α TNF-α Riboflavin

Pre 12.6 (5.60) 13.0 (4.45) 3.34 (1.00) 2.68 (0.69) 22.0 (20.6)

Post 12.6 (9.90) 14.5 (4.73) 3.47 (1.14) 20.2 (23.3)

Estimate / p-value ? / 0.75 11.2 / 0.53 F3.84 / 0.05 -1.12 / 0.70

Other 4

Biomarker name PLP PLP TNF-α mRNA TNF-α mRNA PLP

Pre 46.0 (33.6) 63.5 (9.48) 0.97 (0.30) 1.12 (0.32) 22.8 (21.6)

Post 42.7 (45.9) 65.0 (18.4) 1.04 (0.27) 22.8 (19.9)

Estimate / p-value ? / 0.79 2.28 / 0.85 F=4.37 / p=0.04 -17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre 25.7 (12.9) 44.3 (13.8)

Post 27.1 (12.2) 41.3 (24.0)

Estimate / p-value ? / 0.63 -6.86 / 0.79

Pic/QA

Pre 69.2 (21.8) 104.7 (39.7)

Post 87.6 (51.7) 93.2 (36.4)

Estimate / p-value ? / 0.02 -11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-value p = 0.702

Other 
biomarkers

Other 1

Biomarker name MADRS Creatinin

Pre 34.0 (8.00) 73.5 (10.9)

Post 15.0 (15.0) 72.1 (11.1)

Estimate / p-value ? / 0.00 -1.90 / 0.003

Other 2

Biomarker name Neopterin Neopterin CRP CRP Neopterin

Pre 17.7 (9.70) 14.8 (6.03) 0.63 (0.92) 0.26 (0.42) 29.2 (17.2)

Post 23.3 (9.00) 16.6 (9.50) 0.62 (0.74) 29.4 (21.2)

Estimate / p-value ? / 0.00 12.2 / 0.33 Z=1805 / p=0.27 1.30 / 0.43

Other 3

Biomarker name Riboflavin Riboflacin TNF-α TNF-α Riboflavin

Pre 12.6 (5.60) 13.0 (4.45) 3.34 (1.00) 2.68 (0.69) 22.0 (20.6)

Post 12.6 (9.90) 14.5 (4.73) 3.47 (1.14) 20.2 (23.3)

Estimate / p-value ? / 0.75 11.2 / 0.53 F3.84 / 0.05 -1.12 / 0.70

Other 4

Biomarker name PLP PLP TNF-α mRNA TNF-α mRNA PLP

Pre 46.0 (33.6) 63.5 (9.48) 0.97 (0.30) 1.12 (0.32) 22.8 (21.6)

Post 42.7 (45.9) 65.0 (18.4) 1.04 (0.27) 22.8 (19.9)

Estimate / p-value ? / 0.79 2.28 / 0.85 F=4.37 / p=0.04 -17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre25.7 (12.9)44.3 (13.8)

Post27.1 (12.2)41.3 (24.0)

Estimate / p-value? / 0.63-6.86 / 0.79

Pic/QA

Pre69.2 (21.8)104.7 (39.7)

Post87.6 (51.7)93.2 (36.4)

Estimate / p-value? / 0.02-11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-valuep = 0.702

Other 
biomarkers

Other 1

Biomarker nameMADRSCreatinin

Pre34.0 (8.00)73.5 (10.9)

Post15.0 (15.0)72.1 (11.1)

Estimate / p-value? / 0.00-1.90 / 0.003

Other 2

Biomarker nameNeopterinNeopterinCRPCRPNeopterin

Pre17.7 (9.70)14.8 (6.03)0.63 (0.92)0.26 (0.42)29.2 (17.2)

Post23.3 (9.00)16.6 (9.50)0.62 (0.74)29.4 (21.2)

Estimate / p-value? / 0.0012.2 / 0.33Z=1805 / p=0.271.30 / 0.43

Other 3

Biomarker nameRiboflavinRiboflacinTNF-αTNF-αRiboflavin

Pre12.6 (5.60)13.0 (4.45)3.34 (1.00)2.68 (0.69)22.0 (20.6)

Post12.6 (9.90)14.5 (4.73)3.47 (1.14)20.2 (23.3)

Estimate / p-value? / 0.7511.2 / 0.53F3.84 / 0.05-1.12 / 0.70

Other 4

Biomarker namePLPPLPTNF-α mRNATNF-α mRNAPLP

Pre46.0 (33.6)63.5 (9.48)0.97 (0.30)1.12 (0.32)22.8 (21.6)

Post42.7 (45.9)65.0 (18.4)1.04 (0.27)22.8 (19.9)

Estimate / p-value? / 0.792.28 / 0.85F=4.37 / p=0.04-17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre25.7 (12.9)44.3 (13.8)

Post27.1 (12.2)41.3 (24.0)

Estimate / p-value? / 0.63-6.86 / 0.79

Pic/QA

Pre69.2 (21.8)104.7 (39.7)

Post87.6 (51.7)93.2 (36.4)

Estimate / p-value? / 0.02-11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-valuep = 0.702

Other 
biomarkers

Other 1

Biomarker nameMADRSCreatinin

Pre34.0 (8.00)73.5 (10.9)

Post15.0 (15.0)72.1 (11.1)

Estimate / p-value? / 0.00-1.90 / 0.003

Other 2

Biomarker nameNeopterinNeopterinCRPCRPNeopterin

Pre17.7 (9.70)14.8 (6.03)0.63 (0.92)0.26 (0.42)29.2 (17.2)

Post23.3 (9.00)16.6 (9.50)0.62 (0.74)29.4 (21.2)

Estimate / p-value? / 0.0012.2 / 0.33Z=1805 / p=0.271.30 / 0.43

Other 3

Biomarker nameRiboflavinRiboflacinTNF-αTNF-αRiboflavin

Pre12.6 (5.60)13.0 (4.45)3.34 (1.00)2.68 (0.69)22.0 (20.6)

Post12.6 (9.90)14.5 (4.73)3.47 (1.14)20.2 (23.3)

Estimate / p-value? / 0.7511.2 / 0.53F3.84 / 0.05-1.12 / 0.70

Other 4

Biomarker namePLPPLPTNF-α mRNATNF-α mRNAPLP

Pre46.0 (33.6)63.5 (9.48)0.97 (0.30)1.12 (0.32)22.8 (21.6)

Post42.7 (45.9)65.0 (18.4)1.04 (0.27)22.8 (19.9)

Estimate / p-value? / 0.792.28 / 0.85F=4.37 / p=0.04-17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.
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XA/HK

Pre25.7 (12.9)44.3 (13.8)

Post27.1 (12.2)41.3 (24.0)

Estimate / p-value? / 0.63-6.86 / 0.79

Pic/QA

Pre69.2 (21.8)104.7 (39.7)

Post87.6 (51.7)93.2 (36.4)

Estimate / p-value? / 0.02-11.0 / 0.68

QA/Kyn
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Post

Estimate / p-valuep = 0.702

Other 
biomarkers

Other 1

Biomarker nameMADRSCreatinin

Pre34.0 (8.00)73.5 (10.9)

Post15.0 (15.0)72.1 (11.1)

Estimate / p-value? / 0.00-1.90 / 0.003

Other 2

Biomarker nameNeopterinNeopterinCRPCRPNeopterin

Pre17.7 (9.70)14.8 (6.03)0.63 (0.92)0.26 (0.42)29.2 (17.2)

Post23.3 (9.00)16.6 (9.50)0.62 (0.74)29.4 (21.2)

Estimate / p-value? / 0.0012.2 / 0.33Z=1805 / p=0.271.30 / 0.43

Other 3

Biomarker nameRiboflavinRiboflacinTNF-αTNF-αRiboflavin

Pre12.6 (5.60)13.0 (4.45)3.34 (1.00)2.68 (0.69)22.0 (20.6)

Post12.6 (9.90)14.5 (4.73)3.47 (1.14)20.2 (23.3)

Estimate / p-value? / 0.7511.2 / 0.53F3.84 / 0.05-1.12 / 0.70

Other 4

Biomarker namePLPPLPTNF-α mRNATNF-α mRNAPLP

Pre46.0 (33.6)63.5 (9.48)0.97 (0.30)1.12 (0.32)22.8 (21.6)

Post42.7 (45.9)65.0 (18.4)1.04 (0.27)22.8 (19.9)

Estimate / p-value? / 0.792.28 / 0.85F=4.37 / p=0.04-17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.

Ratios

XA/HK

Pre25.7 (12.9)44.3 (13.8)

Post27.1 (12.2)41.3 (24.0)

Estimate / p-value? / 0.63-6.86 / 0.79

Pic/QA

Pre69.2 (21.8)104.7 (39.7)

Post87.6 (51.7)93.2 (36.4)

Estimate / p-value? / 0.02-11.0 / 0.68

QA/Kyn

Pre

Post

Estimate / p-valuep = 0.702

Other 
biomarkers

Other 1

Biomarker nameMADRSCreatinin

Pre34.0 (8.00)73.5 (10.9)

Post15.0 (15.0)72.1 (11.1)

Estimate / p-value? / 0.00-1.90 / 0.003

Other 2

Biomarker nameNeopterinNeopterinCRPCRPNeopterin

Pre17.7 (9.70)14.8 (6.03)0.63 (0.92)0.26 (0.42)29.2 (17.2)

Post23.3 (9.00)16.6 (9.50)0.62 (0.74)29.4 (21.2)

Estimate / p-value? / 0.0012.2 / 0.33Z=1805 / p=0.271.30 / 0.43

Other 3

Biomarker nameRiboflavinRiboflacinTNF-αTNF-αRiboflavin

Pre12.6 (5.60)13.0 (4.45)3.34 (1.00)2.68 (0.69)22.0 (20.6)

Post12.6 (9.90)14.5 (4.73)3.47 (1.14)20.2 (23.3)

Estimate / p-value? / 0.7511.2 / 0.53F3.84 / 0.05-1.12 / 0.70

Other 4

Biomarker namePLPPLPTNF-α mRNATNF-α mRNAPLP

Pre46.0 (33.6)63.5 (9.48)0.97 (0.30)1.12 (0.32)22.8 (21.6)

Post42.7 (45.9)65.0 (18.4)1.04 (0.27)22.8 (19.9)

Estimate / p-value? / 0.792.28 / 0.85F=4.37 / p=0.04-17.5 / 0.29

Thick outline indicate significant change. 1 Biomarker levels were provided by the authors after written request. 2 Second time-point measures and percentage change for controls were not reported in the original published report. 
Abbreviations: AA, anthranilic acid; ANOVA, analysis of variance; CRP, C-reactive protein; DBD, depression in bipolar disorder; ECT, electroconvulsive therapy; HAA, 3-hydroxyanthranilic acid; HK, 3-hydroxykynurenine; IQR, 
interquartile range; KA, kynurenic acid; Kyn, kynurenine; KTR, kynurenine-tryptophan-ratio; MADRS, Montgomery and Åsberg Depression Rating Scale; mRNA, messenger ribonucleid acid; Pic, picolinic acid; QA, quinolinic 
acid; RDD, recurrent depressive disorder; SAD, schizoaffective disorder; SD, standard deviation; TNF-α, tumor necrosis factor alpha; Trp, tryptophan; XA, xanthurenic acid.



Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

Participants Patients (n=6) Controls (n = 26) Patients (n=6) Patients (n=24) Patients (n=10) Patients (n=9) Patients (n=20) Controls (n=29)

Unit µg/ml, % µg/ml, % ng/ml mg% nmol/ml nmol/ml µmol/l µmol/l

Distribution Mean (SE) Mean (SE) Mean (SE) Median (SD) ? (?) Mean (SD) Mean (SD) Mean (SD)

Test / estimate ? / ? ? / ? ? / ? Student's t-test / ? Paired Wilcoxon 
test / ?

Paired Student t-
test / ? Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre 0.66 (0.10) 1.39 (0.07) 4.3 (1.0) 6.9 (2.0)

Post 1.22 (0.10) 4.4 (0.8) 7.2 (1.2)

Estimate / 
p-value

? / <0.01 ? / n.s. ? / n.s.

Total Trp

Pre 10.65 (0.67) 12.4 (0.3) 347.0 (90.5) 1.27 (0.30) 32.5 (6.1) 54.4 (8.9) 35.5 (9.0) 45.6 (6.1)

Post 11.55 (0.73) 420.2 (22.9) 1.23 (0.48) 27.6 (4.9) 47.4 (6.5) 38.7 (7.7) no measure

Estimate / 
p-value

? / n.s. F=2.8 / p=n.s. not tested ? / <0.01 ? / <0.01 ? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total Trp DRS Total CODS Free Trp as % of 
total Trp HRS-D

Pre 6.32 (1.12) 11.2 (0.5) 20.8 (6.5) 13,8 13.4 (2.4) 31,00

Post 10.58 (0.72) 3.0 (0.6) 2,3 15.8 (2.2) 11,00

Estimate / 
p-value

? / <0.005 F = 63.3 / 0.001 not tested ? / <0.05

Other 2

Biomarker 
name

Total NRS Albumin, ? / ?, g/l Neopterin, nmol/l Neopterin, nmol/l

Pre 22 39.7 (2.5) 21.7 (8.2) 19.6 (6.5)

Post 6,5 40.8 (2.1) 23.6 (8.2) no measure

Estimate / 
p-value

not tested ? / n.s. ? / 0.03

Comments Total Trp was 
measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

ParticipantsPatients (n=6)Controls (n = 26)Patients (n=6)Patients (n=24)Patients (n=10)Patients (n=9)Patients (n=20)Controls (n=29)

Unitµg/ml, %µg/ml, %ng/mlmg%nmol/mlnmol/mlµmol/lµmol/l

DistributionMean (SE)Mean (SE)Mean (SE)Median (SD)? (?)Mean (SD)Mean (SD)Mean (SD)

Test / estimate? / ?? / ?? / ?Student's t-test / ?Paired Wilcoxon 
test / ?

Paired Student t-
test / ?Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre0.66 (0.10)1.39 (0.07)4.3 (1.0)6.9 (2.0)

Post1.22 (0.10)4.4 (0.8)7.2 (1.2)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.

Total Trp

Pre10.65 (0.67)12.4 (0.3)347.0 (90.5)1.27 (0.30)32.5 (6.1)54.4 (8.9)35.5 (9.0)45.6 (6.1)

Post11.55 (0.73)420.2 (22.9)1.23 (0.48)27.6 (4.9)47.4 (6.5)38.7 (7.7)no measure

Estimate / 
p-value

? / n.s.F=2.8 / p=n.s.not tested? / <0.01? / <0.01? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total TrpDRSTotal CODSFree Trp as % of 
total TrpHRS-D

Pre6.32 (1.12)11.2 (0.5)20.8 (6.5)13,813.4 (2.4)31,00

Post10.58 (0.72)3.0 (0.6)2,315.8 (2.2)11,00

Estimate / 
p-value

? / <0.005F = 63.3 / 0.001not tested? / <0.05

Other 2

Biomarker 
name

Total NRSAlbumin, ? / ?, g/lNeopterin, nmol/lNeopterin, nmol/l

Pre2239.7 (2.5)21.7 (8.2)19.6 (6.5)

Post6,540.8 (2.1)23.6 (8.2)no measure

Estimate / 
p-value

not tested? / n.s.? / 0.03

CommentsTotal Trp was 
measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 
concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

ParticipantsPatients (n=6)Controls (n = 26)Patients (n=6)Patients (n=24)Patients (n=10)Patients (n=9)Patients (n=20)Controls (n=29)

Unitµg/ml, %µg/ml, %ng/mlmg%nmol/mlnmol/mlµmol/lµmol/l

DistributionMean (SE)Mean (SE)Mean (SE)Median (SD)? (?)Mean (SD)Mean (SD)Mean (SD)

Test / estimate? / ?? / ?? / ?Student's t-test / ?Paired Wilcoxon 
test / ?

Paired Student t-
test / ?Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre0.66 (0.10)1.39 (0.07)4.3 (1.0)6.9 (2.0)

Post1.22 (0.10)4.4 (0.8)7.2 (1.2)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.

Total Trp

Pre10.65 (0.67)12.4 (0.3)347.0 (90.5)1.27 (0.30)32.5 (6.1)54.4 (8.9)35.5 (9.0)45.6 (6.1)

Post11.55 (0.73)420.2 (22.9)1.23 (0.48)27.6 (4.9)47.4 (6.5)38.7 (7.7)no measure

Estimate / 
p-value

? / n.s.F=2.8 / p=n.s.not tested? / <0.01? / <0.01? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total TrpDRSTotal CODSFree Trp as % of 
total TrpHRS-D

Pre6.32 (1.12)11.2 (0.5)20.8 (6.5)13,813.4 (2.4)31,00

Post10.58 (0.72)3.0 (0.6)2,315.8 (2.2)11,00

Estimate / 
p-value

? / <0.005F = 63.3 / 0.001not tested? / <0.05

Other 2

Biomarker 
name

Total NRSAlbumin, ? / ?, g/lNeopterin, nmol/lNeopterin, nmol/l

Pre2239.7 (2.5)21.7 (8.2)19.6 (6.5)

Post6,540.8 (2.1)23.6 (8.2)no measure

Estimate / 
p-value

not tested? / n.s.? / 0.03

CommentsTotal Trp was 
measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 
concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

Participants Patients (n=6) Controls (n = 26) Patients (n=6) Patients (n=24) Patients (n=10) Patients (n=9) Patients (n=20) Controls (n=29)

Unit µg/ml, % µg/ml, % ng/ml mg% nmol/ml nmol/ml µmol/l µmol/l

Distribution Mean (SE) Mean (SE) Mean (SE) Median (SD) ? (?) Mean (SD) Mean (SD) Mean (SD)

Test / estimate ? / ? ? / ? ? / ? Student's t-test / ? Paired Wilcoxon 
test / ?

Paired Student t-
test / ? Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre 0.66 (0.10) 1.39 (0.07) 4.3 (1.0) 6.9 (2.0)

Post 1.22 (0.10) 4.4 (0.8) 7.2 (1.2)

Estimate / 
p-value

? / <0.01 ? / n.s. ? / n.s.

Total Trp

Pre 10.65 (0.67) 12.4 (0.3) 347.0 (90.5) 1.27 (0.30) 32.5 (6.1) 54.4 (8.9) 35.5 (9.0) 45.6 (6.1)

Post 11.55 (0.73) 420.2 (22.9) 1.23 (0.48) 27.6 (4.9) 47.4 (6.5) 38.7 (7.7) no measure

Estimate / 
p-value

? / n.s. F=2.8 / p=n.s. not tested ? / <0.01 ? / <0.01 ? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total Trp DRS Total CODS Free Trp as % of 
total Trp HRS-D

Pre 6.32 (1.12) 11.2 (0.5) 20.8 (6.5) 13,8 13.4 (2.4) 31,00

Post 10.58 (0.72) 3.0 (0.6) 2,3 15.8 (2.2) 11,00

Estimate / 
p-value

? / <0.005 F = 63.3 / 0.001 not tested ? / <0.05

Other 2

Biomarker 
name

Total NRS Albumin, ? / ?, g/l Neopterin, nmol/l Neopterin, nmol/l

Pre 22 39.7 (2.5) 21.7 (8.2) 19.6 (6.5)

Post 6,5 40.8 (2.1) 23.6 (8.2) no measure

Estimate / 
p-value

not tested ? / n.s. ? / 0.03

Comments
Total Trp was 

measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

Participants Patients (n=6) Controls (n = 26) Patients (n=6) Patients (n=24) Patients (n=10) Patients (n=9) Patients (n=20) Controls (n=29)

Unit µg/ml, % µg/ml, % ng/ml mg% nmol/ml nmol/ml µmol/l µmol/l

Distribution Mean (SE) Mean (SE) Mean (SE) Median (SD) ? (?) Mean (SD) Mean (SD) Mean (SD)

Test / estimate ? / ? ? / ? ? / ? Student's t-test / ? Paired Wilcoxon 
test / ?

Paired Student t-
test / ? Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre 0.66 (0.10) 1.39 (0.07) 4.3 (1.0) 6.9 (2.0)

Post 1.22 (0.10) 4.4 (0.8) 7.2 (1.2)

Estimate / 
p-value

? / <0.01 ? / n.s. ? / n.s.

Total Trp

Pre 10.65 (0.67) 12.4 (0.3) 347.0 (90.5) 1.27 (0.30) 32.5 (6.1) 54.4 (8.9) 35.5 (9.0) 45.6 (6.1)

Post 11.55 (0.73) 420.2 (22.9) 1.23 (0.48) 27.6 (4.9) 47.4 (6.5) 38.7 (7.7) no measure

Estimate / 
p-value

? / n.s. F=2.8 / p=n.s. not tested ? / <0.01 ? / <0.01 ? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total Trp DRS Total CODS Free Trp as % of 
total Trp HRS-D

Pre 6.32 (1.12) 11.2 (0.5) 20.8 (6.5) 13,8 13.4 (2.4) 31,00

Post 10.58 (0.72) 3.0 (0.6) 2,3 15.8 (2.2) 11,00

Estimate / 
p-value

? / <0.005 F = 63.3 / 0.001 not tested ? / <0.05

Other 2

Biomarker 
name

Total NRS Albumin, ? / ?, g/l Neopterin, nmol/l Neopterin, nmol/l

Pre 22 39.7 (2.5) 21.7 (8.2) 19.6 (6.5)

Post 6,5 40.8 (2.1) 23.6 (8.2) no measure

Estimate / 
p-value

not tested ? / n.s. ? / 0.03

Comments
Total Trp was 

measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

ParticipantsPatients (n=6)Controls (n = 26)Patients (n=6)Patients (n=24)Patients (n=10)Patients (n=9)Patients (n=20)Controls (n=29)

Unitµg/ml, %µg/ml, %ng/mlmg%nmol/mlnmol/mlµmol/lµmol/l

DistributionMean (SE)Mean (SE)Mean (SE)Median (SD)? (?)Mean (SD)Mean (SD)Mean (SD)

Test / estimate? / ?? / ?? / ?Student's t-test / ?Paired Wilcoxon 
test / ?

Paired Student t-
test / ?Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre0.66 (0.10)1.39 (0.07)4.3 (1.0)6.9 (2.0)

Post1.22 (0.10)4.4 (0.8)7.2 (1.2)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.

Total Trp

Pre10.65 (0.67)12.4 (0.3)347.0 (90.5)1.27 (0.30)32.5 (6.1)54.4 (8.9)35.5 (9.0)45.6 (6.1)

Post11.55 (0.73)420.2 (22.9)1.23 (0.48)27.6 (4.9)47.4 (6.5)38.7 (7.7)no measure

Estimate / 
p-value

? / n.s.F=2.8 / p=n.s.not tested? / <0.01? / <0.01? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total TrpDRSTotal CODSFree Trp as % of 
total TrpHRS-D

Pre6.32 (1.12)11.2 (0.5)20.8 (6.5)13,813.4 (2.4)31,00

Post10.58 (0.72)3.0 (0.6)2,315.8 (2.2)11,00

Estimate / 
p-value

? / <0.005F = 63.3 / 0.001not tested? / <0.05

Other 2

Biomarker 
name

Total NRSAlbumin, ? / ?, g/lNeopterin, nmol/lNeopterin, nmol/l

Pre2239.7 (2.5)21.7 (8.2)19.6 (6.5)

Post6,540.8 (2.1)23.6 (8.2)no measure

Estimate / 
p-value

not tested? / n.s.? / 0.03

Comments
Total Trp was 

measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

ParticipantsPatients (n=6)Controls (n = 26)Patients (n=6)Patients (n=24)Patients (n=10)Patients (n=9)Patients (n=20)Controls (n=29)

Unitµg/ml, %µg/ml, %ng/mlmg%nmol/mlnmol/mlµmol/lµmol/l

DistributionMean (SE)Mean (SE)Mean (SE)Median (SD)? (?)Mean (SD)Mean (SD)Mean (SD)

Test / estimate? / ?? / ?? / ?Student's t-test / ?Paired Wilcoxon 
test / ?

Paired Student t-
test / ?Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre0.66 (0.10)1.39 (0.07)4.3 (1.0)6.9 (2.0)

Post1.22 (0.10)4.4 (0.8)7.2 (1.2)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.

Total Trp

Pre10.65 (0.67)12.4 (0.3)347.0 (90.5)1.27 (0.30)32.5 (6.1)54.4 (8.9)35.5 (9.0)45.6 (6.1)

Post11.55 (0.73)420.2 (22.9)1.23 (0.48)27.6 (4.9)47.4 (6.5)38.7 (7.7)no measure

Estimate / 
p-value

? / n.s.F=2.8 / p=n.s.not tested? / <0.01? / <0.01? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total TrpDRSTotal CODSFree Trp as % of 
total TrpHRS-D

Pre6.32 (1.12)11.2 (0.5)20.8 (6.5)13,813.4 (2.4)31,00

Post10.58 (0.72)3.0 (0.6)2,315.8 (2.2)11,00

Estimate / 
p-value

? / <0.005F = 63.3 / 0.001not tested? / <0.05

Other 2

Biomarker 
name

Total NRSAlbumin, ? / ?, g/lNeopterin, nmol/lNeopterin, nmol/l

Pre2239.7 (2.5)21.7 (8.2)19.6 (6.5)

Post6,540.8 (2.1)23.6 (8.2)no measure

Estimate / 
p-value

not tested? / n.s.? / 0.03

Comments
Total Trp was 

measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

ParticipantsPatients (n=6)Controls (n = 26)Patients (n=6)Patients (n=24)Patients (n=10)Patients (n=9)Patients (n=20)Controls (n=29)

Unitµg/ml, %µg/ml, %ng/mlmg%nmol/mlnmol/mlµmol/lµmol/l

DistributionMean (SE)Mean (SE)Mean (SE)Median (SD)? (?)Mean (SD)Mean (SD)Mean (SD)

Test / estimate? / ?? / ?? / ?Student's t-test / ?Paired Wilcoxon 
test / ?

Paired Student t-
test / ?Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre0.66 (0.10)1.39 (0.07)4.3 (1.0)6.9 (2.0)

Post1.22 (0.10)4.4 (0.8)7.2 (1.2)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.

Total Trp

Pre10.65 (0.67)12.4 (0.3)347.0 (90.5)1.27 (0.30)32.5 (6.1)54.4 (8.9)35.5 (9.0)45.6 (6.1)

Post11.55 (0.73)420.2 (22.9)1.23 (0.48)27.6 (4.9)47.4 (6.5)38.7 (7.7)no measure

Estimate / 
p-value

? / n.s.F=2.8 / p=n.s.not tested? / <0.01? / <0.01? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total TrpDRSTotal CODSFree Trp as % of 
total TrpHRS-D

Pre6.32 (1.12)11.2 (0.5)20.8 (6.5)13,813.4 (2.4)31,00

Post10.58 (0.72)3.0 (0.6)2,315.8 (2.2)11,00

Estimate / 
p-value

? / <0.005F = 63.3 / 0.001not tested? / <0.05

Other 2

Biomarker 
name

Total NRSAlbumin, ? / ?, g/lNeopterin, nmol/lNeopterin, nmol/l

Pre2239.7 (2.5)21.7 (8.2)19.6 (6.5)

Post6,540.8 (2.1)23.6 (8.2)no measure

Estimate / 
p-value

not tested? / n.s.? / 0.03

Comments
Total Trp was 

measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a series of 
ECT and corresponding analyses of change

Author 
(year)

Coppen 
(1973)

Abrams 
(1976)

D'Elia 
(1977)

Kirkegaard 
(1978)

Whalley 
(1980)

Hoekstra 
(2001)

ParticipantsPatients (n=6)Controls (n = 26)Patients (n=6)Patients (n=24)Patients (n=10)Patients (n=9)Patients (n=20)Controls (n=29)

Unitµg/ml, %µg/ml, %ng/mlmg%nmol/mlnmol/mlµmol/lµmol/l

DistributionMean (SE)Mean (SE)Mean (SE)Median (SD)? (?)Mean (SD)Mean (SD)Mean (SD)

Test / estimate? / ?? / ?? / ?Student's t-test / ?Paired Wilcoxon 
test / ?

Paired Student t-
test / ?Student's t-test / ?

Biomarkers

Trp

Free Trp

Pre0.66 (0.10)1.39 (0.07)4.3 (1.0)6.9 (2.0)

Post1.22 (0.10)4.4 (0.8)7.2 (1.2)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.

Total Trp

Pre10.65 (0.67)12.4 (0.3)347.0 (90.5)1.27 (0.30)32.5 (6.1)54.4 (8.9)35.5 (9.0)45.6 (6.1)

Post11.55 (0.73)420.2 (22.9)1.23 (0.48)27.6 (4.9)47.4 (6.5)38.7 (7.7)no measure

Estimate / 
p-value

? / n.s.F=2.8 / p=n.s.not tested? / <0.01? / <0.01? / n.s.

Other 
biomarkers

Other 1

Biomarker 
name

Free Trp as % of total TrpDRSTotal CODSFree Trp as % of 
total TrpHRS-D

Pre6.32 (1.12)11.2 (0.5)20.8 (6.5)13,813.4 (2.4)31,00

Post10.58 (0.72)3.0 (0.6)2,315.8 (2.2)11,00

Estimate / 
p-value

? / <0.005F = 63.3 / 0.001not tested? / <0.05

Other 2

Biomarker 
name

Total NRSAlbumin, ? / ?, g/lNeopterin, nmol/lNeopterin, nmol/l

Pre2239.7 (2.5)21.7 (8.2)19.6 (6.5)

Post6,540.8 (2.1)23.6 (8.2)no measure

Estimate / 
p-value

not tested? / n.s.? / 0.03

Comments
Total Trp was 

measured in CSF

No statistic test 
reported for 

comparison of pre 
and post ECT 

concentrations.

Patients' pre-treatment Trp levels were 
significantly lower than that of 

controls (p<0.0005).

Thick outline indicate significant change. Abbreviations: CODS, Cronholm-Ottosson Depression Scale; CSF, cerebrospinal fluid; DRS, Depression Rating Scale; 
ECT, electroconvulsive therapy; HRS-D, Hamilton Depression Rating Scale; NRS, Nurses' rating scale; n.s., non-significant; SD, standard deviation; SE, 
standard error; Trp, tryptophan.



Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9) Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unit µg/ml nmol/ml nmol/ml nmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

Distribution Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SEM) Mean (SEM) Mean (SD)

Test / estimate Paired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ? t-test / ? ANOVA / ? ANOVA / ? Paired sample t-

test / ?

Biomarkers Time points

Free Trp

Baseline value 1.07 (0.41) 6.9 (2.0) 6.3 (1.4)
3.92 (1.23)  

(range: 1.81 - 
5.89)

1.12 (0.11) 0.99 (0.06)

First post 
measure

time 1 min 10 min after 
convulsion

10 min after 
recovery 1 min 15 min

value 1.42 (0.50) 7.1 (2.0) 7.2 (1.8) increased 1.00 (0.12) 1.04 (0.05)

Estimate / 
p-value

? / <0.01 ? / n.s. ? / n.s. ? / <0.01 ? / n.s. ? / n.s.

Second post 
measure

time 15 min 5 min 30 min

value 1.32 (0.58) normalised 1.06 (0.12) 1.06 (0.08)

Estimate / 
p-value

? / 0.02 ? / n.s. ? / n.s. ? / n.s.

Third post 
measure

time 30 min 10 min 45 min

value 1.26 (0.35) decreased 1.03 (0.11) 1.03 (0.11)

Estimate / 
p-value

? / n.s. ? / n.s. ? / n.s. ? / n.s.

Fourth post 
measure

time 60 min 30 min 60 min

value 1.05 (0.43) decreased 1.05 (0.08) 0.99 (0.05)

Estimate / 
p-value

? / n.s. ? / n.s. ? / n.s. ? / n.s.

Fifth post 
measure

time 60:00.000

value decreased

Estimate / 
p-value

? / <0.05

pooled Estimate / 
p-value

F = ? / n.s. F = ? / n.s.

Total Trp

baseline value 8.44 (1.87) 54.4 (8.9) 52.5 (9.4)
69.7 (22.5)  

range: 45.2 - 
124.5

47 (3) 45 (3) 29.5 (6.7)

First post 
measure

time 1 min 10 min after 
convulsion

10 min after 
recovery 1 min 15m 0s 0ms 2h

value 8.03 (2.39) 48.8 (6.6) 45.6 (7.3) decreased 40 (2) 35 (1) 39.0 (8.6)

Estimate / 
p-value

? / n.s. ? / <0.05 ? / <0.01 ? / n.s ? / n.s. ? / <0.05 
(unspecified) ? / <0.05

Second post 
measure

time 15 min 5 min 30m 0s 0ms 6h

value 8.81 (2.99) decreased 40 (3) 34 (3) 42.4 (8.9)

Estimate / 
p-value

? / n.s. ? / <0.01 ? / n.s. ? / <0.05 
(unspecified) ? /  <0.005

Third post 
measure

time 30 min 10 min 45m 24h

value 8.67 (2.88) decreased 38 (3) 36 (3) 39.3 (12.2)

Estimate / 
p-value

? / n.s. ? / <0.01 ? / <0.05 ? / n.s. ? / <0.05

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9)Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unitµg/mlnmol/mlnmol/mlnmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

DistributionMean (SD)Mean (SD)Mean (SD)Mean (SD)Mean (SEM)Mean (SEM)Mean (SD)

Test / estimatePaired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ?t-test / ?ANOVA / ?ANOVA / ?Paired sample t-

test / ?

BiomarkersTime points

Free Trp

Baselinevalue1.07 (0.41)6.9 (2.0)6.3 (1.4)
3.92 (1.23)  
(range: 1.81 - 

5.89)
1.12 (0.11)0.99 (0.06)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15 min

value1.42 (0.50)7.1 (2.0)7.2 (1.8)increased1.00 (0.12)1.04 (0.05)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.? / <0.01? / n.s.? / n.s.

Second post 
measure

time15 min5 min30 min

value1.32 (0.58)normalised1.06 (0.12)1.06 (0.08)

Estimate / 
p-value

? / 0.02? / n.s.? / n.s.? / n.s.

Third post 
measure

time30 min10 min45 min

value1.26 (0.35)decreased1.03 (0.11)1.03 (0.11)

Estimate / 
p-value

? / n.s.? / n.s.? / n.s.? / n.s.

Fourth post 
measure

time60 min30 min60 min

value1.05 (0.43)decreased1.05 (0.08)0.99 (0.05)

Estimate / 
p-value

? / n.s.? / n.s.? / n.s.? / n.s.

Fifth post 
measure

time60:00.000

valuedecreased

Estimate / 
p-value

? / <0.05

pooledEstimate / 
p-value

F = ? / n.s.F = ? / n.s.

Total Trp

baselinevalue8.44 (1.87)54.4 (8.9)52.5 (9.4)
69.7 (22.5)  
range: 45.2 - 

124.5
47 (3)45 (3)29.5 (6.7)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15m 0s 0ms2h

value8.03 (2.39)48.8 (6.6)45.6 (7.3)decreased40 (2)35 (1)39.0 (8.6)

Estimate / 
p-value

? / n.s.? / <0.05? / <0.01? / n.s? / n.s.? / <0.05 
(unspecified)? / <0.05

Second post 
measure

time15 min5 min30m 0s 0ms6h

value8.81 (2.99)decreased40 (3)34 (3)42.4 (8.9)

Estimate / 
p-value

? / n.s.? / <0.01? / n.s.? / <0.05 
(unspecified)? /  <0.005

Third post 
measure

time30 min10 min45m24h

value8.67 (2.88)decreased38 (3)36 (3)39.3 (12.2)

Estimate / 
p-value

? / n.s.? / <0.01? / <0.05? / n.s.? / <0.05

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9)Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unitµg/mlnmol/mlnmol/mlnmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

DistributionMean (SD)Mean (SD)Mean (SD)Mean (SD)Mean (SEM)Mean (SEM)Mean (SD)

Test / estimatePaired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ?t-test / ?ANOVA / ?ANOVA / ?Paired sample t-

test / ?

BiomarkersTime points

Free Trp

Baselinevalue1.07 (0.41)6.9 (2.0)6.3 (1.4)
3.92 (1.23)  
(range: 1.81 - 

5.89)
1.12 (0.11)0.99 (0.06)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15 min

value1.42 (0.50)7.1 (2.0)7.2 (1.8)increased1.00 (0.12)1.04 (0.05)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.? / <0.01? / n.s.? / n.s.

Second post 
measure

time15 min5 min30 min

value1.32 (0.58)normalised1.06 (0.12)1.06 (0.08)

Estimate / 
p-value

? / 0.02? / n.s.? / n.s.? / n.s.

Third post 
measure

time30 min10 min45 min

value1.26 (0.35)decreased1.03 (0.11)1.03 (0.11)

Estimate / 
p-value

? / n.s.? / n.s.? / n.s.? / n.s.

Fourth post 
measure

time60 min30 min60 min

value1.05 (0.43)decreased1.05 (0.08)0.99 (0.05)

Estimate / 
p-value

? / n.s.? / n.s.? / n.s.? / n.s.

Fifth post 
measure

time60:00.000

valuedecreased

Estimate / 
p-value

? / <0.05

pooledEstimate / 
p-value

F = ? / n.s.F = ? / n.s.

Total Trp

baselinevalue8.44 (1.87)54.4 (8.9)52.5 (9.4)
69.7 (22.5)  
range: 45.2 - 

124.5
47 (3)45 (3)29.5 (6.7)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15m 0s 0ms2h

value8.03 (2.39)48.8 (6.6)45.6 (7.3)decreased40 (2)35 (1)39.0 (8.6)

Estimate / 
p-value

? / n.s.? / <0.05? / <0.01? / n.s? / n.s.? / <0.05 
(unspecified)? / <0.05

Second post 
measure

time15 min5 min30m 0s 0ms6h

value8.81 (2.99)decreased40 (3)34 (3)42.4 (8.9)

Estimate / 
p-value

? / n.s.? / <0.01? / n.s.? / <0.05 
(unspecified)? /  <0.005

Third post 
measure

time30 min10 min45m24h

value8.67 (2.88)decreased38 (3)36 (3)39.3 (12.2)

Estimate / 
p-value

? / n.s.? / <0.01? / <0.05? / n.s.? / <0.05

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9) Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unit µg/ml nmol/ml nmol/ml nmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

Distribution Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SEM) Mean (SEM) Mean (SD)

Test / estimate Paired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ? t-test / ? ANOVA / ? ANOVA / ? Paired sample t-

test / ?

Biomarkers Time points

Free Trp

Baseline value 1.07 (0.41) 6.9 (2.0) 6.3 (1.4)
3.92 (1.23)  

(range: 1.81 - 
5.89)

1.12 (0.11) 0.99 (0.06)

First post 
measure

time 1 min 10 min after 
convulsion

10 min after 
recovery 1 min 15 min

value 1.42 (0.50) 7.1 (2.0) 7.2 (1.8) increased 1.00 (0.12) 1.04 (0.05)

Estimate / 
p-value

? / <0.01 ? / n.s. ? / n.s. ? / <0.01 ? / n.s. ? / n.s.

Second post 
measure

time 15 min 5 min 30 min

value 1.32 (0.58) normalised 1.06 (0.12) 1.06 (0.08)

Estimate / 
p-value

? / 0.02 ? / n.s. ? / n.s. ? / n.s.

Third post 
measure

time 30 min 10 min 45 min

value 1.26 (0.35) decreased 1.03 (0.11) 1.03 (0.11)

Estimate / 
p-value

? / n.s. ? / n.s. ? / n.s. ? / n.s.

Fourth post 
measure

time 60 min 30 min 60 min

value 1.05 (0.43) decreased 1.05 (0.08) 0.99 (0.05)

Estimate / 
p-value

? / n.s. ? / n.s. ? / n.s. ? / n.s.

Fifth post 
measure

time 60:00.000

value decreased

Estimate / 
p-value

? / <0.05

pooled Estimate / 
p-value

F = ? / n.s. F = ? / n.s.

Total Trp

baseline value 8.44 (1.87) 54.4 (8.9) 52.5 (9.4)
69.7 (22.5)  

range: 45.2 - 
124.5

47 (3) 45 (3) 29.5 (6.7)

First post 
measure

time 1 min 10 min after 
convulsion

10 min after 
recovery 1 min 15m 0s 0ms 2h

value 8.03 (2.39) 48.8 (6.6) 45.6 (7.3) decreased 40 (2) 35 (1) 39.0 (8.6)

Estimate / 
p-value

? / n.s. ? / <0.05 ? / <0.01 ? / n.s ? / n.s. ? / <0.05 
(unspecified) ? / <0.05

Second post 
measure

time 15 min 5 min 30m 0s 0ms 6h

value 8.81 (2.99) decreased 40 (3) 34 (3) 42.4 (8.9)

Estimate / 
p-value

? / n.s. ? / <0.01 ? / n.s. ? / <0.05 
(unspecified) ? /  <0.005

Third post 
measure

time 30 min 10 min 45m 24h

value 8.67 (2.88) decreased 38 (3) 36 (3) 39.3 (12.2)

Estimate / 
p-value

? / n.s. ? / <0.01 ? / <0.05 ? / n.s. ? / <0.05

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9) Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unit µg/ml nmol/ml nmol/ml nmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

Distribution Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SEM) Mean (SEM) Mean (SD)

Test / estimate Paired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ? t-test / ? ANOVA / ? ANOVA / ? Paired sample t-

test / ?

Biomarkers Time points

Free Trp

Baseline value 1.07 (0.41) 6.9 (2.0) 6.3 (1.4)
3.92 (1.23)  

(range: 1.81 - 
5.89)

1.12 (0.11) 0.99 (0.06)

First post 
measure

time 1 min 10 min after 
convulsion

10 min after 
recovery 1 min 15 min

value 1.42 (0.50) 7.1 (2.0) 7.2 (1.8) increased 1.00 (0.12) 1.04 (0.05)

Estimate / 
p-value

? / <0.01 ? / n.s. ? / n.s. ? / <0.01 ? / n.s. ? / n.s.

Second post 
measure

time 15 min 5 min 30 min

value 1.32 (0.58) normalised 1.06 (0.12) 1.06 (0.08)

Estimate / 
p-value

? / 0.02 ? / n.s. ? / n.s. ? / n.s.

Third post 
measure

time 30 min 10 min 45 min

value 1.26 (0.35) decreased 1.03 (0.11) 1.03 (0.11)

Estimate / 
p-value

? / n.s. ? / n.s. ? / n.s. ? / n.s.

Fourth post 
measure

time 60 min 30 min 60 min

value 1.05 (0.43) decreased 1.05 (0.08) 0.99 (0.05)

Estimate / 
p-value

? / n.s. ? / n.s. ? / n.s. ? / n.s.

Fifth post 
measure

time 60:00.000

value decreased

Estimate / 
p-value

? / <0.05

pooled Estimate / 
p-value

F = ? / n.s. F = ? / n.s.

Total Trp

baseline value 8.44 (1.87) 54.4 (8.9) 52.5 (9.4)
69.7 (22.5)  

range: 45.2 - 
124.5

47 (3) 45 (3) 29.5 (6.7)

First post 
measure

time 1 min 10 min after 
convulsion

10 min after 
recovery 1 min 15m 0s 0ms 2h

value 8.03 (2.39) 48.8 (6.6) 45.6 (7.3) decreased 40 (2) 35 (1) 39.0 (8.6)

Estimate / 
p-value

? / n.s. ? / <0.05 ? / <0.01 ? / n.s ? / n.s. ? / <0.05 
(unspecified) ? / <0.05

Second post 
measure

time 15 min 5 min 30m 0s 0ms 6h

value 8.81 (2.99) decreased 40 (3) 34 (3) 42.4 (8.9)

Estimate / 
p-value

? / n.s. ? / <0.01 ? / n.s. ? / <0.05 
(unspecified) ? /  <0.005

Third post 
measure

time 30 min 10 min 45m 24h

value 8.67 (2.88) decreased 38 (3) 36 (3) 39.3 (12.2)

Estimate / 
p-value

? / n.s. ? / <0.01 ? / <0.05 ? / n.s. ? / <0.05

Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9)Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unitµg/mlnmol/mlnmol/mlnmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

DistributionMean (SD)Mean (SD)Mean (SD)Mean (SD)Mean (SEM)Mean (SEM)Mean (SD)

Test / estimatePaired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ?t-test / ?ANOVA / ?ANOVA / ?Paired sample t-

test / ?

BiomarkersTime points

Free Trp

Baselinevalue1.07 (0.41)6.9 (2.0)6.3 (1.4)
3.92 (1.23)  

(range: 1.81 - 
5.89)

1.12 (0.11)0.99 (0.06)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15 min

value1.42 (0.50)7.1 (2.0)7.2 (1.8)increased1.00 (0.12)1.04 (0.05)

Estimate / 
p-value

? / <0.01? / n.s.? / n.s.? / <0.01? / n.s.? / n.s.

Second post 
measure

time15 min5 min30 min

value1.32 (0.58)normalised1.06 (0.12)1.06 (0.08)

Estimate / 
p-value

? / 0.02? / n.s.? / n.s.? / n.s.

Third post 
measure

time30 min10 min45 min

value1.26 (0.35)decreased1.03 (0.11)1.03 (0.11)

Estimate / 
p-value

? / n.s.? / n.s.? / n.s.? / n.s.

Fourth post 
measure

time60 min30 min60 min

value1.05 (0.43)decreased1.05 (0.08)0.99 (0.05)

Estimate / 
p-value

? / n.s.? / n.s.? / n.s.? / n.s.

Fifth post 
measure

time60:00.000

valuedecreased

Estimate / 
p-value

? / <0.05

pooledEstimate / 
p-value

F = ? / n.s.F = ? / n.s.

Total Trp

baselinevalue8.44 (1.87)54.4 (8.9)52.5 (9.4)
69.7 (22.5)  

range: 45.2 - 
124.5

47 (3)45 (3)29.5 (6.7)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15m 0s 0ms2h

value8.03 (2.39)48.8 (6.6)45.6 (7.3)decreased40 (2)35 (1)39.0 (8.6)

Estimate / 
p-value

? / n.s.? / <0.05? / <0.01? / n.s? / n.s.? / <0.05 
(unspecified)? / <0.05

Second post 
measure

time15 min5 min30m 0s 0ms6h

value8.81 (2.99)decreased40 (3)34 (3)42.4 (8.9)

Estimate / 
p-value

? / n.s.? / <0.01? / n.s.? / <0.05 
(unspecified)? /  <0.005

Third post 
measure

time30 min10 min45m24h

value8.67 (2.88)decreased38 (3)36 (3)39.3 (12.2)

Estimate / 
p-value
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Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change

Author 
(year)

Stelmasiak 
(1974)

Whalley 
(1980)

Sawa 
(1981)

Mokhtar 
(1997)

Palmio 
(2005)

Participants
Patients  

(n=18, 15 at 
15min)

Patients (n=11)
Controls (n=11) 

undergoing 
anesthesia and 

cystoscopy

Patients (n=9)Patients (n=10)
Controls (n=4) 

undergoing 
anesthesia and 
minor surgery

Patients (n=10)

Unitµg/mlnmol/mlnmol/mlnmol/ml
µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio

µg/ml (free Trp), 
µmol/ml (total 

Trp), ratio
µmol/l

DistributionMean (SD)Mean (SD)Mean (SD)Mean (SD)Mean (SEM)Mean (SEM)Mean (SD)

Test / estimatePaired Student's t-
test / ?

Paired Student's t-
test / ?

Paired Student's t-
test / ?t-test / ?ANOVA / ?ANOVA / ?Paired sample t-

test / ?

BiomarkersTime points

Free Trp

Baselinevalue1.07 (0.41)6.9 (2.0)6.3 (1.4)
3.92 (1.23)  

(range: 1.81 - 
5.89)

1.12 (0.11)0.99 (0.06)

First post 
measure

time1 min10 min after 
convulsion

10 min after 
recovery1 min15 min

value1.42 (0.50)7.1 (2.0)7.2 (1.8)increased1.00 (0.12)1.04 (0.05)

Estimate / 
p-value
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Estimate / 
p-value

? / 0.02? / n.s.? / n.s.? / n.s.
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Total Trp
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69.7 (22.5)  

range: 45.2 - 
124.5

47 (3)45 (3)29.5 (6.7)
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measure
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10 min after 
recovery1 min15m 0s 0ms2h
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Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change
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Supplementary Table 1 (continued): Reported levels of tryptophan and related biomarkers before and after a 
single ECT and corresponding analyses of change
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Total Trp

Fourth post 
measure

time 60 min 30 min 60 min 48h

Value 7.43 (2.19) decreased 34 (3) 34 (1) 30.1 (6.9)

Estimate / 
p-value

? / n.s. ? / n.s. ? / <0.005 ? / <0.05 
(unspecified) ? / n.s.

Fifth post 
measure

time 60 min

value normalised

Estimate / 
p-value

? / n.s.

pooled Estimate / 
p-value

 F = 2.81 / <0.37  F = 3.83 / <0.24

Biomarkers

Other 
biomarkers

Other 1

Biomarker 
name

NEFA, mmol/L

Pre 0.35 (0.06) 0.34 (0.05)

Post 0.48 (0.07) 0.49 (0.08)

Estimate / 
p-value

Other 2

Biomarker 
name

TRP/CAA

Pre 0.088 (0.006) 0.099 (0.004)

Post 0.076 (0.008) 0.081 (0.002)

Estimate / 
p-value

Comments Before and after 
first ECT

Before and after 
anesthesia

"Others" 
measured at 60 
min post.

"Others" 
measured at 60 
min post.

Thick outline indicate significant change. Abbreviations: CAA, competing amino acid; ECT, electroconvulsive therapy; NEFA, non-esterified fatty 
acid; n.s., non-significant; SD, standard deviation; SE, standard error; SEM, standard error of the mean; Trp, tryptophan.
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%
)

H
D
R
S

B
ila
te
ra
l. 
 
D
ur
at
io
n:
 4
 

se
co
nd
s 
37
.9
3 
J

O
ne
 si
ng
le
 E
C
T

15
, 3
0,
 4
5 
an
d 
60
 

m
in
ut
es
 a
fte
r E
C
T

G
oo
d 
se
iz
ur
e 
qu
al
ity
 in
 9
/1
0 

pa
tie
nt
s.

Pa
lm
io
 

(2
00
5)

10

M
aj
or
 d
ep
re
ss
iv
e 

di
so
rd
er

M
A
D
R
S 
 
29
 

(5
.9
) 1

Ps
yc
ho
tic
 fe
au
tre
s (
n 
= 

4)

N
eu
ro
le
pt
ic
s (
n 
= 
8)
, a
nt
id
ep
re
ss
an
ts 

 
(n
 =
 7
), 
be
nz
od
ia
ze
pi
ne
s  
(n
 =
 6
)

U
nc
ha
ng
ed
 b
ef
or
e 

an
d 
du
rin
g 
EC
T

O
ne
 c
as
e 
of
 is
ch
em
ic
 h
ea
rt 

di
se
as
e,
 o
th
er
w
ise
 n
on
e

M
A
D
R
S

B
rie
f-p
ul
se
, 

bi
la
te
ra
l. 
C
ha
rg
e:
 m
ea
n 
= 

27
2.
2 
m
C
 
Se
iz
ur
e 

du
ra
tio
n:
 m
ea
n 
= 
45
.7

Pr
op
of
ol
 (n
 =
 5
) 

 
or
 m
et
ho
he
xi
ta
l 

 
(n
 =
 5
), 
an
d 

su
cc
in
yl
ch
ol
in
e

Sa
m
pl
es
 ta
ke
n 
at
 

di
ffe
re
nt
 st
ag
e 
in
 

th
e 
tre
at
m
en
t s
er
ie
s 

fo
r e
ac
h 
pa
tie
nt

2,
 6
, 2
4 
an
d 
48
 

ho
ur
s a
fte
r E
C
T

M
A
D
R
S:
 8
.9
 (8
.9
) 1 
af
te
r t
he
 

fu
ll 
EC
T 
se
rie
s.

Ex
cl
us
io
n 
cr
ite
rio
n 
(c
an
ce
r, 
ce
re
br
ov
as
cu
la
r 

di
so
rd
er
s, 
or
ga
ni
c 
ps
yc
hi
at
ric
 sy
nd
ro
m
s, 
dr
ug
 

ab
us
e,
 m
en
ta
l r
et
ar
da
tio
n,
 d
em
en
tia
, 

ne
ur
od
eg
en
er
at
iv
e 
di
so
rd
er
s, 
in
fla
m
m
at
or
y 

co
nd
iti
on
)

Su
pp
le
m
en
ta
ry
 ta
bl
e 
2 
(c
on
tin
ue
d)
 D
e
ta
il
e
d
 o
v
e
rv
ie
w
 o
f 
th
e
 r
e
v
ie
w
e
d
 s
tu
d
ie
s
' 
d
e
c
la
ra
ti
o
n
 a
n
d
 h
a
n
d
li
n
g
 o
f 
fa
c
to
rs
 t
h
a
t 
c
a
n
 a
ff
e
c
t 
a
n
a
ly
s
e
s
 o
f 
tr
y
p
to
p
h
a
n
 a
n
d
 k
y
n
u
re
n
in
e
s
 i
n
 t
h
e
 c
o
n
te
x
t 
o
f 
E
C
T

Pa
tie
nt
 c
ha
ra
ct
er
ist
ic
s

In
te
rv
en
tio
n 
an
d 
stu
dy
 d
es
ig
n

T
h
e
 t
a
b
le
 i
s
 l
im
it
e
d
 t
o
 f
a
c
to
rs
 t
h
a
t 
h
a
v
e
 b
e
e
n
 i
n
c
lu
d
e
d
 i
n
 a
t 
le
a
s
t 
o
n
e
 o
f 
th
e
 r
e
v
ie
w
e
d
 s
tu
d
ie
s
. 
*
 T
h
e
 n
u
m
b
e
r 
in
 p
a
re
n
th
e
s
e
s
 i
n
d
ic
a
te
s
 t
h
e
 n
u
m
b
e
r 
o
f 
p
a
ti
e
n
ts
 w
it
h
 r
e
p
e
a
te
d
 m
e
a
s
u
re
s
. 
1 m

e
a
n
 (
s
ta
n
d
a
r 
d
e
v
ia
ti
o
n
);
 2
 m
e
d
ia
n
 (
in
te
rq
u
a
rt
il
e
 r
a
n
g
e
);
 3
 m
e
a
n
 (
ra
n
g
e
);
 4
 m
e
a
n
 (
s
ta
n
d
a
rd
 e
rr
o
r 
o
f 
th
e
 

m
e
a
n
).
 A
b
b
re
v
ia
ti
o
n
s
: 
C
O
D
S
, 
C
ro
n
h
o
lm
-O
tt
o
s
s
o
n
 D
e
p
re
s
s
io
n
 S
c
a
le
; 
E
C
T
, 
e
le
c
tr
o
c
o
n
v
u
ls
iv
e
 t
h
e
ra
p
y
; 
G
A
F
, 
G
lo
b
a
l 
A
s
s
e
s
s
m
e
n
t 
o
f 
F
u
n
c
ti
o
n
in
g
; 
H
A
M
-D
2
4
 /
 H
D
R
S
 /
 H
R
S
, 
H
a
m
il
to
n
 D
e
p
re
s
s
io
n
 R
a
ti
n
g
 S
c
a
le
; 
M
A
D
R
S
, 
M
o
n
tg
o
m
e
ry
 a
n
d
 Å
s
b
e
rg
 D
e
p
re
s
s
io
n
 R
a
ti
n
g
 S
c
a
le
; 
M
A
O
I,
 

m
o
n
o
a
m
in
e
 o
x
id
a
s
e
 i
n
h
ib
it
o
r;
 N
E
F
A
, 
n
o
n
-e
s
te
ri
fi
e
d
 f
a
tt
y
 a
c
id
; 
N
R
S
, 
N
u
rs
e
s
' 
ra
ti
n
g
 s
c
a
le
; 
S
N
R
I,
 s
e
ro
to
n
in
-n
o
re
p
in
e
p
h
ri
n
e
 r
e
u
p
ta
k
e
 i
n
h
ib
it
o
r,
 S
S
R
I,
 s
e
le
c
ti
v
e
 s
e
ro
to
n
in
 r
e
u
p
ta
k
e
 i
n
h
ib
it
o
r;
 T
C
A
, 
tr
ic
y
c
li
c
 a
n
ti
d
e
p
re
s
s
a
n
t;
 

M
ea
su
re
 a
t b
as
el
in
e 
/ d
ec
la
re
d

N
ot
 m
ea
su
re
d 
/ n
ot
 d
ec
la
re
d 
/ n
ot
 c
on
sid
er
ed

N
ot
 re
le
va
nt
 fo
r t
he
 st
ud
y 
in
 q
ue
sti
on

A
na
ly
se
s o
f c
ha
ng
e 
af
te
r E
C
T 
/ u
se
d 
as
 c
ov
ar
ia
bl
e 
or
 fo
r s
tra
tif
ic
at
io
n 
in
 su
b-
an
al
ys
es

In
cl
ud
ed
 a
s c
ov
ar
ia
bl
e 
in
 m
ai
n 
an
al
ys
es

A
ut
ho
r 

(y
ea
r)

Sy
m
tp
om
 sc
or
e 
af
te
r E
C
T,
 

re
sp
on
se
, r
em
iss
io
n

n 
*

C
lin
ic
al
 m
ea
su
re
s

A
ne
sth
et
ic
s a
nd
 

m
us
cl
e 
re
la
xa
nt
s

Sa
m
pl
e 
tim
e 
af
te
r 

la
st 
EC
T

Ps
yc
ho
tro
pi
c 
m
ed
ic
at
io
n

EC
T 
de
ta
ils

N
um
be
r o
f E
C
T 

se
ss
io
ns

C
om
or
bi
di
ty

D
ep
re
ss
io
n 
ch
ar
ac
te
ris
tic
s

D
iagnosis

Severity

O
ther

D
uring EC
T

D
iscontinued 

before EC
T

C
hanges during 

EC
T

Psychiatric

Som
atic

G
uloksuz

(2015)

19

U
nipolar (12) or 

bipolar (7) 

depression

H
D
R
S  
23.4 

(6.4) 1   
B
D
I 

 
32.8 (11.1) 1 

Y
es (n = 19, 100%
), antidepressants, 

m
ood stabilizers, antipsychotics

B
enzodiazepine

N
o

H
D
R
S. U
sed in 

sub-analyses

Seizure duration: 52 s (10-

200 s) 3  
C
harge: 462 m
C
 

 
(150-90 m
C
) 3 

M
ean = 6.1 

 
(range: 3-11)

H
D
R
S after EC
T utilized to 

assess baseline Trp m
etabolite 

and ratio levels as predictors 

for tim
e to EC
T response

Schw
ieler

(2016)

19
(15)

M
ajor depressive 

disorder

M
A
D
R
S  
37.0 

(28.8-44.3) 2

Lithium
 (n = 1), antipsychotics (n = 

3), benzodiazepines (n = 8), and 

hypnotics (n = 12)

M
A
D
R
S

R
ight unilateral, ultrabrief 

or brief pulse. D
ose 

adjusted by age, sex and 

outcom
e.

A
tropine, 

thiopental and 

succinylcholine

3

M
A
D
R
S: 20.5 (14.0-26.5) 2 . 

A
nalyses of correlation 

betw
een change in Q
A
 and 

change in M
A
D
R
S after EC
T.  

A
llen 

(2018)

18

M
ajor depressive 

episode

H
D
R
S  
20.2 

(1.5) 4

Y
es (n = 15), SSR
I, SN
R
I, TC
A
, 

m
irtazapine

A
nxiety (n = 10), 

history of drug 

dependence  
(n = 

1)

Exclusion criterion (infection, 

endocrine, im
m
une or 

m
etabolic disorder such as 

autoim
m
une disorders, 

inflam
m
atory bow
el disease or 

acquired im
m
unodeficiency 

syndrom
)

H
D
R
S

M
edian = 8 

 
(range: 5-12) 

(from
 A
llen et al. 

2015)

9 responders (50%
). A
nalyses 

of correlation betw
een change 

in kynurenines and change in 

H
D
R
S after EC
T.

A
arsland 

(2019)

21

M
oderate to severe 

unipolar or bipolar 

depression

M
A
D
R
S  
34.0 

(8.0) 2 

A
ge at debut of 

depressive sym
ptom
s, 

years since debut, 

num
ber of episodes, 

length of current 

episode, previous 

EC
T, psychotic 

sym
ptom
s (n = 4, 

15.4%
).

Y
es (n = 27, 100%
), antidepressants, 

m
ood stabilizers, antipsychotics

N
o

Exclusion criterion (kidney 

failure)

M
A
D
R
S

R
ight unilateral, brief or 

ultrabrief pulse. C
onstant 

current (900 m
A
).

Thiopental and 

succinylcholine

R
esponders: 

m
edian = 12.3, 

N
on-responders 

m
edian = 12.2

10 days (6 days) 2 

after last EC
T 

M
A
D
R
S: 15.0 (15.0) 2 .  
12 

responders (57.1%
) and 9 non-

responders. U
sed for 

stratification in sub-analyses.

R
yan 

(2020)

94

U
nipolar (n = 73) 

or bipolar (n = 21) 

depression.

H
A
M
-D
24  
31.0 

(6.57) 1 

Psychotic features  
(n 

= 21)

SSR
I (n = 22), SN
R
I (n = 48), TC
A
 

(n = 25), M
A
O
I (n = 10), 

m
irtazapine (n = 32), bupropion  
(n 

= 1), lithium
 (n = 34), sodium
 

valproate (n = 6), antipsychotics  
(n 

= 65), benzodiazepines (n = 49), 

other hypnotics (n = 56), pregabaline 

(n = 5), other (n = 16)

Exclusion criterion (im
m
une 

disorder, m
ajor neurological 

illness, m
edically unfit for 

general anesthesia)

M
A
D
R
S

U
nilateral (n = 48) or 

bitem
poral (n = 46)

M
ethohexital and 

succinylcholine

7.96 (2.47) 1

1 - 3 days after last 

EC
T

H
A
M
-D
24: 10.44 (8.20) 1 . 

 
50 rem
itters (53.19%
)

A
arsland 

(2022)

49

Severe unipolar 

depression

M
A
D
R
S  
33.0 

(14.0) 2 

N
um
ber of previous 

episodes, length of 

index episode, age at 

onset, psychotic 

features (n = 25, 

52.1%
)

Y
es (n = 21) 
(antidepressants (n = 

15), antipsychotics (n = 6)) 

N
o

Exclusion criterion 

(schizoaffective 

disorder, bipolar 

disorder)

Exclusion criterion (m
ajor 

neurological illness). Presence 

of other som
atic com
orbidity 

w
as used for stratification in 

sub-analyses

M
A
D
R
S

R
ight unilateral, brief puls. 

Sw
itch to bilateral on 

specified conditions.

10 (8) 2  
 (range = 

4-29)

5 days (5.25 days) 

2  after last EC
T

30 rem
itters and 18 non-

rem
itters. U
sed for 

stratification in sub-analyses.

O
lajossy 

(2017)

50

M
ajor depression in 

recurrent 

depressive disorder, 

bipolar disorder 

and schizoaffective 

disorder

M
A
D
R
S, G
A
F. 

U
sed in sub-

analyses

D
uration of sym
ptom
s, 

num
ber of phases, 

duration of the current 

phase. U
sed in sub-

analyses.

A
ntidepressants (m
ajority of patients)

B
arbiturat, 

benzodiazepin, 

litium
 and other 

m
ood-stabilizing 

drugs that 

significantly 

affected seizure 

threshold

M
A
D
R
S, G
A
F. 

U
sed in sub-

analyses

B
ilateral, fronto-tem
poral

12

C
oppen 

(1973)

6

depression

M
edication free

N
one

N
o history of 

m
anic illness

C
linical recovery

A
bram
s 

(1976)

6

endogenous 

depression

D
R
S  
20.8 (6.5) 1

M
edication free since at least one 

w
eek before start of treatm
ent

D
R
S before and 

after

6.7 (4-8) 3 

D
'Elia 

(1977)

24

unipolar (11), 

bipolar (2) or not 

yet classified (11) 

depression

C
O
D
S  
m
edian = 

13.8 

A
ntidepressants  
(n = 12, 50%
)

Exclusion criterion (som
atic 

disease w
hich could have a 

relation to the depressive 

period)

C
O
D
S and N
R
S 

before EC
T and 4 

days after last EC
T

6.1 (3-12) 2 

C
orrelation analyses of 

baseline Trp and post-

treatm
ent C
O
D
S and N
R
S

K
irkegaard

(1978)

10

Endogenous 

depression, 

unipolar (n = 3) or 

not classified  
(n 

= 7)

H
D
R
S  
m
ean ≈ 

26.0

M
edication free since one w
eek 

before start of treatm
ent, except 

diazepam
 and kloralodol

H
D
R
S

10.5 (2.6) 1

W
halley 

(1980)

12
(11)

U
nipolar 

depression

H
D
R
S  
26.2 

(7.6) 1

A
m
itriptyline (n = 7), im
ipram
ine (n 

= 1),  
naïve (n = 4)

Sym
ptom
s of 

schizophrenia w
as 

exclusion criterion

H
R
S

Thiopentone and 

suxam
ethonium

R
ange = 4-9

10 m
inutes after 

convulsion

H
R
S: 11.4 (4.2) 1  after the full 

EC
T series

H
oekstra 

(2001)

20

M
ajor depression

H
D
R
S 
m
ean = 

31.0

Psychotic features (n = 

10). U
sed for 

stratification in sub-

analyses.

M
edication free since at least seven 

days before start of treatm
ent

C
hanges for som
e 

patients betw
een 

last EC
T and last 

blood sam
ple

Exclusion criterion (serious 

disease know
n to influence 

biopterin m
etabolism
, like 

infectious disease, 

autoim
m
une disorders, 

neoplastic disorders, 

Parkinson disease or 

dem
entia)

H
D
R
S

M
ean = 11

H
D
R
S: m
ean = 11.0. 

15 responders (75%
). U
sed for 

stratification in analyses of 

change after EC
T.

Stelm
asiak 

(1974)

18
(15)

Endogenous 

depression

Im
ipram
ine, am
itriptyline,  

barbiturate

Free of serious organic disease

U
nilateral. D
ose: 15-45 

joules. Seizure duration 

used in sub-analyses.

B
arbiturate and 

succinylcholine. 

Plasm
a 

concentration of 

barbiturate used in 

sub-analyses.

O
ne single EC
T

1, 15, 30 and 60 

m
inutes after EC
T

Saw
a 

(1981)

9

Endogenous 

depression, 

unipolar (n = 8) or 

bipolar (n = 1)

Self-rating 

depression scale, 

H
am
ilton's 

depression scale, 

B
ojanovksy's 

depression scale
N
um
ber of phase, tim
e 

since onset of current 

phase and beginning of 

m
edication

A
m
itriptyline  
(n = 

8), 
clom
ipram
ine  
(n = 1)

Self-rating 

depression scale, 

H
am
ilton's 

depression scale, 

B
ojanovksy's 

depression scale

A
m
obarbital

Sam
ples taken 

before and after the 

first EC
T of a full 

treatm
ent series

1, 5, 10, 30 and 60 

m
inutes after EC
T

M
okhtar 

(1997)

10

Endogenous 

depression, 

unipolar (n = 7) or 

bipolar (n = 3)

H
D
R
S > 17

A
ntidepressants  
(n = 10, 100%
)

H
D
R
S

B
ilateral.  
D
uration: 4 

seconds 
37.93 J

O
ne single EC
T

15, 30, 45 and 60 

m
inutes after EC
T

G
ood seizure quality in 9/10 

patients.

Palm
io 

(2005)

10

M
ajor depressive 

disorder

M
A
D
R
S  
29 

(5.9) 1

Psychotic feautres (n = 

4)

N
euroleptics (n = 8), antidepressants 

 
(n = 7), benzodiazepines  
(n = 6)

U
nchanged before 

and during EC
T

O
ne case of ischem
ic heart 

disease, otherw
ise none

M
A
D
R
S

B
rief-pulse, 

bilateral. 
C
harge: m
ean = 

272.2 m
C
 
Seizure 

duration: m
ean = 45.7

Propofol (n = 5) 

 
or m
ethohexital 

 
(n = 5), and 

succinylcholine

Sam
ples taken at 

different stage in 

the treatm
ent series 

for each patient

2, 6, 24 and 48 

hours after EC
T

M
A
D
R
S: 8.9 (8.9) 1 after the 

full EC
T series.

Exclusion criterion (cancer, cerebrovascular 

disorders, organic psychiatric syndrom
s, drug 

abuse, m
ental retardation, dem
entia, 

neurodegenerative disorders, inflam
m
atory 

condition)

Supplem
entary table 2 (continued) D
e
ta
ile
d
 o
v
e
rv
ie
w
 o
f th
e
 re
v
ie
w
e
d
 s
tu
d
ie
s
' d
e
c
la
ra
tio
n
 a
n
d
 h
a
n
d
lin
g
 o
f fa
c
to
rs
 th
a
t c
a
n
 a
ffe
c
t a
n
a
ly
s
e
s
 o
f try
p
to
p
h
a
n
 a
n
d
 k
y
n
u
re
n
in
e
s
 in
 th
e
 c
o
n
te
x
t o
f E
C
T

Patient characteristics

Intervention and study design

T
h
e
 ta
b
le
 is
 lim
ite
d
 to
 fa
c
to
rs
 th
a
t h
a
v
e
 b
e
e
n
 in
c
lu
d
e
d
 in
 a
t le
a
s
t o
n
e
 o
f th
e
 re
v
ie
w
e
d
 s
tu
d
ie
s
. *
 T
h
e
 n
u
m
b
e
r in
 p
a
re
n
th
e
s
e
s
 in
d
ic
a
te
s
 th
e
 n
u
m
b
e
r o
f p
a
tie
n
ts
 w
ith
 re
p
e
a
te
d
 m
e
a
s
u
re
s
. 1  m
e
a
n
 (s
ta
n
d
a
r d
e
v
ia
tio
n
); 2  m
e
d
ia
n
 (in
te
rq
u
a
rtile
 ra
n
g
e
); 3  m
e
a
n
 (ra
n
g
e
); 4  m
e
a
n
 (s
ta
n
d
a
rd
 e
rro
r o
f th
e
 

m
e
a
n
). A
b
b
re
v
ia
tio
n
s
: C
O
D
S
, C
ro
n
h
o
lm
-O
tto
s
s
o
n
 D
e
p
re
s
s
io
n
 S
c
a
le
; E
C
T
, e
le
c
tro
c
o
n
v
u
ls
iv
e
 th
e
ra
p
y
; G
A
F
, G
lo
b
a
l A
s
s
e
s
s
m
e
n
t o
f F
u
n
c
tio
n
in
g
; H
A
M
-D
2
4
 / H
D
R
S
 / H
R
S
, H
a
m
ilto
n
 D
e
p
re
s
s
io
n
 R
a
tin
g
 S
c
a
le
; M
A
D
R
S
, M
o
n
tg
o
m
e
ry
 a
n
d
 Å
s
b
e
rg
 D
e
p
re
s
s
io
n
 R
a
tin
g
 S
c
a
le
; M
A
O
I, 

m
o
n
o
a
m
in
e
 o
x
id
a
s
e
 in
h
ib
ito
r; N
E
F
A
, n
o
n
-e
s
te
rifie
d
 fa
tty
 a
c
id
; N
R
S
, N
u
rs
e
s
' ra
tin
g
 s
c
a
le
; S
N
R
I, s
e
ro
to
n
in
-n
o
re
p
in
e
p
h
rin
e
 re
u
p
ta
k
e
 in
h
ib
ito
r, S
S
R
I, s
e
le
c
tiv
e
 s
e
ro
to
n
in
 re
u
p
ta
k
e
 in
h
ib
ito
r; T
C
A
, tric
y
c
lic
 a
n
tid
e
p
re
s
s
a
n
t; 

M
easure at baseline / declared

N
ot m
easured / not declared / not considered

N
ot relevant for the study in question

A
nalyses of change after EC
T / used as covariable or for stratification in sub-analyses

Included as covariable in m
ain analyses

A
uthor 

(year)

Sym
tpom
 score after EC
T, 

response, rem
ission

n *

C
linical m
easures

A
nesthetics and 

m
uscle relaxants

Sam
ple tim
e after 

last EC
T

Psychotropic m
edication

EC
T details

N
um
ber of EC
T 

sessions

C
om
orbidity

D
epression characteristics

D
iagnosis

Severity

O
ther

D
uring EC
T

D
iscontinued 

before EC
T

C
hanges during 

EC
T

Psychiatric

Som
atic

G
uloksuz

(2015)

19

U
nipolar (12) or 

bipolar (7) 

depression

H
D
R
S  
23.4 

(6.4) 1   
B
D
I 

 
32.8 (11.1) 1 

Y
es (n = 19, 100%
), antidepressants, 

m
ood stabilizers, antipsychotics

B
enzodiazepine

N
o

H
D
R
S. U
sed in 

sub-analyses

Seizure duration: 52 s (10-

200 s) 3  
C
harge: 462 m
C
 

 
(150-90 m
C
) 3 

M
ean = 6.1 

 
(range: 3-11)

H
D
R
S after EC
T utilized to 

assess baseline Trp m
etabolite 

and ratio levels as predictors 

for tim
e to EC
T response

Schw
ieler

(2016)

19
(15)

M
ajor depressive 

disorder

M
A
D
R
S  
37.0 

(28.8-44.3) 2

Lithium
 (n = 1), antipsychotics (n = 

3), benzodiazepines (n = 8), and 

hypnotics (n = 12)

M
A
D
R
S

R
ight unilateral, ultrabrief 

or brief pulse. D
ose 

adjusted by age, sex and 

outcom
e.

A
tropine, 

thiopental and 

succinylcholine

3

M
A
D
R
S: 20.5 (14.0-26.5) 2 . 

A
nalyses of correlation 

betw
een change in Q
A
 and 

change in M
A
D
R
S after EC
T.  

A
llen 

(2018)

18

M
ajor depressive 

episode

H
D
R
S  
20.2 

(1.5) 4

Y
es (n = 15), SSR
I, SN
R
I, TC
A
, 

m
irtazapine

A
nxiety (n = 10), 

history of drug 

dependence  
(n = 

1)

Exclusion criterion (infection, 

endocrine, im
m
une or 

m
etabolic disorder such as 

autoim
m
une disorders, 

inflam
m
atory bow
el disease or 

acquired im
m
unodeficiency 

syndrom
)

H
D
R
S

M
edian = 8 

 
(range: 5-12) 

(from
 A
llen et al. 

2015)

9 responders (50%
). A
nalyses 

of correlation betw
een change 

in kynurenines and change in 

H
D
R
S after EC
T.

A
arsland 

(2019)

21

M
oderate to severe 

unipolar or bipolar 

depression

M
A
D
R
S  
34.0 

(8.0) 2 

A
ge at debut of 

depressive sym
ptom
s, 

years since debut, 

num
ber of episodes, 

length of current 

episode, previous 

EC
T, psychotic 

sym
ptom
s (n = 4, 

15.4%
).

Y
es (n = 27, 100%
), antidepressants, 

m
ood stabilizers, antipsychotics

N
o

Exclusion criterion (kidney 

failure)

M
A
D
R
S

R
ight unilateral, brief or 

ultrabrief pulse. C
onstant 

current (900 m
A
).

Thiopental and 

succinylcholine

R
esponders: 

m
edian = 12.3, 

N
on-responders 

m
edian = 12.2

10 days (6 days) 2 

after last EC
T 

M
A
D
R
S: 15.0 (15.0) 2 .  
12 

responders (57.1%
) and 9 non-

responders. U
sed for 

stratification in sub-analyses.

R
yan 

(2020)

94

U
nipolar (n = 73) 

or bipolar (n = 21) 

depression.

H
A
M
-D
24  
31.0 

(6.57) 1 

Psychotic features  
(n 

= 21)

SSR
I (n = 22), SN
R
I (n = 48), TC
A
 

(n = 25), M
A
O
I (n = 10), 

m
irtazapine (n = 32), bupropion  
(n 

= 1), lithium
 (n = 34), sodium
 

valproate (n = 6), antipsychotics  
(n 

= 65), benzodiazepines (n = 49), 

other hypnotics (n = 56), pregabaline 

(n = 5), other (n = 16)

Exclusion criterion (im
m
une 

disorder, m
ajor neurological 

illness, m
edically unfit for 

general anesthesia)

M
A
D
R
S

U
nilateral (n = 48) or 

bitem
poral (n = 46)

M
ethohexital and 

succinylcholine

7.96 (2.47) 1

1 - 3 days after last 

EC
T

H
A
M
-D
24: 10.44 (8.20) 1 . 

 
50 rem
itters (53.19%
)

A
arsland 

(2022)

49

Severe unipolar 

depression

M
A
D
R
S  
33.0 

(14.0) 2 

N
um
ber of previous 

episodes, length of 

index episode, age at 

onset, psychotic 

features (n = 25, 

52.1%
)

Y
es (n = 21) 
(antidepressants (n = 

15), antipsychotics (n = 6)) 

N
o

Exclusion criterion 

(schizoaffective 

disorder, bipolar 

disorder)

Exclusion criterion (m
ajor 

neurological illness). Presence 

of other som
atic com
orbidity 

w
as used for stratification in 

sub-analyses

M
A
D
R
S

R
ight unilateral, brief puls. 

Sw
itch to bilateral on 

specified conditions.

10 (8) 2  
 (range = 

4-29)

5 days (5.25 days) 

2  after last EC
T

30 rem
itters and 18 non-

rem
itters. U
sed for 

stratification in sub-analyses.

O
lajossy 

(2017)

50

M
ajor depression in 

recurrent 

depressive disorder, 

bipolar disorder 

and schizoaffective 

disorder

M
A
D
R
S, G
A
F. 

U
sed in sub-

analyses

D
uration of sym
ptom
s, 

num
ber of phases, 

duration of the current 

phase. U
sed in sub-

analyses.

A
ntidepressants (m
ajority of patients)

B
arbiturat, 

benzodiazepin, 

litium
 and other 

m
ood-stabilizing 

drugs that 

significantly 

affected seizure 

threshold

M
A
D
R
S, G
A
F. 

U
sed in sub-

analyses

B
ilateral, fronto-tem
poral

12

C
oppen 

(1973)

6

depression

M
edication free

N
one

N
o history of 

m
anic illness

C
linical recovery

A
bram
s 

(1976)

6

endogenous 

depression

D
R
S  
20.8 (6.5) 1

M
edication free since at least one 

w
eek before start of treatm
ent

D
R
S before and 

after

6.7 (4-8) 3 

D
'Elia 

(1977)

24

unipolar (11), 

bipolar (2) or not 

yet classified (11) 

depression

C
O
D
S  
m
edian = 

13.8 

A
ntidepressants  
(n = 12, 50%
)

Exclusion criterion (som
atic 

disease w
hich could have a 

relation to the depressive 

period)

C
O
D
S and N
R
S 

before EC
T and 4 

days after last EC
T

6.1 (3-12) 2 

C
orrelation analyses of 

baseline Trp and post-

treatm
ent C
O
D
S and N
R
S

K
irkegaard

(1978)

10

Endogenous 

depression, 

unipolar (n = 3) or 

not classified  
(n 

= 7)

H
D
R
S  
m
ean ≈ 

26.0

M
edication free since one w
eek 

before start of treatm
ent, except 

diazepam
 and kloralodol

H
D
R
S

10.5 (2.6) 1

W
halley 

(1980)

12
(11)

U
nipolar 

depression

H
D
R
S  
26.2 

(7.6) 1

A
m
itriptyline (n = 7), im
ipram
ine (n 

= 1),  
naïve (n = 4)

Sym
ptom
s of 

schizophrenia w
as 

exclusion criterion

H
R
S

Thiopentone and 

suxam
ethonium

R
ange = 4-9

10 m
inutes after 

convulsion

H
R
S: 11.4 (4.2) 1  after the full 

EC
T series

H
oekstra 

(2001)

20

M
ajor depression

H
D
R
S 
m
ean = 

31.0

Psychotic features (n = 

10). U
sed for 

stratification in sub-

analyses.

M
edication free since at least seven 

days before start of treatm
ent

C
hanges for som
e 

patients betw
een 

last EC
T and last 

blood sam
ple

Exclusion criterion (serious 

disease know
n to influence 

biopterin m
etabolism
, like 

infectious disease, 

autoim
m
une disorders, 

neoplastic disorders, 

Parkinson disease or 

dem
entia)

H
D
R
S

M
ean = 11

H
D
R
S: m
ean = 11.0. 

15 responders (75%
). U
sed for 

stratification in analyses of 

change after EC
T.

Stelm
asiak 

(1974)

18
(15)

Endogenous 

depression

Im
ipram
ine, am
itriptyline,  

barbiturate

Free of serious organic disease

U
nilateral. D
ose: 15-45 

joules. Seizure duration 

used in sub-analyses.

B
arbiturate and 

succinylcholine. 

Plasm
a 

concentration of 

barbiturate used in 

sub-analyses.

O
ne single EC
T

1, 15, 30 and 60 

m
inutes after EC
T

Saw
a 

(1981)

9

Endogenous 

depression, 

unipolar (n = 8) or 

bipolar (n = 1)

Self-rating 

depression scale, 

H
am
ilton's 

depression scale, 

B
ojanovksy's 

depression scale
N
um
ber of phase, tim
e 

since onset of current 

phase and beginning of 

m
edication

A
m
itriptyline  
(n = 

8), 
clom
ipram
ine  
(n = 1)

Self-rating 

depression scale, 

H
am
ilton's 

depression scale, 

B
ojanovksy's 

depression scale

A
m
obarbital

Sam
ples taken 

before and after the 

first EC
T of a full 

treatm
ent series

1, 5, 10, 30 and 60 

m
inutes after EC
T

M
okhtar 

(1997)

10

Endogenous 

depression, 

unipolar (n = 7) or 

bipolar (n = 3)

H
D
R
S > 17

A
ntidepressants  
(n = 10, 100%
)

H
D
R
S

B
ilateral.  
D
uration: 4 

seconds 
37.93 J

O
ne single EC
T

15, 30, 45 and 60 

m
inutes after EC
T

G
ood seizure quality in 9/10 

patients.

Palm
io 

(2005)

10

M
ajor depressive 

disorder

M
A
D
R
S  
29 

(5.9) 1

Psychotic feautres (n = 

4)

N
euroleptics (n = 8), antidepressants 

 
(n = 7), benzodiazepines  
(n = 6)

U
nchanged before 

and during EC
T

O
ne case of ischem
ic heart 

disease, otherw
ise none

M
A
D
R
S

B
rief-pulse, 

bilateral. 
C
harge: m
ean = 

272.2 m
C
 
Seizure 

duration: m
ean = 45.7

Propofol (n = 5) 

 
or m
ethohexital 

 
(n = 5), and 

succinylcholine

Sam
ples taken at 

different stage in 

the treatm
ent series 

for each patient

2, 6, 24 and 48 

hours after EC
T

M
A
D
R
S: 8.9 (8.9) 1 after the 

full EC
T series.

Exclusion criterion (cancer, cerebrovascular 

disorders, organic psychiatric syndrom
s, drug 

abuse, m
ental retardation, dem
entia, 

neurodegenerative disorders, inflam
m
atory 

condition)

Supplem
entary table 2 (continued) D
e
ta
ile
d
 o
v
e
rv
ie
w
 o
f th
e
 re
v
ie
w
e
d
 s
tu
d
ie
s
' d
e
c
la
ra
tio
n
 a
n
d
 h
a
n
d
lin
g
 o
f fa
c
to
rs
 th
a
t c
a
n
 a
ffe
c
t a
n
a
ly
s
e
s
 o
f try
p
to
p
h
a
n
 a
n
d
 k
y
n
u
re
n
in
e
s
 in
 th
e
 c
o
n
te
x
t o
f E
C
T

Patient characteristics

Intervention and study design

T
h
e
 ta
b
le
 is
 lim
ite
d
 to
 fa
c
to
rs
 th
a
t h
a
v
e
 b
e
e
n
 in
c
lu
d
e
d
 in
 a
t le
a
s
t o
n
e
 o
f th
e
 re
v
ie
w
e
d
 s
tu
d
ie
s
. *
 T
h
e
 n
u
m
b
e
r in
 p
a
re
n
th
e
s
e
s
 in
d
ic
a
te
s
 th
e
 n
u
m
b
e
r o
f p
a
tie
n
ts
 w
ith
 re
p
e
a
te
d
 m
e
a
s
u
re
s
. 1  m
e
a
n
 (s
ta
n
d
a
r d
e
v
ia
tio
n
); 2  m
e
d
ia
n
 (in
te
rq
u
a
rtile
 ra
n
g
e
); 3  m
e
a
n
 (ra
n
g
e
); 4  m
e
a
n
 (s
ta
n
d
a
rd
 e
rro
r o
f th
e
 

m
e
a
n
). A
b
b
re
v
ia
tio
n
s
: C
O
D
S
, C
ro
n
h
o
lm
-O
tto
s
s
o
n
 D
e
p
re
s
s
io
n
 S
c
a
le
; E
C
T
, e
le
c
tro
c
o
n
v
u
ls
iv
e
 th
e
ra
p
y
; G
A
F
, G
lo
b
a
l A
s
s
e
s
s
m
e
n
t o
f F
u
n
c
tio
n
in
g
; H
A
M
-D
2
4
 / H
D
R
S
 / H
R
S
, H
a
m
ilto
n
 D
e
p
re
s
s
io
n
 R
a
tin
g
 S
c
a
le
; M
A
D
R
S
, M
o
n
tg
o
m
e
ry
 a
n
d
 Å
s
b
e
rg
 D
e
p
re
s
s
io
n
 R
a
tin
g
 S
c
a
le
; M
A
O
I, 

m
o
n
o
a
m
in
e
 o
x
id
a
s
e
 in
h
ib
ito
r; N
E
F
A
, n
o
n
-e
s
te
rifie
d
 fa
tty
 a
c
id
; N
R
S
, N
u
rs
e
s
' ra
tin
g
 s
c
a
le
; S
N
R
I, s
e
ro
to
n
in
-n
o
re
p
in
e
p
h
rin
e
 re
u
p
ta
k
e
 in
h
ib
ito
r, S
S
R
I, s
e
le
c
tiv
e
 s
e
ro
to
n
in
 re
u
p
ta
k
e
 in
h
ib
ito
r; T
C
A
, tric
y
c
lic
 a
n
tid
e
p
re
s
s
a
n
t; 

M
easure at baseline / declared

N
ot m
easured / not declared / not considered

N
ot relevant for the study in question

A
nalyses of change after EC
T / used as covariable or for stratification in sub-analyses

Included as covariable in m
ain analyses

A
uthor 

(year)

Sym
tpom
 score after EC
T, 

response, rem
ission

n *

C
linical m
easures

A
nesthetics and 

m
uscle relaxants

Sam
ple tim
e after 

last EC
T

Psychotropic m
edication

EC
T details

N
um
ber of EC
T 

sessions

C
om
orbidity

D
epression characteristics

D
iagnosis

Severity
O

ther
D

uring EC
T

D
iscontinued 

before EC
T

C
hanges during 

EC
T

Psychiatric
Som

atic

G
uloksuz
(2015)

19
U

nipolar (12) or 
bipolar (7) 
depression

H
D

R
S  

23.4 
(6.4) 1  

B
D

I 
 

32.8 (11.1) 1 

Y
es (n = 19, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
B

enzodiazepine
N

o
H

D
R

S. U
sed in 

sub-analyses

Seizure duration: 52 s (10-
200 s) 3 

C
harge: 462 m

C
 

 
(150-90 m

C
) 3 

M
ean = 6.1 

 
(range: 3-11)

H
D

R
S after EC

T utilized to 
assess baseline Trp m

etabolite 
and ratio levels as predictors 

for tim
e to EC

T response

Schw
ieler

(2016)
19

(15)
M

ajor depressive 
disorder

M
A

D
R

S  
37.0 

(28.8-44.3) 2

Lithium
 (n = 1), antipsychotics (n = 

3), benzodiazepines (n = 8), and 
hypnotics (n = 12)

M
A

D
R

S

R
ight unilateral, ultrabrief 
or brief pulse. D

ose 
adjusted by age, sex and 

outcom
e.

A
tropine, 

thiopental and 
succinylcholine

3
M

A
D

R
S: 20.5 (14.0-26.5) 2. 

A
nalyses of correlation 

betw
een change in Q

A
 and 

change in M
A

D
R

S after EC
T.  

A
llen 

(2018)
18

M
ajor depressive 

episode
H

D
R

S  
20.2 

(1.5) 4
Y

es (n = 15), SSR
I, SN

R
I, TC

A
, 

m
irtazapine

A
nxiety (n = 10), 
history of drug 

dependence  
(n = 

1)

Exclusion criterion (infection, 
endocrine, im

m
une or 

m
etabolic disorder such as 
autoim

m
une disorders, 

inflam
m

atory bow
el disease or 

acquired im
m

unodeficiency 
syndrom

)

H
D

R
S

M
edian = 8 

 
(range: 5-12) 

(from
 A

llen et al. 
2015)

9 responders (50%
). A

nalyses 
of correlation betw

een change 
in kynurenines and change in 

H
D

R
S after EC

T.

A
arsland 
(2019)

21
M

oderate to severe 
unipolar or bipolar 

depression

M
A

D
R

S  
34.0 

(8.0) 2 

A
ge at debut of 

depressive sym
ptom

s, 
years since debut, 

num
ber of episodes, 

length of current 
episode, previous 
EC

T, psychotic 
sym

ptom
s (n = 4, 

15.4%
).

Y
es (n = 27, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
N

o
Exclusion criterion (kidney 

failure)
M

A
D

R
S

R
ight unilateral, brief or 

ultrabrief pulse. C
onstant 

current (900 m
A

).

Thiopental and 
succinylcholine

R
esponders: 

m
edian = 12.3, 

N
on-responders 

m
edian = 12.2

10 days (6 days) 2 

after last EC
T 

M
A

D
R

S: 15.0 (15.0) 2.  
12 

responders (57.1%
) and 9 non-

responders. U
sed for 

stratification in sub-analyses.

R
yan 

(2020)
94

U
nipolar (n = 73) 

or bipolar (n = 21) 
depression.

H
A

M
-D

24  
31.0 

(6.57) 1 
Psychotic features  

(n 
= 21)

SSR
I (n = 22), SN

R
I (n = 48), TC

A
 

(n = 25), M
A

O
I (n = 10), 

m
irtazapine (n = 32), bupropion  

(n 
= 1), lithium

 (n = 34), sodium
 

valproate (n = 6), antipsychotics  
(n 

= 65), benzodiazepines (n = 49), 
other hypnotics (n = 56), pregabaline 

(n = 5), other (n = 16)

Exclusion criterion (im
m

une 
disorder, m

ajor neurological 
illness, m

edically unfit for 
general anesthesia)

M
A

D
R

S
U

nilateral (n = 48) or 
bitem

poral (n = 46)
M

ethohexital and 
succinylcholine

7.96 (2.47) 1
1 - 3 days after last 

EC
T

H
A

M
-D

24: 10.44 (8.20) 1. 
 

50 rem
itters (53.19%

)

A
arsland 
(2022)

49
Severe unipolar 

depression
M

A
D

R
S  

33.0 
(14.0) 2 

N
um

ber of previous 
episodes, length of 

index episode, age at 
onset, psychotic 
features (n = 25, 

52.1%
)

Y
es (n = 21) 

(antidepressants (n = 
15), antipsychotics (n = 6)) 

N
o

Exclusion criterion 
(schizoaffective 
disorder, bipolar 

disorder)

Exclusion criterion (m
ajor 

neurological illness). Presence 
of other som

atic com
orbidity 

w
as used for stratification in 

sub-analyses

M
A

D
R

S
R

ight unilateral, brief puls. 
Sw

itch to bilateral on 
specified conditions.

10 (8) 2 
 (range = 

4-29)
5 days (5.25 days) 

2 after last EC
T

30 rem
itters and 18 non-

rem
itters. U

sed for 
stratification in sub-analyses.

O
lajossy 
(2017)

50

M
ajor depression in 

recurrent 
depressive disorder, 

bipolar disorder 
and schizoaffective 

disorder

M
A

D
R

S, G
A

F. 
U

sed in sub-
analyses

D
uration of sym

ptom
s, 

num
ber of phases, 

duration of the current 
phase. U

sed in sub-
analyses.

A
ntidepressants (m

ajority of patients)

B
arbiturat, 

benzodiazepin, 
litium

 and other 
m

ood-stabilizing 
drugs that 

significantly 
affected seizure 

threshold

M
A

D
R

S, G
A

F. 
U

sed in sub-
analyses

B
ilateral, fronto-tem

poral
12

C
oppen 

(1973)
6

depression
M

edication free
N

one
N

o history of 
m

anic illness
C

linical recovery

A
bram

s 
(1976)

6
endogenous 
depression

D
R

S  
20.8 (6.5) 1

M
edication free since at least one 
w

eek before start of treatm
ent

D
R

S before and 
after

6.7 (4-8) 3 

D
'Elia 

(1977)
24

unipolar (11), 
bipolar (2) or not 
yet classified (11) 

depression

C
O

D
S  

m
edian = 

13.8 
A

ntidepressants  
(n = 12, 50%

)

Exclusion criterion (som
atic 

disease w
hich could have a 

relation to the depressive 
period)

C
O

D
S and N

R
S 

before EC
T and 4 

days after last EC
T

6.1 (3-12) 2 
C

orrelation analyses of 
baseline Trp and post-

treatm
ent C

O
D

S and N
R

S

K
irkegaard
(1978)

10

Endogenous 
depression, 

unipolar (n = 3) or 
not classified  

(n 
= 7)

H
D

R
S  

m
ean ≈ 

26.0

M
edication free since one w

eek 
before start of treatm

ent, except 
diazepam

 and kloralodol
H

D
R

S
10.5 (2.6) 1

W
halley 

(1980)
12

(11)
U

nipolar 
depression

H
D

R
S  

26.2 
(7.6) 1

A
m

itriptyline (n = 7), im
ipram

ine (n 
= 1),  

naïve (n = 4)

Sym
ptom

s of 
schizophrenia w

as 
exclusion criterion

H
R

S
Thiopentone and 
suxam

ethonium
R

ange = 4-9
10 m

inutes after 
convulsion

H
R

S: 11.4 (4.2) 1 after the full 
EC

T series

H
oekstra 
(2001)

20
M

ajor depression
H

D
R

S 
m

ean = 
31.0

Psychotic features (n = 
10). U

sed for 
stratification in sub-

analyses.

M
edication free since at least seven 
days before start of treatm

ent

C
hanges for som

e 
patients betw

een 
last EC

T and last 
blood sam

ple

Exclusion criterion (serious 
disease know

n to influence 
biopterin m

etabolism
, like 

infectious disease, 
autoim

m
une disorders, 

neoplastic disorders, 
Parkinson disease or 

dem
entia)

H
D

R
S

M
ean = 11

H
D

R
S: m

ean = 11.0. 
15 responders (75%

). U
sed for 

stratification in analyses of 
change after EC

T.

Stelm
asiak 

(1974)
18

(15)
Endogenous 
depression

Im
ipram

ine, am
itriptyline,  

barbiturate
Free of serious organic disease

U
nilateral. D

ose: 15-45 
joules. Seizure duration 
used in sub-analyses.

B
arbiturate and 

succinylcholine. 
Plasm

a 
concentration of 

barbiturate used in 
sub-analyses.

O
ne single EC

T
1, 15, 30 and 60 

m
inutes after EC

T

Saw
a 

(1981)
9

Endogenous 
depression, 

unipolar (n = 8) or 
bipolar (n = 1)

Self-rating 
depression scale, 

H
am

ilton's 
depression scale, 

B
ojanovksy's 

depression scale

N
um

ber of phase, tim
e 

since onset of current 
phase and beginning of 

m
edication

A
m

itriptyline  
(n = 

8), 
clom

ipram
ine  

(n = 1)

Self-rating 
depression scale, 

H
am

ilton's 
depression scale, 

B
ojanovksy's 

depression scale

A
m

obarbital

Sam
ples taken 

before and after the 
first EC

T of a full 
treatm

ent series

1, 5, 10, 30 and 60 
m

inutes after EC
T

M
okhtar 

(1997)
10

Endogenous 
depression, 

unipolar (n = 7) or 
bipolar (n = 3)

H
D

R
S > 17

A
ntidepressants  

(n = 10, 100%
)

H
D

R
S

B
ilateral.  

D
uration: 4 

seconds 
37.93 J

O
ne single EC

T
15, 30, 45 and 60 
m

inutes after EC
T

G
ood seizure quality in 9/10 

patients.

Palm
io 

(2005)
10

M
ajor depressive 

disorder
M

A
D

R
S  

29 
(5.9) 1

Psychotic feautres (n = 
4)

N
euroleptics (n = 8), antidepressants 

 
(n = 7), benzodiazepines  

(n = 6)
U

nchanged before 
and during EC

T
O

ne case of ischem
ic heart 

disease, otherw
ise none

M
A

D
R

S

B
rief-pulse, 

bilateral. 
C

harge: m
ean = 

272.2 m
C

 
Seizure 

duration: m
ean = 45.7

Propofol (n = 5) 
 

or m
ethohexital 

 
(n = 5), and 

succinylcholine

Sam
ples taken at 

different stage in 
the treatm

ent series 
for each patient

2, 6, 24 and 48 
hours after EC

T
M

A
D

R
S: 8.9 (8.9) 1 after the 

full EC
T series.

Exclusion criterion (cancer, cerebrovascular 
disorders, organic psychiatric syndrom

s, drug 
abuse, m

ental retardation, dem
entia, 

neurodegenerative disorders, inflam
m

atory 
condition)
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 D
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A
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c
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e
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R
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e
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c
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c
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n
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s
a
n
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M
easure at baseline / declared

N
ot m

easured / not declared / not considered
N

ot relevant for the study in question

A
nalyses of change after EC

T / used as covariable or for stratification in sub-analyses
Included as covariable in m

ain analyses

A
uthor 

(year)
Sym

tpom
 score after EC

T, 
response, rem

ission

n *
C

linical m
easures

A
nesthetics and 

m
uscle relaxants

Sam
ple tim

e after 
last EC

T

Psychotropic m
edication

EC
T details

N
um

ber of EC
T 

sessions

C
om

orbidity
D

epression characteristics

D
iagnosis

Severity
O

ther
D

uring EC
T

D
iscontinued 

before EC
T

C
hanges during 

EC
T

Psychiatric
Som

atic

G
uloksuz
(2015)

19
U

nipolar (12) or 
bipolar (7) 
depression

H
D

R
S  

23.4 
(6.4) 1  

B
D

I 
 

32.8 (11.1) 1 

Y
es (n = 19, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
B

enzodiazepine
N

o
H

D
R

S. U
sed in 

sub-analyses

Seizure duration: 52 s (10-
200 s) 3 

C
harge: 462 m

C
 

 
(150-90 m

C
) 3 

M
ean = 6.1 

 
(range: 3-11)

H
D

R
S after EC

T utilized to 
assess baseline Trp m

etabolite 
and ratio levels as predictors 

for tim
e to EC

T response

Schw
ieler

(2016)
19

(15)
M

ajor depressive 
disorder

M
A

D
R

S  
37.0 

(28.8-44.3) 2

Lithium
 (n = 1), antipsychotics (n = 

3), benzodiazepines (n = 8), and 
hypnotics (n = 12)

M
A

D
R

S

R
ight unilateral, ultrabrief 
or brief pulse. D

ose 
adjusted by age, sex and 

outcom
e.

A
tropine, 

thiopental and 
succinylcholine

3
M

A
D

R
S: 20.5 (14.0-26.5) 2. 

A
nalyses of correlation 

betw
een change in Q

A
 and 

change in M
A

D
R

S after EC
T.  

A
llen 

(2018)
18

M
ajor depressive 

episode
H

D
R

S  
20.2 

(1.5) 4
Y

es (n = 15), SSR
I, SN

R
I, TC

A
, 

m
irtazapine

A
nxiety (n = 10), 

history of drug 
dependence  

(n = 
1)

Exclusion criterion (infection, 
endocrine, im

m
une or 

m
etabolic disorder such as 
autoim

m
une disorders, 

inflam
m

atory bow
el disease or 

acquired im
m

unodeficiency 
syndrom

)

H
D

R
S

M
edian = 8 

 
(range: 5-12) 

(from
 A

llen et al. 
2015)

9 responders (50%
). A

nalyses 
of correlation betw

een change 
in kynurenines and change in 

H
D

R
S after EC

T.

A
arsland 
(2019)

21
M

oderate to severe 
unipolar or bipolar 

depression

M
A

D
R

S  
34.0 

(8.0) 2 

A
ge at debut of 

depressive sym
ptom

s, 
years since debut, 

num
ber of episodes, 

length of current 
episode, previous 
EC

T, psychotic 
sym

ptom
s (n = 4, 

15.4%
).

Y
es (n = 27, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
N

o
Exclusion criterion (kidney 

failure)
M

A
D

R
S

R
ight unilateral, brief or 

ultrabrief pulse. C
onstant 

current (900 m
A

).

Thiopental and 
succinylcholine

R
esponders: 

m
edian = 12.3, 

N
on-responders 

m
edian = 12.2

10 days (6 days) 2 

after last EC
T 

M
A

D
R

S: 15.0 (15.0) 2.  
12 

responders (57.1%
) and 9 non-

responders. U
sed for 

stratification in sub-analyses.

R
yan 

(2020)
94

U
nipolar (n = 73) 

or bipolar (n = 21) 
depression.

H
A

M
-D

24  
31.0 

(6.57) 1 
Psychotic features  

(n 
= 21)

SSR
I (n = 22), SN

R
I (n = 48), TC

A
 

(n = 25), M
A

O
I (n = 10), 

m
irtazapine (n = 32), bupropion  

(n 
= 1), lithium

 (n = 34), sodium
 

valproate (n = 6), antipsychotics  
(n 

= 65), benzodiazepines (n = 49), 
other hypnotics (n = 56), pregabaline 

(n = 5), other (n = 16)

Exclusion criterion (im
m

une 
disorder, m

ajor neurological 
illness, m

edically unfit for 
general anesthesia)

M
A

D
R

S
U

nilateral (n = 48) or 
bitem

poral (n = 46)
M

ethohexital and 
succinylcholine

7.96 (2.47) 1
1 - 3 days after last 

EC
T

H
A

M
-D

24: 10.44 (8.20) 1. 
 

50 rem
itters (53.19%

)

A
arsland 
(2022)

49
Severe unipolar 

depression
M

A
D

R
S  

33.0 
(14.0) 2 

N
um

ber of previous 
episodes, length of 

index episode, age at 
onset, psychotic 
features (n = 25, 

52.1%
)

Y
es (n = 21) 

(antidepressants (n = 
15), antipsychotics (n = 6)) 

N
o

Exclusion criterion 
(schizoaffective 
disorder, bipolar 

disorder)

Exclusion criterion (m
ajor 

neurological illness). Presence 
of other som

atic com
orbidity 

w
as used for stratification in 

sub-analyses

M
A

D
R

S
R

ight unilateral, brief puls. 
Sw

itch to bilateral on 
specified conditions.

10 (8) 2 
 (range = 

4-29)
5 days (5.25 days) 

2 after last EC
T

30 rem
itters and 18 non-

rem
itters. U

sed for 
stratification in sub-analyses.

O
lajossy 

(2017)
50

M
ajor depression in 

recurrent 
depressive disorder, 

bipolar disorder 
and schizoaffective 

disorder

M
A

D
R

S, G
A

F. 
U

sed in sub-
analyses

D
uration of sym

ptom
s, 

num
ber of phases, 

duration of the current 
phase. U

sed in sub-
analyses.

A
ntidepressants (m

ajority of patients)

B
arbiturat, 

benzodiazepin, 
litium

 and other 
m

ood-stabilizing 
drugs that 

significantly 
affected seizure 

threshold

M
A

D
R

S, G
A

F. 
U

sed in sub-
analyses

B
ilateral, fronto-tem

poral
12

C
oppen 

(1973)
6

depression
M

edication free
N

one
N

o history of 
m

anic illness
C

linical recovery

A
bram

s 
(1976)

6
endogenous 
depression

D
R

S  
20.8 (6.5) 1

M
edication free since at least one 
w

eek before start of treatm
ent

D
R

S before and 
after

6.7 (4-8) 3 

D
'Elia 

(1977)
24

unipolar (11), 
bipolar (2) or not 
yet classified (11) 

depression

C
O

D
S  

m
edian = 

13.8 
A

ntidepressants  
(n = 12, 50%

)

Exclusion criterion (som
atic 

disease w
hich could have a 

relation to the depressive 
period)

C
O

D
S and N

R
S 

before EC
T and 4 

days after last EC
T

6.1 (3-12) 2 
C

orrelation analyses of 
baseline Trp and post-

treatm
ent C

O
D

S and N
R

S

K
irkegaard
(1978)

10

Endogenous 
depression, 

unipolar (n = 3) or 
not classified  

(n 
= 7)

H
D

R
S  

m
ean ≈ 

26.0

M
edication free since one w

eek 
before start of treatm

ent, except 
diazepam

 and kloralodol
H

D
R

S
10.5 (2.6) 1

W
halley 

(1980)
12

(11)
U

nipolar 
depression

H
D

R
S  

26.2 
(7.6) 1

A
m

itriptyline (n = 7), im
ipram

ine (n 
= 1),  

naïve (n = 4)

Sym
ptom

s of 
schizophrenia w

as 
exclusion criterion

H
R

S
Thiopentone and 
suxam

ethonium
R

ange = 4-9
10 m

inutes after 
convulsion

H
R

S: 11.4 (4.2) 1 after the full 
EC

T series

H
oekstra 
(2001)

20
M

ajor depression
H

D
R

S 
m

ean = 
31.0

Psychotic features (n = 
10). U

sed for 
stratification in sub-

analyses.

M
edication free since at least seven 
days before start of treatm

ent

C
hanges for som

e 
patients betw

een 
last EC

T and last 
blood sam

ple

Exclusion criterion (serious 
disease know

n to influence 
biopterin m

etabolism
, like 

infectious disease, 
autoim

m
une disorders, 

neoplastic disorders, 
Parkinson disease or 

dem
entia)

H
D

R
S

M
ean = 11

H
D

R
S: m

ean = 11.0. 
15 responders (75%

). U
sed for 

stratification in analyses of 
change after EC

T.

Stelm
asiak 

(1974)
18

(15)
Endogenous 
depression

Im
ipram

ine, am
itriptyline,  

barbiturate
Free of serious organic disease

U
nilateral. D

ose: 15-45 
joules. Seizure duration 
used in sub-analyses.

B
arbiturate and 

succinylcholine. 
Plasm

a 
concentration of 

barbiturate used in 
sub-analyses.

O
ne single EC

T
1, 15, 30 and 60 

m
inutes after EC

T

Saw
a 

(1981)
9

Endogenous 
depression, 

unipolar (n = 8) or 
bipolar (n = 1)

Self-rating 
depression scale, 

H
am

ilton's 
depression scale, 

B
ojanovksy's 

depression scale

N
um

ber of phase, tim
e 

since onset of current 
phase and beginning of 

m
edication

A
m

itriptyline  
(n = 

8), 
clom

ipram
ine  

(n = 1)

Self-rating 
depression scale, 

H
am

ilton's 
depression scale, 

B
ojanovksy's 

depression scale

A
m

obarbital

Sam
ples taken 

before and after the 
first EC

T of a full 
treatm

ent series

1, 5, 10, 30 and 60 
m

inutes after EC
T

M
okhtar 

(1997)
10

Endogenous 
depression, 

unipolar (n = 7) or 
bipolar (n = 3)

H
D

R
S > 17

A
ntidepressants  

(n = 10, 100%
)

H
D

R
S

B
ilateral.  

D
uration: 4 

seconds 
37.93 J

O
ne single EC

T
15, 30, 45 and 60 
m

inutes after EC
T

G
ood seizure quality in 9/10 

patients.

Palm
io 

(2005)
10

M
ajor depressive 

disorder
M

A
D

R
S  

29 
(5.9) 1

Psychotic feautres (n = 
4)

N
euroleptics (n = 8), antidepressants 

 
(n = 7), benzodiazepines  

(n = 6)
U

nchanged before 
and during EC

T
O

ne case of ischem
ic heart 

disease, otherw
ise none

M
A

D
R

S

B
rief-pulse, 

bilateral. 
C

harge: m
ean = 

272.2 m
C

 
Seizure 

duration: m
ean = 45.7

Propofol (n = 5) 
 

or m
ethohexital 

 
(n = 5), and 

succinylcholine

Sam
ples taken at 

different stage in 
the treatm

ent series 
for each patient

2, 6, 24 and 48 
hours after EC

T
M

A
D

R
S: 8.9 (8.9) 1 after the 

full EC
T series.

Exclusion criterion (cancer, cerebrovascular 
disorders, organic psychiatric syndrom

s, drug 
abuse, m

ental retardation, dem
entia, 

neurodegenerative disorders, inflam
m

atory 
condition)
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g
 S

c
a
le

; M
A

O
I, 

m
o

n
o

a
m

in
e
 o

x
id

a
s
e
 in

h
ib

ito
r; N

E
F

A
, n

o
n

-e
s
te

rifie
d

 fa
tty

 a
c
id

; N
R

S
, N

u
rs

e
s
' ra

tin
g

 s
c
a
le

; S
N

R
I, s

e
ro

to
n

in
-n

o
re

p
in

e
p

h
rin

e
 re

u
p

ta
k

e
 in

h
ib

ito
r, S

S
R

I, s
e
le

c
tiv

e
 s

e
ro

to
n

in
 re

u
p

ta
k

e
 in

h
ib

ito
r; T

C
A

, tric
y

c
lic

 a
n

tid
e
p

re
s
s
a
n

t; 

M
easure at baseline / declared

N
ot m

easured / not declared / not considered
N

ot relevant for the study in question

A
nalyses of change after EC

T / used as covariable or for stratification in sub-analyses
Included as covariable in m

ain analyses

A
uthor 

(year)
Sym

tpom
 score after EC

T, 
response, rem

ission

n *
C

linical m
easures

A
nesthetics and 

m
uscle relaxants

Sam
ple tim

e after 
last EC

T

Psychotropic m
edication

EC
T details

N
um

ber of EC
T 

sessions

C
om

orbidity
D

epression characteristics

D
iagnosis

Severity
O

ther
D

uring EC
T

D
iscontinued 

before EC
T

C
hanges during 

EC
T

Psychiatric
Som

atic

G
uloksuz
(2015)

19
U

nipolar (12) or 
bipolar (7) 
depression

H
D

R
S  

23.4 
(6.4) 1  

B
D

I 
 

32.8 (11.1) 1 

Y
es (n = 19, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
B

enzodiazepine
N

o
H

D
R

S. U
sed in 

sub-analyses

Seizure duration: 52 s (10-
200 s) 3 

C
harge: 462 m

C
 

 
(150-90 m

C
) 3 

M
ean = 6.1 

 
(range: 3-11)

H
D

R
S after EC

T utilized to 
assess baseline Trp m

etabolite 
and ratio levels as predictors 

for tim
e to EC

T response

Schw
ieler

(2016)
19

(15)
M

ajor depressive 
disorder

M
A

D
R

S  
37.0 

(28.8-44.3) 2

Lithium
 (n = 1), antipsychotics (n = 

3), benzodiazepines (n = 8), and 
hypnotics (n = 12)

M
A

D
R

S

R
ight unilateral, ultrabrief 
or brief pulse. D

ose 
adjusted by age, sex and 

outcom
e.

A
tropine, 

thiopental and 
succinylcholine

3
M

A
D

R
S: 20.5 (14.0-26.5) 2. 

A
nalyses of correlation 

betw
een change in Q

A
 and 

change in M
A

D
R

S after EC
T.  

A
llen 

(2018)
18

M
ajor depressive 

episode
H

D
R

S  
20.2 

(1.5) 4
Y

es (n = 15), SSR
I, SN

R
I, TC

A
, 

m
irtazapine

A
nxiety (n = 10), 
history of drug 

dependence  
(n = 

1)

Exclusion criterion (infection, 
endocrine, im

m
une or 

m
etabolic disorder such as 
autoim

m
une disorders, 

inflam
m

atory bow
el disease or 

acquired im
m

unodeficiency 
syndrom

)

H
D

R
S

M
edian = 8 

 
(range: 5-12) 

(from
 A

llen et al. 
2015)

9 responders (50%
). A

nalyses 
of correlation betw

een change 
in kynurenines and change in 

H
D

R
S after EC

T.

A
arsland 
(2019)

21
M

oderate to severe 
unipolar or bipolar 

depression

M
A

D
R

S  
34.0 

(8.0) 2 

A
ge at debut of 

depressive sym
ptom

s, 
years since debut, 

num
ber of episodes, 

length of current 
episode, previous 
EC

T, psychotic 
sym

ptom
s (n = 4, 

15.4%
).

Y
es (n = 27, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
N

o
Exclusion criterion (kidney 

failure)
M

A
D

R
S

R
ight unilateral, brief or 

ultrabrief pulse. C
onstant 

current (900 m
A

).

Thiopental and 
succinylcholine

R
esponders: 

m
edian = 12.3, 

N
on-responders 

m
edian = 12.2

10 days (6 days) 2 

after last EC
T 

M
A

D
R

S: 15.0 (15.0) 2.  
12 

responders (57.1%
) and 9 non-

responders. U
sed for 

stratification in sub-analyses.

R
yan 

(2020)
94

U
nipolar (n = 73) 

or bipolar (n = 21) 
depression.

H
A

M
-D

24  
31.0 

(6.57) 1 
Psychotic features  

(n 
= 21)

SSR
I (n = 22), SN

R
I (n = 48), TC

A
 

(n = 25), M
A

O
I (n = 10), 

m
irtazapine (n = 32), bupropion  

(n 
= 1), lithium

 (n = 34), sodium
 

valproate (n = 6), antipsychotics  
(n 

= 65), benzodiazepines (n = 49), 
other hypnotics (n = 56), pregabaline 

(n = 5), other (n = 16)

Exclusion criterion (im
m

une 
disorder, m

ajor neurological 
illness, m

edically unfit for 
general anesthesia)

M
A

D
R

S
U

nilateral (n = 48) or 
bitem

poral (n = 46)
M

ethohexital and 
succinylcholine

7.96 (2.47) 1
1 - 3 days after last 

EC
T

H
A

M
-D

24: 10.44 (8.20) 1. 
 

50 rem
itters (53.19%

)

A
arsland 
(2022)

49
Severe unipolar 

depression
M

A
D

R
S  

33.0 
(14.0) 2 

N
um

ber of previous 
episodes, length of 

index episode, age at 
onset, psychotic 
features (n = 25, 

52.1%
)

Y
es (n = 21) 

(antidepressants (n = 
15), antipsychotics (n = 6)) 

N
o

Exclusion criterion 
(schizoaffective 
disorder, bipolar 

disorder)

Exclusion criterion (m
ajor 

neurological illness). Presence 
of other som

atic com
orbidity 

w
as used for stratification in 

sub-analyses

M
A

D
R

S
R

ight unilateral, brief puls. 
Sw

itch to bilateral on 
specified conditions.

10 (8) 2 
 (range = 

4-29)
5 days (5.25 days) 

2 after last EC
T

30 rem
itters and 18 non-

rem
itters. U

sed for 
stratification in sub-analyses.

O
lajossy 
(2017)

50

M
ajor depression in 

recurrent 
depressive disorder, 

bipolar disorder 
and schizoaffective 

disorder

M
A

D
R

S, G
A

F. 
U

sed in sub-
analyses

D
uration of sym

ptom
s, 

num
ber of phases, 

duration of the current 
phase. U

sed in sub-
analyses.

A
ntidepressants (m

ajority of patients)

B
arbiturat, 

benzodiazepin, 
litium

 and other 
m

ood-stabilizing 
drugs that 

significantly 
affected seizure 

threshold

M
A

D
R

S, G
A

F. 
U

sed in sub-
analyses

B
ilateral, fronto-tem

poral
12

C
oppen 

(1973)
6

depression
M

edication free
N

one
N

o history of 
m

anic illness
C

linical recovery

A
bram

s 
(1976)

6
endogenous 
depression

D
R

S  
20.8 (6.5) 1

M
edication free since at least one 
w

eek before start of treatm
ent

D
R

S before and 
after

6.7 (4-8) 3 

D
'Elia 

(1977)
24

unipolar (11), 
bipolar (2) or not 
yet classified (11) 

depression

C
O

D
S  

m
edian = 

13.8 
A

ntidepressants  
(n = 12, 50%

)

Exclusion criterion (som
atic 

disease w
hich could have a 

relation to the depressive 
period)

C
O

D
S and N

R
S 

before EC
T and 4 

days after last EC
T

6.1 (3-12) 2 
C

orrelation analyses of 
baseline Trp and post-

treatm
ent C

O
D

S and N
R

S

K
irkegaard
(1978)

10

Endogenous 
depression, 

unipolar (n = 3) or 
not classified  

(n 
= 7)

H
D

R
S  

m
ean ≈ 

26.0

M
edication free since one w

eek 
before start of treatm

ent, except 
diazepam

 and kloralodol
H

D
R

S
10.5 (2.6) 1

W
halley 

(1980)
12

(11)
U

nipolar 
depression

H
D

R
S  

26.2 
(7.6) 1

A
m

itriptyline (n = 7), im
ipram

ine (n 
= 1),  

naïve (n = 4)

Sym
ptom

s of 
schizophrenia w

as 
exclusion criterion

H
R

S
Thiopentone and 
suxam

ethonium
R

ange = 4-9
10 m

inutes after 
convulsion

H
R

S: 11.4 (4.2) 1 after the full 
EC

T series

H
oekstra 
(2001)

20
M

ajor depression
H

D
R

S 
m

ean = 
31.0

Psychotic features (n = 
10). U

sed for 
stratification in sub-

analyses.

M
edication free since at least seven 
days before start of treatm

ent

C
hanges for som

e 
patients betw

een 
last EC

T and last 
blood sam

ple

Exclusion criterion (serious 
disease know

n to influence 
biopterin m

etabolism
, like 

infectious disease, 
autoim

m
une disorders, 

neoplastic disorders, 
Parkinson disease or 

dem
entia)

H
D

R
S

M
ean = 11

H
D

R
S: m

ean = 11.0. 
15 responders (75%

). U
sed for 

stratification in analyses of 
change after EC

T.

Stelm
asiak 

(1974)
18

(15)
Endogenous 
depression

Im
ipram

ine, am
itriptyline,  

barbiturate
Free of serious organic disease

U
nilateral. D

ose: 15-45 
joules. Seizure duration 
used in sub-analyses.

B
arbiturate and 

succinylcholine. 
Plasm

a 
concentration of 

barbiturate used in 
sub-analyses.

O
ne single EC

T
1, 15, 30 and 60 

m
inutes after EC

T

Saw
a 

(1981)
9

Endogenous 
depression, 

unipolar (n = 8) or 
bipolar (n = 1)

Self-rating 
depression scale, 

H
am

ilton's 
depression scale, 

B
ojanovksy's 

depression scale

N
um

ber of phase, tim
e 

since onset of current 
phase and beginning of 

m
edication

A
m

itriptyline  
(n = 

8), 
clom

ipram
ine  

(n = 1)

Self-rating 
depression scale, 

H
am

ilton's 
depression scale, 

B
ojanovksy's 

depression scale

A
m

obarbital

Sam
ples taken 

before and after the 
first EC

T of a full 
treatm

ent series

1, 5, 10, 30 and 60 
m

inutes after EC
T

M
okhtar 

(1997)
10

Endogenous 
depression, 

unipolar (n = 7) or 
bipolar (n = 3)

H
D

R
S > 17

A
ntidepressants  

(n = 10, 100%
)

H
D

R
S

B
ilateral.  

D
uration: 4 

seconds 
37.93 J

O
ne single EC

T
15, 30, 45 and 60 
m

inutes after EC
T

G
ood seizure quality in 9/10 

patients.

Palm
io 

(2005)
10

M
ajor depressive 

disorder
M

A
D

R
S  

29 
(5.9) 1

Psychotic feautres (n = 
4)

N
euroleptics (n = 8), antidepressants 

 
(n = 7), benzodiazepines  

(n = 6)
U

nchanged before 
and during EC

T
O

ne case of ischem
ic heart 

disease, otherw
ise none

M
A

D
R

S

B
rief-pulse, 

bilateral. 
C

harge: m
ean = 

272.2 m
C

 
Seizure 

duration: m
ean = 45.7

Propofol (n = 5) 
 

or m
ethohexital 

 
(n = 5), and 

succinylcholine

Sam
ples taken at 

different stage in 
the treatm

ent series 
for each patient

2, 6, 24 and 48 
hours after EC

T
M

A
D

R
S: 8.9 (8.9) 1 after the 

full EC
T series.

Exclusion criterion (cancer, cerebrovascular 
disorders, organic psychiatric syndrom

s, drug 
abuse, m

ental retardation, dem
entia, 

neurodegenerative disorders, inflam
m

atory 
condition)

Supplem
entary table 2 (continued) D
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p
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M
easure at baseline / declared

N
ot m

easured / not declared / not considered
N

ot relevant for the study in question

A
nalyses of change after EC

T / used as covariable or for stratification in sub-analyses
Included as covariable in m

ain analyses

A
uthor 

(year)
Sym

tpom
 score after EC

T, 
response, rem

ission

n *
C

linical m
easures

A
nesthetics and 

m
uscle relaxants

Sam
ple tim

e after 
last EC

T

Psychotropic m
edication

EC
T details

N
um

ber of EC
T 

sessions

C
om

orbidity
D

epression characteristics

D
iagnosis

Severity
O

ther
D

uring EC
T

D
iscontinued 

before EC
T

C
hanges during 

EC
T

Psychiatric
Som

atic

G
uloksuz
(2015)

19
U

nipolar (12) or 
bipolar (7) 
depression

H
D

R
S  

23.4 
(6.4) 1  

B
D

I 
 

32.8 (11.1) 1 

Y
es (n = 19, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
B

enzodiazepine
N

o
H

D
R

S. U
sed in 

sub-analyses

Seizure duration: 52 s (10-
200 s) 3 

C
harge: 462 m

C
 

 
(150-90 m

C
) 3 

M
ean = 6.1 

 
(range: 3-11)

H
D

R
S after EC

T utilized to 
assess baseline Trp m

etabolite 
and ratio levels as predictors 

for tim
e to EC

T response

Schw
ieler

(2016)
19

(15)
M

ajor depressive 
disorder

M
A

D
R

S  
37.0 

(28.8-44.3) 2

Lithium
 (n = 1), antipsychotics (n = 

3), benzodiazepines (n = 8), and 
hypnotics (n = 12)

M
A

D
R

S

R
ight unilateral, ultrabrief 
or brief pulse. D

ose 
adjusted by age, sex and 

outcom
e.

A
tropine, 

thiopental and 
succinylcholine

3
M

A
D

R
S: 20.5 (14.0-26.5) 2. 

A
nalyses of correlation 

betw
een change in Q

A
 and 

change in M
A

D
R

S after EC
T.  

A
llen 

(2018)
18

M
ajor depressive 

episode
H

D
R

S  
20.2 

(1.5) 4
Y

es (n = 15), SSR
I, SN

R
I, TC

A
, 

m
irtazapine

A
nxiety (n = 10), 

history of drug 
dependence  

(n = 
1)

Exclusion criterion (infection, 
endocrine, im

m
une or 

m
etabolic disorder such as 
autoim

m
une disorders, 

inflam
m

atory bow
el disease or 

acquired im
m

unodeficiency 
syndrom

)

H
D

R
S

M
edian = 8 

 
(range: 5-12) 

(from
 A

llen et al. 
2015)

9 responders (50%
). A

nalyses 
of correlation betw

een change 
in kynurenines and change in 

H
D

R
S after EC

T.

A
arsland 
(2019)

21
M

oderate to severe 
unipolar or bipolar 

depression

M
A

D
R

S  
34.0 

(8.0) 2 

A
ge at debut of 

depressive sym
ptom

s, 
years since debut, 

num
ber of episodes, 

length of current 
episode, previous 
EC

T, psychotic 
sym

ptom
s (n = 4, 

15.4%
).

Y
es (n = 27, 100%

), antidepressants, 
m

ood stabilizers, antipsychotics
N

o
Exclusion criterion (kidney 

failure)
M

A
D

R
S

R
ight unilateral, brief or 

ultrabrief pulse. C
onstant 

current (900 m
A

).

Thiopental and 
succinylcholine

R
esponders: 

m
edian = 12.3, 

N
on-responders 

m
edian = 12.2

10 days (6 days) 2 

after last EC
T 

M
A

D
R

S: 15.0 (15.0) 2.  
12 

responders (57.1%
) and 9 non-

responders. U
sed for 

stratification in sub-analyses.

R
yan 

(2020)
94

U
nipolar (n = 73) 

or bipolar (n = 21) 
depression.

H
A

M
-D

24  
31.0 

(6.57) 1 
Psychotic features  

(n 
= 21)

SSR
I (n = 22), SN

R
I (n = 48), TC

A
 

(n = 25), M
A

O
I (n = 10), 

m
irtazapine (n = 32), bupropion  

(n 
= 1), lithium

 (n = 34), sodium
 

valproate (n = 6), antipsychotics  
(n 

= 65), benzodiazepines (n = 49), 
other hypnotics (n = 56), pregabaline 

(n = 5), other (n = 16)

Exclusion criterion (im
m

une 
disorder, m

ajor neurological 
illness, m

edically unfit for 
general anesthesia)

M
A

D
R

S
U

nilateral (n = 48) or 
bitem

poral (n = 46)
M

ethohexital and 
succinylcholine

7.96 (2.47) 1
1 - 3 days after last 

EC
T

H
A

M
-D

24: 10.44 (8.20) 1. 
 

50 rem
itters (53.19%

)

A
arsland 
(2022)

49
Severe unipolar 

depression
M

A
D

R
S  

33.0 
(14.0) 2 

N
um

ber of previous 
episodes, length of 

index episode, age at 
onset, psychotic 
features (n = 25, 

52.1%
)

Y
es (n = 21) 

(antidepressants (n = 
15), antipsychotics (n = 6)) 

N
o

Exclusion criterion 
(schizoaffective 
disorder, bipolar 

disorder)

Exclusion criterion (m
ajor 

neurological illness). Presence 
of other som

atic com
orbidity 

w
as used for stratification in 

sub-analyses

M
A

D
R

S
R

ight unilateral, brief puls. 
Sw

itch to bilateral on 
specified conditions.

10 (8) 2 
 (range = 

4-29)
5 days (5.25 days) 

2 after last EC
T

30 rem
itters and 18 non-

rem
itters. U

sed for 
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Supplementary Table 3 Data on storage and analytical procedures in the reviewed studies

Author  
(year)

Storage Analytical procedure Articles cited

Guloksuz  
(2015)

"Serum was seperated and stored 
at -80oC"

"High performance liquid 
chromatography (HPLC) was used 

[]". Metabolites were detected 
"spectrophotometrically", 

"fluorimetrically" or "by UV 
detection".

Hervé et al. (1996) Determination of tryptophan and its 
kynurenine pathway metabolites in human serum by high-

performance liquid chromatography with simultaneous ultraviolet 
and fluorimetric detection. J. Chromatogr. B 675, 157–161.  

 
Oades et al. (2010a) Attention-deficit hyperactivity disorder 

(ADHD) and glial integrity: S100B, cytokines and kynurenine 
metabolism-effects of medication. Behav. Brain Funct. 6, 29.  

 
Oades et al. (2010b) Attention-deficit hyperactivity disorder 
(ADHD) and glial integrity: an exploration of associations of 

cytokines and kynurenine metabolites with symptoms and 
attention. Behav. Brain Funct. 6, 32. 

Schwieler  
(2016)

"Blood samples were centrifuged 
[], and plasma was collected and 
stored at −70 °C until analysis"

"Analysis of KYNA was measured 
by high-performance liquid 

chromatography (HPLC) with 
fluorescence detection." 

 
"[For tryptophan, kynurenine and 

QUIN the] detection was 
performed using a [] mass 

spectrometer []."

Olsson et al. (2010) Elevated levels of kynurenic acid in the 
cerebrospinal fluid of patients with bipolar disorder. J Psychiatry 

Neurosci. 35 (3): 195–9.

Allen  
(2018)

"Samples were centrifuged 
immediately and frozen at −80 

°C."

"[] analysis on the HPLC system 
(UV and FLD detection)."

Clarke et al. (2009) Tryptophan degradation in irritable bowel 
syndrome: evidence of indoleamine 2,3-dioxygenase activation in a 

male cohort. BMC Gastroenterol. 9 (1), 6. 

Aarsland  
(2019)

"[] serum separated and stored at 
-80 °C until analysis." 

"[] liquid chromatography-tandem 
mass spectrometry."

Midttun et al. (2009) Quantitative profiling of biomarkers related 
to B-vitamin status, tryptophan metabolism and inflammation in 

human plasma by liquid chromatography/tandem mass 
spectrometry. Rapid Commun Mass Spectrom 23 (9): 1371–

1379. 

Ryan  
(2020)

"Plasma was stored in aliquots at 
−80 °C until analysis."

"Liquid chromatography-tandem 
mass spectrometry"

Midttun et al. (2009) Quantitative profiling of biomarkers related 
to B-vitamin status, tryptophan metabolism and inflammation in 

human plasma by liquid chromatography/tandem mass 
spectrometry. Rapid Commun Mass Spectrom 23 (9): 1371–

1379.  

Midttun et al. (2013) High-throughput, low-volume, multi- 
analyte quantification of plasma metabolites related to one-carbon 
metabolism using HPLC-MS/MS. Anal. Bioanal. Chem. 405, 

2009–2017.

Aarsland  
(2022) Not described "[] liquid chromatography/tandem 

mass spectrometry."

Midttun et al. (2009) Quantitative profiling of biomarkers related 
to B-vitamin status, tryptophan metabolism and inflammation in 

human plasma by liquid chromatography/tandem mass 
spectrometry. Rapid Commun Mass Spectrom 23 (9): 1371–

1379. 

Olajossy  
(2017)

"[] the supernatant was collected 
and frozen at −72°C."

"The content of KYNA in serum 
was assessed [] using a Varian Pro 
Star 210 liquid chromatograph []."

Turski et al (1988) Identification and quantification of kynurenic 
acid in human brain tissue. Brain Res. 454(1–2): 164–169.

Coppen  
(1973)

"[] samples of the ultra filtrate and 
plasma were deep-frozen."

"Free and total acid-soluble 
tryptophan were [] estimated by a 

modification of the method of 
Denckla and Dewey."  
(Spectrofluorometry)

Denckla and Dewey (1967) The determination of tryptophan in 
plasma, liver and urine. J. lab. clin. Med. 69, 160-169.

Abrams  
(1976)

"The first 8-10 ml of CSF was 
placed without preservative in a 
freezer at -20 C within 5 min of 
removal and was stored until 

analysis."

"A third aliquot was assayed for 
TRYP contend using an adaptation 
of a tissue assay for this aromativ 

amino acid (Tagliamonte et al., 
1971)."  

(Spectrofluorometry)

Taglimonte et al. (1971) Effect of psychotropic drugs and 
tryptophan in the rat brain. J. Pharmacol. Exptl. Therap. 177: 

475.

D'Elia  
(1977) Not described

"Analyses of total L-TP 
concentrations were performed 
according to Denckla & Dewey 

(1967) []."  
(Spectrofluorometry)

Denckla and Dewey (1967) The determination of tryptophan in 
plasma, liver and urine. J. lab. clin. Med. 69, 160-169.
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Møller et al. (1976): Plasma amino acids as an index for 
subgroups in manic depressive psychosis: correlation to 
effect of tryptophan. Psychopharmacology 49, 205-213.  

 
In which "The total acid-soluble and the free TRY were 
determined according to Denckla and Dewey (1967)" 

Whalley  
(1980)

"Plasma and ultrafiltrate were 
stored at -20oC  until assayed for 

total and free tryptophan, 
respectively."

"Plasma and ultrafiltrate were 
stored at -20oC  until assayed for 

total and free tryptophan, 
respectively." 

(Spectrofluorometry)

Hess and Udenfreid (1959) A fluorometric procedure for the 
estimatin of tryptamine in tissues. Journal of Pharmacology and 

Experimental Therapeutics 127, 175-177

Hoekstra  
(2001)

"Immediately after venipuncture, 
plasma was prepared [] and 

stored at -80oC"

"The amino acids [] were measured 
by means of high-performance 

liquid chromatography."  
(HPLC + fluorescence detection)

Fekkes et al. (1995) Validation of the determination of amino 
acids in plasma by high-performance liquid chromatography using 

automated derivatization with o-phthaldialdehyde. Journal of 
Chromatography B 669, 177-186. 

Stelmasiak  
(1974)

"The blood was collected into 
heparinized tubes, centrifuged 

immediately and the plasma kept 
frozen at -20°C until it was used 

for determinations within 1 
week."

"Tryptophan was determined using 
the method of Denckla and Dewey 
(1967) in whole plasma and also in 

an ultrafiltrate []." 
(spectrofluorometry)

Denckla and Dewey (1967) The determination of tryptophan in 
plasma, liver and urine. J. lab. clin. Med. 69, 160-169.

Sawa  
(1981)

"Immediately after blood 
collection, blood was centrifuged 

at 1000 g for 15 min at ice cold, 
and the plasma was kept frozen at 

-20°C till measurement."

"The contents of free (non-albumin 
bound) tryptophan and total 
tryptophan were determined 

spectrofluorometrically."

Denckla and Dewey (1967) The determination of tryptophan in 
plasma, liver and urine. J. lab. clin. Med. 69, 160-169.

Mokhtar  
(1997)

"Serum was prepared within 
60-120 min from venesection and 

was analyzed either freshly or 
within 2 days of storage at -20°C." 

"Free (ultra-filterable) and total 
(free plus albumin-bound) Trp 

concentrations were determined 
fluorimetrically as described 

previously (Badawy and Evans 
1976)."

Badawy AA-B, Evans M (1976): Animal liver tryptophan 
pyrrolases - Absence of apoenzyme and of hormonal induction 

mechanism from species sensitive to tryptophan toxicity. Biochem 
J 158:79-88. 

 
which uses a modified version of Denckla and Dewey (1967).

Palmio  
(2005)

"The samples were [] stored at 
-70°C before the analyses."

"[] high-performance liquid 
chromatography."

The information presented in this table is selected excerpts from the reviewed studies' method sections, and not the complete method descriptions.
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