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Abstract
Aims/hypothesis Studies investigating associations between kynurenines and cognitive function have generally been small,
restricted to clinical samples or have found inconsistent results, and associations in the general adult population, and in individ-
uals with type 2 diabetes in particular, are not clear. Therefore, the aim of the present study was to investigate cross-sectional
associations between plasma kynurenines and cognitive function in a cohort of middle-aged participants with normal glucose
metabolism, prediabetes (defined as impaired fasting glucose and/or impaired glucose tolerance) and type 2 diabetes.
Methods Plasma kynurenines were quantified in 2358 participants aged 61 ± 8 years. Cross-sectional associations of
kynurenines with cognitive impairment and cognitive domain scores were investigated using logistic, multiple linear and
restricted cubic spline regression analyses adjusted for several confounders.
Results Effect modification by glucose metabolism status was found for several associations with cognitive impairment, hence
analyses were stratified. In individuals with prediabetes, 3-hydroxykynurenine (OR per SD 0.59 [95% CI 0.37, 0.94]) and 3-
hydroxyanthranilic acid (0.67 [0.47, 0.96]) were associated with lower odds of cognitive impairment after full adjustment. In
individuals with type 2 diabetes, kynurenine (0.80 [0.66, 0.98]), 3-hydroxykynurenine (0.82 [0.68, 0.99]), kynurenic acid (0.81
[0.68, 0.96]), xanthurenic acid (0.73 [0.61, 0.87]) and 3-hydroxyanthranilic acid (0.73 [0.60, 0.87]) were all associatedwith lower
odds of cognitive impairment. Kynurenic acid (β per SD 0.07 [95% CI 0.02, 0.13]) and xanthurenic acid (0.06 [0.01, 0.11]) were
also associated with better executive function/attention. No associations were observed in individuals with normal glucose
metabolism.
Conclusions/interpretation Several kynurenines were cross-sectionally associated with lower odds of cognitive impairment and
better cognitive functioning in type 2 diabetes, while less widespread associations were seen in prediabetes. Low levels of
kynurenines might be involved in the pathway of type 2 diabetes and cognitive decline but this needs further studies.
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Abbreviations
AA Anthranilic acid
CRP C-reactive protein
3-HAA 3-Hydroxyanthranilic acid
3-HK 3-Hydroxykynurenine
IDO Indoleamine 2,3-dioxygenase
KA Kynurenic acid
KTR Kynurenine/tryptophan ratio
KYN Kynurenine
NGM Normal glucose metabolism
PLP Pyridoxal 5′-phosphate
QA Quinolinic acid
SAA Serum amyloid A
sICAM Soluble intercellular adhesion molecule-1
TDO Tryptophan 2,3-dioxygenase
TRP Tryptophan
XA Xanthurenic acid

Introduction

Individuals with type 2 diabetes often show impairment in cogni-
tive functions [1] and have a 60% higher risk of developing

dementia [2]. This risk is increased for both Alzheimer’s disease
and vascular dementia, the two most common causes of demen-
tia, but appears higher for the latter [3]. Consistently, individuals
with type 2 diabetes show early pathophysiological changes
associated with cognitive decline and dementia, includingmicro-
vascular changes and neurodegeneration [4, 5]. These changes
can be found as early as the prediabetic stage [6, 7]. The under-
lying biological mechanisms are not well understood but might
include chronic inflammatory processes, oxidative stress and
ischaemic damage due to hypertension, atherosclerosis and endo-
thelial dysfunction [8, 9].

The tryptophan (TRP)–kynurenine (KYN) pathway (Fig. 1) is
involved in all of these processes andmight thus play a role in the
association between type 2 diabetes and cognition, as subtle
differences in peripheral concentrations have been observed in
individuals with insulin resistance or type 2 diabetes compared
with healthy individuals [10, 11]. TRP is an essential amino acid
that has an important role in brain-related functions, including
protein formation, and as a precursor for the serotonergic and
KYN pathway, the latter being the main metabolic route [12].
Following hepatic tryptophan 2,3-dioxygenase (TDO) activa-
tion, TRP is largely converted to the central metabolite KYN,
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and into further downstream metabolites, collectively known as
kynurenines, which have immune regulatory and neuroactive
properties [12]. Kynurenic acid (KA) is known to be neuropro-
tective due to its anti-inflammatory and anti-glutamatergic
effects. Other kynurenines, including quinolinic acid (QA), have
neurotoxic properties through their role in glutamate
excitotoxicity, neuroinflammation and oxidative stress among
other processes [12]. Previous studies that have focused on clin-
ical samples of patients with cognitive impairment and dementia
have often reported an imbalance in neurotoxic-to-
neuroprotective metabolites [13–17], and one prospective study
has found an association between elevated levels of anthranilic
acid (AA) and risk for dementia andAlzheimer’s disease demen-
tia [18]. However, in a recent population-based study in healthy
older adults, no associations between concentrations of
kynurenines and cognitive test scores were found [19].

As these studies generally have been small [13, 15–17],
been restricted to clinical samples [13–17] or shown inconsis-
tent results, the relationship between metabolites of the KYN
pathway and cognitive function in the general adult popula-
tion, and particularly in individuals with type 2 diabetes, is
unclear. The present study therefore aims to elucidate the
associations between a comprehensive panel of plasma
kynurenines and cognitive function in a cohort of middle-
aged individuals. Since both dysregulations of the KYNmeta-
bolic pathway and a higher risk of dementia have been found
in type 2 diabetes [2, 10], we also investigate whether these
associations are modified by glucose metabolism status.

Methods

The Maastricht Study: population and design We used data
from the Maastricht Study, an observational, prospective,
population-based cohort study. The rationale and methodolo-
gy have been described previously [20]. In brief, this study
focuses on the aetiology, pathophysiology, complications and
comorbidities of type 2 diabetes and is characterised by an
extensive phenotyping approach. Eligible for participation
were individuals between 40 and 75 years of age living in
the southern part of the Netherlands. Participants were recruit-
ed through mass media campaigns and from the municipal
registries and the regional Diabetes Patient Registry via mail-
ings. Recruitment was stratified according to known type 2
diabetes status, with an oversampling of individuals with type
2 diabetes for reasons of efficiency. The present report
includes cross-sectional data from 2358 participants who
completed the baseline survey between November 2010 and
September 2013 (flowchart is shown in Electronic supplemen-
tary material [ESM] Fig. 1; 2358 participants remained in the
cohort after excluding participants with no kynurenine
concentrations [n = 999] and those with no cognitive data
available [n = 94]). The examination of each participant was

performed within a time window of 3 months. The study was
approved by the institutional medical ethics committee
(NL31329.068.10) and the Minister of Health, Welfare and
Sport of the Netherlands (permit 131088–105234-PG) and
was conducted in accordance with the Declarations of
Helsinki. All participants gave written informed consent.

Glucose metabolism status To determine glucose metabolism
status, all participants (except those who used insulin)
underwent an OGTT after an overnight fast as previously
described [20]. A distinction into four different categories
was used according to the WHO 2006 criteria [21]: 1, normal
glucose metabolism (NGM); 2, impaired fasting glucose; 3,
impaired glucose tolerance; and 4, type 2 diabetes. Categories
2 and 3 were considered as ‘prediabetes’.

Blood samples and biochemical analysis Kynurenines,
neopterin and vitamins B2 and B6 in plasma were determined
in a single aliquot from 2452 participants, including all partic-
ipants with prediabetes (n = 509) and type 2 diabetes (n = 956)
and a random sample from those with NGM (n = 986). Fasting
blood samples were collected in EDTA tubes. After centrifug-
ing, plasma was stored at −80°C.

Concentrations of TRP (μmol/l) and seven kynurenines
(KYN [μmol/l], 3-hydroxykynurenine [3-HK, nmol/l], KA
[nmol/l], xanthurenic acid [XA, nmol/l], anthranilic acid
[AA, nmol/l], 3-hydroxyanthranilic acid [3-HAA, nmol/l]
and QA [nmol/l]) were determined in 200 μl plasma samples
by LC-MS/MS (Bevital, Bergen Norway) (http://www.
bevital.no). From these concentrations, the KYN/TRP ratio
(KTR = [KYN/TRP] × 1000) and KA/QA ratio were calcu-
lated. KTR is a measure of cytokine-induced indoleamine 2,3-
dioxygenase activity, whereas KA/QA is a potential neuropro-
tective index [16]. Within-day CVs for the KYN metabolites
and B vitamins were 1.8–9.5%, between-day CVs were 4.9–
16.9%, and limits of detection were 0.2–7 nmol/l [22].

Cognitive performance Cognitive performance was assessed in
a concise (30 min) neuropsychological test battery [20]. For
conceptual clarity, test scores were standardised and divided into
three cognitive domains (memory function, information process-
ing speed, and executive function/attention). Briefly, memory
function was evaluated using the Verbal Learning Test [23]
and a memory domain score was derived by calculating the
average of total immediate and delayed recall standardised
scores. An information processing speed domain score was
derived from standardised scores of the Stroop Colour-Word
Test Part I and II [24], the Concept Shifting Test Part A and B
[25] and the Letter-Digit Substitution Test [26]. An executive
function/attention domain score was derived from the Stroop
Colour-Word Test part III (adjusted for the mean time spend
on the first two parts, Stroop I and II) and Concept Shifting
Test Part C. Each of the cognitive domains was only calculated
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if all subtests were completed. If necessary, individual test scores
were log-transformed to reduce skewness of distributions and/or
inverted so that higher scores indicated better cognitive perfor-
mance. In addition, participants were categorised as cognitively
impaired (yes/no) based on a regression-based normalisation
procedure per test that predicted expected scores for each indi-
vidual given their age, sex and level of education from a
published normative sample [23–26]. The difference between
observed and expected scores and their SDs were used to calcu-
late z scores, which were then averaged per domain and re-
standardised. Individuals performing < −1.5 SDs below their
norm-based expected score in any domain were categorised as
having significant cognitive impairment (CogImp).

General characteristics and covariates As previously
described [20], educational level (low, intermediate, high),

smoking status (never, current, former), alcohol consumption
(none, low, high), physical activity and history of CVD were
assessed by questionnaires. We measured BMI, office BP,
serum creatinine and cystatin C as described elsewhere [20].
eGFR (in ml min−1 1.73 m−2) was calculated with the
Chronic Kidney Disease Epidemiology Collaboration equa-
tion based on both serum creatinine and serum cystatin C
[27]. The Mini International Neuropsychiatric Interview [28]
was used to identify the presence of a major depressive disor-
der (yes/no). Medication use was assessed in an interview
where generic name, dose and frequency were registered.
Serum HDL-cholesterol (mmol/l) and total cholesterol were
also determined. C-reactive protein (CRP, μg/ml), serum
amyloid A (SAA, μg/ml), soluble intercellular adhesion
molecule-1 (sICAM-1, ng/ml), IL-6 (pg/ml), IL-8 (pg/ml)
and TNF-α (pg/ml) were determined in EDTA plasma by 4-
plex sandwich immunoassays from MSD (USA). CRP was
quantified on a 4-plex with SAA and sICAM-1, whereas IL-
6 was quantified on a 4-plex together with IL-8 and TNF-α.

Statistical analyses One-way ANOVA and χ2 tests were used
to investigate differences in characteristics between partici-
pants with and without cognitive impairment and between
participants with NGM status, prediabetes and type 2 diabetes.
Next, logistic and multiple linear regression models were used
to test the associations of plasma kynurenines (as main inde-
pendent variables) with cognitive impairment and cognitive
domain scores (as main dependent variables). For reasons of
comparison, metabolite levels were standardised prior to anal-
ysis. To investigate potential non-linear associations, we used
restricted cubic spline regression models with four knots
(fixed knots at z scores of −2, 0, 2, 4) [29]. This method avoids
arbitrary categorisation of the continuous measures of
kynurenines [30]. Goodness of fit of these models was deter-
mined by likelihood ratio tests and visual inspection of
smoothed spline plots. Analyses were exploratory and not
controlled for multiple testing.

The effect of covariates adjustment on the association was
tested in the following models: (1) demographics (age, sex,
educational level) and eGFR; and (2) model 1 + lifestyle
factors (BMI, cholesterol ratio [total cholesterol/HDL-choles-
terol], lipid-modifying medication use, alcohol consumption
and smoking behaviour). We expected different associations
in participants with NGM, prediabetes and type 2 diabetes,
and studies suggest that kynurenine concentrations increase
with age [14, 16]. Therefore, interaction analyses investigated
whether associations between concentrations of kynurenines
and cognitive function were modified by glucose metabolism
status, age or sex. Unless otherwise stated, results are present-
ed for main model 2.

B vitamins, inflammatory markers and cardiovascular risk
factors are potential mediators along the pathway of
kynurenine concentrations and cognitive function [31].

TRP

KYN KAAA

3-HK3-HAA

IDO

KATs

KMO

KYNU

XA

Serotonin pathway

QAPIC NAD⁺

KATsKYNU

Pro-inflammatory 
cytokines

TDO

Cor�costeroids

Fig. 1 The kynurenine pathway. TRP is converted to KYN by the
enzymes IDO and TDO, as reflected by KTR. The KTR increases in
response to inflammation, particularly through IFN-γ, which also
increases neopterin, a pteridine. KYN can be further degraded into KA,
3-HK andAAby, respectively, the enzymes kynurenine aminotransferase
(KAT), kynurenine 3-monooxygenase (KMO) and kynureninase
(KYNU); 3-HAA and XA can be synthesised from 3-HK, QA and
picolinic acid (PIC) from 3-HAA and, finally, QA is synthesised into
nicotinamide adenine dinucleotide (NAD+). Riboflavin and PLP, active
forms of, respectively, vitamin B2 and vitamin B6 are cofactors of
enzymes of the kynurenine pathway
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Therefore, additional adjustment for vitamin B2 and B6

species riboflavin and pyridoxal 5′-phosphate (PLP), low-
grade inflammation (composite score of CRP, SAA,
sICAM-1, IL-6, IL-8 and TNF-α; transferred into z scores
and averaged), hypertension, history of CVD, current depres-
sive episode and antidepressant use (model 3) was done in
sensitivity analyses to avoid overcorrection bias. To further
test the robustness of associations, additional sensitivity anal-
yses were done: one model in which current depression was
replaced by lifetime depression; one model in which antide-
pressant use was removed as this medication is also used for
indications other than depression; one model in which hyper-
tension was replaced by systolic BP and hypertension medi-
cation; and one model in which physical activity was added to
model 3. For all analyses, IBM SPSS 22.0 (IBM, USA) and
STATA 13 (StataCorp, USA) were used with a two-sided p
level of <0.05 considered statistically significant.

Results

Characteristics of study population Within the sample with
measured kynurenine concentrations, data on cognitive func-
tion was available for 2358 participants (96.2% of full sample,
54.5% men, mean age 60.6 ± 8.0 years). Of this group, 440
(18.7%) participants were classified as cognitively impaired.
Compared with the group without cognitive impairment, they
were more often men, had a lower eGFR, had a higher BMI,
were less physically active, were more often current smokers
and consumed less alcohol (Table 1). They also had a higher
prevalence of type 2 diabetes, hypertension, a history of CVD
and depression, and used lipid-modifying agents, antihyper-
tensive agents and antidepressants more often. Lastly, they
had lower plasma concentrations of TRP, XA and PLP, higher
KTR, higher plasma concentrations of neopterin and sICAM,
and greater presence of low-grade inflammation (Table 2).

General characteristics and metabolite levels by glucose
metabolism status are provided in ESM Tables 1 and 2.
When considering differences between participants according
to glucose metabolism status, those with prediabetes and type 2
diabetes were significantly older, more often men, had a lower
educational level, a lower eGFR, a lower total cholesterol/
HDL-cholesterol ratio, a higher BMI, higher systolic and
diastolic BP, were more often former or current smokers and
scored lower on all three cognitive domain scores compared
with the group with NGM. They also had a higher prevalence
of hypertension, more often used lipid-modifying agents, anti-
hypertensive agents and antidepressants and had lower plasma
concentrations of PLP together with higher plasma concentra-
tions of most kynurenines, inflammation markers and KTR.
Lastly, the group with type 2 diabetes also used less alcohol,
were less physically active, had a higher prevalence of depres-
sion, a history of CVD and cognitive impairment and higher

plasma concentrations of IL-6 and TNF-α compared with those
with NGM (ESM Tables 1 and 2).

Effect modification by glucose metabolism status Interaction
analyses tested whether associations between plasma
kynurenines and cognition differed between participants with
NGM, prediabetes and type 2 diabetes in main model 2 (ESM
Table 3). These showed significant and directionally consistent
effect modification by glucose metabolism status for the associ-
ations between XA (pinteraction = 0.027), AA (pinteraction = 0.048)
and 3-HAA (pinteraction = 0.030) and odds of cognitive impair-
ment. We therefore decided to present stratified analyses for all
kynurenines.

In participants with prediabetes, higher concentrations of 3-
HK and 3-HAA were associated with lower odds for cognitive
impairment in model 2 (Fig. 2 and Table 3). Additionally, in
prediabetes, a non-linear association was found with AA,
suggesting that both higher and lower levels of AA were asso-
ciated with higher odds of cognitive impairment and lower
scores on the executive function/attention domain. In type 2
diabetes, higher concentrations of KYN, 3-HK, KA, XA and
3-HAA were all significantly associated with lower odds of
cognitive impairment (Fig. 3 and Table 3). Looking at
domain-specific associations, those with both KA and XA
seemed to be driven by executive function/attention (β per
SD [95% CI] 0.07 [0.02, 0.13] and 0.06 [0.01, 0.11], respec-
tively) (ESMTable 4). In the group with NGM, no associations
with cognitive impairment were found. There were also no
significant interactions of concentrations of kynurenines with
age or sex in model 2 (ESM Table 3; pinteraction < 0.05).

Additional analyses ssociations were essentially not modified
by further adjustment for current depressive episode, antide-
pressant use, history of CVD, hypertension, B vitamins (PLP,
riboflavin) and low-grade inflammation (composite score of
CRP, SAA, sICAM-1, IL-6, IL-8 and TNF-α) (ESM Tables 4
and 5). In prediabetes, an association was found between
higher KA/QA ratio and higher odds of cognitive impairment.
In type 2 diabetes, the initially inverse association between 3-
HK and odds for cognitive impairment became non-
significant.

Results also remained virtually unchanged by replacing
hypertension with systolic BP and hypertension medica-
tion (yes/no), by replacing current depression with lifetime
depression, or by removing use of antidepressant medica-
tion (ESM Tables 6–8). Only when physical activity was
added to model 3 did the associations change slightly
(ESM Table 9). However, information on physical activity
was missing for 14% of all participants, which may explain
these differences. Lastly, although not all associations
reached statistical significance, scores on the individual
tests were similar to those found on the domain score
(ESM Table 10).
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Discussion

In the present study, we comprehensively investigated cross-
sectional associations between plasma kynurenines and cogni-
tive function in a large cohort of middle-aged individuals, in

which the cohort was enriched with type 2 diabetes. In type 2
diabetes, higher levels of KYN, 3-HK, KA, XA and 3-HAA
were associated with lower odds of cognitive impairment, and
KA and XA were also associated with better executive func-
tion/attention. In prediabetes, only 3-HK and 3-HAA were

Table 1 General characteristics
and cognitive domain scores of
study participants with and with-
out cognitive impairment

Characteristic Total

(n=2358)

Cognitive intact

(n=1854)

Cognitive impairment

(n=440)

p value

Demographics

Age, years 60.6 ± 8.0 60.4 ± 8.0 61.2 ± 7.9 0.061

Men, n (%) 1285 (54.5) 978 (52.8) 271 (61.6) 0.001

Educational level, n (%) 0.184

Low 833 (35.3) 667 (36.0) 159 (36.1)

Intermediate 661 (28.0) 518 (27.9) 140 (31.8)

High 810 (34.4) 666 (35.9) 141 (32.0)

Lifestyle factors

Smoking, n (%) <0.001

Never 768 (32.6) 613 (33.1) 146 (33.2)

Former 1241 (52.6) 1019 (55.0) 209 (47.5)

Current 304 (12.9) 213 (11.5) 82 (18.6)

Alcohol use, n (%) <0.001

None 466 (19.8) 339 (18.3) 119 (27.0)

Low 1254 (53.2) 1015 (54.7) 227 (51.6)

High 589 (25.0) 488 (26.3) 90 (20.5)

Physical activity (h/week) 13.7 ± 8.0 14.0 ± 7.9 12.7 ± 8.5 0.005

Cardiovascular risk factors

BMI, kg/m2 27.6 ± 4.7 27.5 ± 4.7 28.3 ± 4.8 0.002

Systolic BP, mmHg 136.6 ± 18.2 136.2 ± 18.0 138.0 ± 18.7 0.055

Diastolic BP, mmHg 76.5 ± 9.8 76.5 ± 9.6 76.5 ± 10.3 0.977

eGFR, ml min−1 1.73 m−2 87.5 ± 15.2 88.1 ± 14.6 85.3 ± 17.4 0.001

Total/HDL-cholesterol ratio 3.72 ± 1.20 3.73 ± 1.21 3.74 ± 1.18 0.782

Diseases, n (%)

Prediabetes 495 (21.0) 404 (21.7) 78 (17.7) 0.063

Type 2 diabetes 905 (38.4) 654 (35.3) 214 (48.6) <0.001

Hypertension 1449 (61.5) 1109 (59.8) 302 (68.6) <0.001

History of CVD 415 (17.6) 295 (15.9) 113 (25.7) <0.001

Depression 102 (4.3) 60 (3.2) 40 (9.1) <0.001

Medication use, n (%)

Lipid-modifying agent 1001 (42.5) 738 (39.8) 232 (52.7) <0.001

Antihypertensive agent 1077 (45.7) 810 (43.7) 239 (54.3) <0.001

Antidepressant 173 (7.3) 122 (6.6) 46 (10.5) 0.005

Cognitive domain score

Memory −0.07 ± 0.97 0.17 ± 0.85 −0.88 ± 0.98 <0.001

Information processing −0.05 ± 0.79 0.09 ± 0.66 −0.79 ± 0.80 <0.001

Executive function/attention −0.06 ± 0.81 0.10 ± 0.69 −0.73 ± 0.94 <0.001

Data are presented as n (%) or mean ± SD

For 64 participants, information on the presence of cognitive impairment was not available

One-way ANOVA and χ2 tests were used to investigate differences in characteristics between participants with
and without cognitive impairment
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associated with lower odds of cognitive impairment, and AA
showed a non-linear association with odds of cognitive
impairment and executive function/attention. No evidence of
associations was found in participants with NGM.

Glucose metabolism status, kynurenines and cognition In
general, the KYN pathway is more activated in an inflamma-
tory environment, as exists in type 2 diabetes, resulting in
upregulation of indoleamine 2,3-dioxygenase (IDO) [11] by
cytokines (primarily IFN-γ). In line with this, previous studies
found higher KYN, KA and XA concentrations in individuals
with type 2 diabetes and higher levels of KYN, 3-HK and KA
in those with diabetic retinopathy compared with individuals
with NGM [10, 32]. This suggests a shift in kynurenine degra-
dation towards KA and XA [10, 11]. Additionally, in a cross-
sectional study in elderly participants, higher plasma levels of
XA were associated with higher insulin resistance as well as

higher odds of diabetes [33]. XA is believed to have diabeto-
genic effects through its ability to bind to insulin, forming
chelate complexes that have a lower activity than insulin itself
[11]. As a result, substantially increased levels of XA might
contribute to insulin resistance and the development of type 2
diabetes.

Interestingly, our study showed that associations
between higher levels of KYN, 3-HK, KA, XA, 3-HAA
and lower odds for cognitive impairment were more
pronounced in participants with type 2 diabetes, and asso-
ciations with 3-HK and 3-HAA were also found in those
with prediabetes. These findings have not been reported
before and could suggest a protective role for these metab-
olites. This idea is in line with previous findings in
Alzheimer’s disease [13, 14, 16, 17] suggesting that blood
levels of KA, XA and 3-HAA are lower in affected individ-
uals. Similarly, lower levels of 3-HAA have been reported

Table 2 Concentrations of
kynurenines, inflammation
markers and B vitamins of study
participants with and without
cognitive impairment

Characteristic Total

(n=2358)

Cognitive intact

(n=1854)

Cognitive impairment

(n=440)

p value

Metabolite levels

TRP, μmol/l 62.80 (56.60–69.50) 62.90 (56.80–69.80) 61.95 (55.80–68.68) 0.033

KYN, μmol/l 1.64 (1.41–1.92) 1.63 (1.40–1.92) 1.66 (1.45–1.94) 0.463

3-HK, nmol/l 41.90 (34.50–50.40) 41.80 (34.70–50.10) 42.30 (34.20–53.23) 0.211

KA, nmol/l 52.50 (41.40–66.23) 52.30 (41.40–65.80) 53.75 (41.15–67.70) 0.235

XA, nmol/l 14.30 (10.50–18.70) 14.50 (10.68–18.80) 13.20 (9.59–18.28) 0.031

AA, nmol/l 14.80 (12.30–18.00) 14.80 (12.30–18.00) 14.80 (12.08–18.10) 0.825

3-HAA, nmol/l 37.70 (29.80–47.60) 38.10 (30.20–47.70) 36.90 (28.25–46.60) 0.101

QA, nmol/l 388.0 (314.0–492.3) 388.0 (314.0–489.3) 393.0 (313.3–506.0) 0.913

Ratios

KTR 25.87 (22.27–30.49) 25.56 (22.18–30.27) 26.40 (22.61–31.56) 0.031

KA/QA 0.133 (0.106–0.167) 0.133 (0.106–0.166) 0.132 (0.107–0.169) 0.524

Low-grade inflammationa 0.05 ± 0.66 0.02 ± 0.65 0.18 ± 0.67 <0.001

Inflammation markers

Neopterin, nmol/l 16.61 (13.77–20.29) 16.41 (13.65–19.98) 17.12 (14.30–21.59) 0.002

CRP, μg/ml 1.33 (0.63–3.00) 1.31 (0.63–2.99) 1.43 (0.66–3.12) 0.447

SAA, μg/ml 3.33 (2.08–5.54) 3.32 (2.08–5.43) 3.43 (2.09–6.16) 0.800

sICAM-1, ng/ml 342.6 (294.5–404.0) 339.6 (291.4–399.8) 357.7 (303.0–417.2) <0.001

IL-6, pg/ml 0.63 (0.42–0.96) 0.61 (0.41–0.93) 0.72 (0.49–1.14) 0.157

IL-8, pg/ml 4.27 (3.42–5.51) 4.22 (3.38–5.44) 4.43 (3.55–5.88) 0.727

TNF-α, pg/ml 2.22 (1.91–2.61) 2.21 (1.89–2.57) 2.33 (1.97–2.82) 0.210

B vitamins, nmol/l

PLP 57.90 (40.50–85.83) 58.35 (41.50–86.50) 54.95 (36.88–84.13) 0.030

Riboflavin 13.50 (8.75–22.10) 13.60 (8.90–22.40) 12.50 (8.28–21.20) 0.186

Data are presented as median (IQR) or mean ± SD

For 64 participants, information on the presence of cognitive impairment was not available
a Composite score of CRP, SAA, sICAM-1, IL-6, IL-8 and TNF-α (transferred into z scores and averaged)

One-way ANOVA was used to investigate differences in characteristics between participants with and without
cognitive impairment
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in clinical samples with potential cognitive decline vs
control samples, including end-stage Huntington’s disease,
chronic brain injury and stroke [34] and higher levels of
XA, being associated with a lower CVD mortality risk in
a population study [35]. Clinical populations often show
signs of low-grade chronic inflammation, yet our study
suggests that the association between kynurenines and
cognitive impairment is not explained by low-grade inflam-
mation, as assessed by plasma levels of different cytokines.

We also observed a non-linear association for AA in predi-
abetes, suggesting that both high and low levels of AA are
associated with higher odds of cognitive impairment. It is not
clear what biochemical mechanisms are involved in this asso-
ciation, and it is generally assumed that the biological function
of AA is inert [34, 36]. Obviously, more research into down-
stream kynurenines is needed.

Potential underlying mechanisms KA is an endogenous
antagonist of glutamate receptors and is known for its

neuroprotective effects because of its anti-glutamatergic and
anti-inflammatory properties [12]. Glutamate is the primary
excitatory neurotransmitter in the brain, and at normal physi-
ological levels serves a vital role in neuronal plasticity and
cognitive function. In contrast, extracellular glutamate over-
activity can lead to excitotoxicity in Alzheimer’s disease and
other neurodegenerative diseases, and the N-methyl-D-aspar-
tate (NMDA) receptor antagonist memantine is a first line
treatment for moderate to severe Alzheimer’s disease [37].
XA has a chemical structure similar to KA and can lead to a
net reduction in extracellular glutamate levels [38], which
could explain the positive associations of KA and XA with
cognitive function in our study. 3-HAA also has anti-
inflammatory properties by modulation of cytokine release
and showed protective effects in pre-clinical disease models
[39]. Moreover, KA, XA, 3-HAA and 3-HK are all antioxi-
dants [36, 38] and can protect against oxidative stress, one of
the important mechanisms involved in the pathogenesis of
both type 2 diabetes and Alzheimer’s disease [8, 40]. At the

Fig. 2 Associations of kynurenines with cognitive impairment (a–c) and
executive function/attention domain scores (d) in participants with predi-
abetes. Metabolite concentrations were standardised prior to analysis and
all analyses were adjusted for age, sex, educational level, eGFR, BMI,

total cholesterol/HDL-cholesterol ratio, lipid-modifying medication use,
alcohol consumption and smoking behaviour. Shaded areas represent the
95% CI

2452 Diabetologia (2021) 64:2445–2457



same time, KYN, 3-HK and 3-HAA all possess some
excitotoxic and neurodegenerative properties, including
the induction of apoptosis of cells serving important roles
in immune response [39]. The effects of these metabolites

are thus likely pleiotropic and as such remain controversial
[36], although our current data suggest that the neuropro-
tective effects predominate in prediabetes and type 2
diabetes.

Table 3 Association between
TRP, kynurenines (and ratios)
and cognitive impairment, after
controlling for covariates

Variable NGM Prediabetes Type 2 diabetes

TRP

Model 1a 1.03 (0.84, 1.25) 0.82 (0.62, 1.08) 0.88 (0.75, 1.02)

Model 2b 1.00 (0.82, 1.23) 0.80 (0.60, 1.07) 0.91 (0.78, 1.06)

Metabolites

KYN

Model 1a 1.11 (0.88, 1.40) 0.90 (0.67, 1.20) 0.76 (0.63, 0.92)**

Model 2b 1.07 (0.84, 1.36) 0.92 (0.67, 1.25) 0.80 (0.66, 0.98)*

3-HK

Model 1a 1.33 (1.02, 1.73)* 0.55 (0.35, 0.87)* 0.82 (0.69, 0.98)*

Model 2b 1.22 (0.92, 1.61) 0.59 (0.37, 0.94)* 0.82 (0.68, 0.99)*

KA

Model 1a 0.97 (0.74, 1.26) 1.11 (0.81, 1.52) 0.76 (0.64, 0.91)**

Model 2b 0.94 (0.71, 1.24) 1.22 (0.87, 1.70) 0.81 (0.68, 0.96)*

XA

Model 1a 1.04 (0.85, 1.27) 0.75 (0.56, 1.01) 0.68 (0.57, 0.81)***

Model 2b 1.02 (0.83, 1.26) 0.78 (0.58, 1.06) 0.73 (0.61, 0.87)***

AA

Model 1a 0.80 (0.59, 1.06) c 0.85 (0.70, 1.02)

Model 2b 0.81 (0.60, 1.08) c 0.90 (0.75, 1.09)

3-HAA

Model 1a 1.04 (0.82, 1.32) 0.65 (0.47, 0.91)* 0.70 (0.59, 0.84)***

Model 2b 0.99 (0.76, 1.29) 0.67 (0.47, 0.96)* 0.73 (0.60, 0.87)**

QA

Model 1a 0.95 (0.76, 1.19) 0.73 (0.49, 1.08) 0.80 (0.65, 0.98)*

Model 2b 0.93 (0.74, 1.19) 0.74 (0.49, 1.11) 0.84 (0.67, 1.05)

Ratios

KTR

Model 1a 1.13 (0.88, 1.45) 1.00 (0.75, 1.35) 0.88 (0.74, 1.04)

Model 2b 1.11 (0.85, 1.45) 1.05 (0.77, 1.42) 0.90 (0.75, 1.08)

KA/QA

Model 1a 1.01 (0.98, 1.04) 0.99 (0.96, 1.03) 0.99 (0.96, 1.01)

Model 2b 0.99 (0.81, 1.20) 1.26 (0.99, 1.59) 0.93 (0.79, 1.08)

Neopterin

Model 1a 0.99 (0.77, 1.29) 1.06 (0.79, 1.44) 1.04 (0.89, 1.22)

Model 2b 0.98 (0.75, 1.29) 1.09 (0.80, 1.48) 1.04 (0.89, 1.23)

Data are presented as OR per SD (95% CI)

One of the participants had a diagnosis of type 1 diabetes and was excluded when the data was stratified according
to glucose metabolism status
aModel 1: adjusted for age, sex, educational level and eGFR (n=2296)
bModel 2: model 1 + BMI, cholesterol ratio, lipid-modifying medication use, alcohol consumption and smoking
behaviour (n=2274)
c Associations were non-linear according to likelihood ratio test and visual inspection

*p<0.05, **p<0.01 and ***p<0.001
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No evidence of associations in participants with NGM We
found no evidence of associations between kynurenines and
cognitive function in the group with NGM, which is in line
with previous cross-sectional findings in older adults from the
Hordaland Health Study [19]. Both the Hordaland Health
Study and the Maastricht Study are population-based studies
in which the variation in concentrations of kynurenines is
assumed to reflect that of the normal variation. In apparently
healthy participants (i.e. participants without prediabetes or
type 2 diabetes), this variation might be too subtle to lead to
marked differences in cognitive ability. A more prolonged
dysregulation of kynurenine metabolic pathways, as seen in
type 2 diabetes and in the prediabetic stage, might be needed
to result in neurogenerative and cerebrovascular pathology
and cognitive decline. Contrary to the Hordaland Health
Study, we did not find evidence for associations of KTR or
neopterin with cognitive function. This might be explained by
the younger average age in the Maastricht Study, with partic-
ipants being age 40–75 years compared with 70–72 years in
the Hordaland Health Study. Concentrations of kynurenines
generally increase with age [14, 16], so one might expect
stronger associations between them in older individuals.
However, age did not modify the associations between
concentrations of kynurenines and cognitive function in our
study.

Strengths and limitations Strengths of the present study
include a large sample size with a deep phenotyping approach,
which allowed us to investigate the association between
components of the kynurenine pathway and cognitive func-
tion while adjusting for a broad range of potential
confounders. Additionally, in the Maastricht Study a large
panel of fasting plasma kynurenines has been determined,
and the extensive cognitive assessment allowed for investiga-
tion of a broad range of cognitive functions. The enrichment
of the study population with type 2 diabetes allowed for well-
powered interaction analyses. However, as analyses were
exploratory and were not corrected for multiple testing, results
should be interpreted with caution and be repeated in large
prospective studies. Additionally, the use of a psychometric
definition to determine cognitive impairment could be consid-
ered a limitation. However, this definition was based on
domain scores incorporating multiple tests commonly used
in epidemiological studies that are sensitive enough to pick
up variations in cognitive functions. Furthermore, regression-

based norm scores were used, taking into account age, sex and
education level. Lastly, this study measured concentrations of
kynurenines in plasma samples, and might not accurately
reflect concentrations in the brain. However, recent studies
suggest that peripheral concentrations of several kynurenine
metabolites are positively correlated with their corresponding
levels in cerebrospinal fluid in time-linked samples taken from
individuals with Alzheimer’s disease and healthy control indi-
viduals [16, 17].

Conclusion Altogether, these cross-sectional results suggest
that higher plasma concentrations of several kynurenines were
associated with lower odds of cognitive impairment and
higher levels of domain-specific cognitive functions, particu-
larly in participants with type 2 diabetes. Future prospective
studies should verify current results by investigating plasma
and cerebrospinal fluid concentrations and more direct brain
markers of Alzheimer’s disease, and by investigating larger
groups of individuals with different levels of cognitive
impairment.

Supplementary Information The online version of this article (https://doi.
org/10.1007/s00125-021-05521-4) contains peer-reviewed but unedited
supplementary material.

Acknowledgements The authors would like to thank all participants and
staff involved in the Maastricht Study. Preliminary results were presented
at the Alzheimer Association International Conference (AAIC) and
Alzheimer Europe in 2019.

Data availability The dataset used in the present study was derived from
theMaastricht Study. Upon reasonable request and with permission of the
Maastricht Study management team, this dataset is available from the
corresponding author.

Funding The research in this paper was supported by the European
Regional Development Fund as part of OP-ZUID, the province of
Limburg, the Dutch Ministry of Economic Affairs (grant no. 31O.041),
Stichting the Weijerhorst (Maastricht, the Netherlands), the Pearl String
Initiative Diabetes (Amsterdam, the Netherlands), the Cardiovascular
Center (Maastricht, the Netherlands), Cardiovascular Research Institute
(CARIM; Maastricht, the Netherlands), School for Public Health and
Primary Care (CAPHRI; Maastricht, the Netherlands), School for
Nutrition, Toxicology and Metabolism (NUTRIM; Maastricht, the
Netherlands), Stichting Annadal (Maastricht, the Netherlands) and
Health Foundation Limburg (Maastricht, the Netherlands) and by unre-
stricted grants from Janssen-Cilag B.V. (Tilburg, the Netherlands), Novo
Nordisk Farma B.V. (Alphen aan den Rijn, the Netherlands) and Sanofi-
Aventis B.V. (Gouda, the Netherlands). The study funders were not
involved in the design of the study; the collection, analysis, and interpre-
tation of data; writing the report; and did not impose any restrictions
regarding the publication of the report.

Authors’ relationships and activities The authors declare that there are
no relationships or activities that might bias, or be perceived to bias, their
work.

Contribution statement MTS, CDAS, CJHvdK, PCD, MMJvG, AW,
SJPME and SK were involved in the concept and design of the study

�Fig. 3 Associations of kynurenines with cognitive impairment (a–e) and
executive function/attention domain scores (f, g) in participants with type
2 diabetes. Metabolite concentrations were standardised prior to analysis
and all analyses were adjusted for age, sex, educational level, eGFR,
BMI, total cholesterol/HDL-cholesterol ratio, lipid-modifying
medication use, alcohol consumption and smoking behaviour. Shaded
areas represent the 95% CI

2455Diabetologia (2021) 64:2445–2457

https://doi.org/10.1007/s00125-021-05521-4
https://doi.org/10.1007/s00125-021-05521-4


and implementation. ØM and PMU were responsible for the analysis of
TRP, kynurenines and neopterin. All authors provided intellectual
content, reviewing of the manuscript and final approval of the version
to be published. LB and SK are the guarantors for this work and, as such,
had full access to all the data in the study and take responsibility for the
integrity of the data and the accuracy of the data analysis.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Geijselaers SLC, Sep SJS, Claessens D et al (2017) The role of
hyperglycemia, insulin resistance, and blood pressure in diabetes-
associated differences in cognitive performance—the Maastricht
Study. Diabetes Care 40:1537–1547. https://doi.org/10.2337/
dc17-0330

2. Chatterjee S, Peters SAE, Woodward M et al (2016) Type 2 diabe-
tes as a risk factor for dementia in women compared with men: a
pooled analysis of 2.3 million people comprising more than 100,
000 cases of dementia. Diabetes Care 39:300–307. https://doi.org/
10.2337/dc15-1588

3. Cheng G, Huang C, Deng H, Wang H (2012) Diabetes as a risk
factor for dementia and mild cognitive impairment: a meta-analysis
of longitudinal studies. Intern Med J 42:484–491. https://doi.org/
10.1111/j.1445-5994.2012.02758.x

4. Verdile G, Fuller SJ, Martins RN (2015) The role of type 2 diabetes
in neurodegeneration. Neurobiol Dis 84:22–38. https://doi.org/10.
1016/j.nbd.2015.04.008

5. Reijmer YD, Brundel M, de Bresser J et al (2013) Microstructural
white matter abnormalities and cognitive functioning in type 2
diabetes: a diffusion tensor imaging study. Diabetes Care 36:137–
144. https://doi.org/10.2337/dc12-0493

6. Sorensen BM, Houben AJHM, Berendschot TT et al (2016)
Prediabetes and Type 2 Diabetes Are Associated With
Generalized Microvascular Dysfunction: The Maastricht Study.
Circulat ion 134:1339–1352. ht tps: / /doi .org/10.1161/
CIRCULATIONAHA.116.023446

7. van Agtmaal MJM, Houben AJHM, de Wit V et al (2018)
Prediabetes Is Associated With Structural Brain Abnormalities:
The Maastricht Study. Diabetes Care 41:2535–2543. https://doi.
org/10.2337/dc18-1132

8. Groeneveld ON, van den Berg E, Johansen OE et al (2019)
Oxidative stress and endothelial dysfunction are associated with
reduced cognition in type 2 diabetes. Diab Vasc Dis Res 16:577–
581. https://doi.org/10.1177/1479164119848093

9. Biessels GJ, Strachan MWJ, Visseren FLJ, Kappelle LJ, Whitmer
RA (2014) Dementia and cognitive decline in type 2 diabetes and
prediabetic stages: towards targeted interventions. Lancet Diabetes
Endocrinol 2:246–255. https://doi.org/10.1016/S2213-8587(13)
70088-3

10. Oxenkrug GF (2015) Increased plasma levels of xanthurenic and
kynurenic acids in type 2 diabetes. Mol Neurobiol 52:805–810.
https://doi.org/10.1007/s12035-015-9232-0

11. Oxenkrug GF (2013) Insulin resistance and dysregulation of
tryptophan–kynurenine and kynurenine–nicotinamide adenine
dinucleotide metabolic pathways. Mol Neurobiol 48:294–301.
https://doi.org/10.1007/s12035-013-8497-4

12. Vécsei L, Szalárdy L, Fülöp F, Toldi J (2013) Kynurenines in the
CNS: recent advances and new questions. Nat Rev DrugDiscov 12:
64–82. https://doi.org/10.1038/nrd3793

13. Gulaj E, Pawlak K, Bien B, Pawlak D (2010) Kynurenine and its
metabolites in Alzheimer’s disease patients. Adv Med Sci 55:204–
211. https://doi.org/10.2478/v10039-010-0023-6

14. Giil LM, Midttun Ø, Refsum H et al (2017) Kynurenine Pathway
Metabolites in Alzheimer’s Disease. J Alzheimers Dis 60:495–504.
https://doi.org/10.3233/JAD-170485

15. Schwarz MJ, Guillemin GJ, Teipel SJ, Buerger K, Hampel H
(2013) Increased 3-hydroxykynurenine serum concentrations
differentiate Alzheimer’s disease patients from controls. Eur Arch
Psychiatry Clin Neurosci 263:345–352. https://doi.org/10.1007/
s00406-012-0384-x

16. Sorgdrager FJH, Vermeiren Y, van FaassenM et al (2019) Age-and
Disease-Specific Changes of the Kynurenine Pathway in
Parkinson’s and Alzheimer’s Disease. J Neurochem 151:656–668.
https://doi.org/10.1111/jnc.14843

17. Jacobs KR, Lim CK, Blennow K et al (2019) Correlation between
plasma and CSF concentrations of kynurenine pathway metabolites
in Alzheimer’s disease and relationship to amyloid-beta and tau.
Neurobiol Aging 80:11–20. https://doi.org/10.1016/j.
neurobiolaging.2019.03.015

18. Chouraki V, Preis SR, Yang Q et al (2017) Association of amine
biomarkers with incident dementia and Alzheimer’s disease in the
Framingham Study. Alzheimers Dement 13:1327–1336. https://
doi.org/10.1016/j.jalz.2017.04.009

19. Solvang SH, Nordrehaug JE, Tell GS et al (2018) The kynurenine
pathway and cognitive performance in community-dwelling older
adults. The Hordaland Health Study. Brain Behav Immun 75:155–
162. https://doi.org/10.1016/j.bbi.2018.10.003

20. Schram MT, Sep SJ, van der Kallen CJ et al (2014) The
Maastricht Study: an extensive phenotyping study on deter-
minants of type 2 diabetes, its complications and its comor-
bidities. Eur J Epidemiol 29:439–451. https://doi.org/10.1007/
s10654-014-9889-0

21. WHO (2006) Definition and diagnosis of diabetes mellitus
and intermediate hyperglycaemia: report of a WHO/IDF
consultation. The WHO Document Production Services,
Geneva, Switzerland

22. Midttun Ø, Hustad S, Ueland PM (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 23:1371–
1379. https://doi.org/10.1002/rcm.4013

23. Van der Elst W, van Boxtel MPJ, van Breukelen GJP, Jolles J
(2005) Rey’s verbal learning test: normative data for 1855 healthy
participants aged 24-81 years and the influence of age, sex, educa-
tion, and mode of presentation. J Int Neuropsychol Soc 11:290–
302. https://doi.org/10.1017/S1355617705050344

24. Van der Elst W, van Boxtel MPJ, van Breukelen GJP, Jolles J
(2006) The Stroop color-word test: influence of age, sex, and
education; and normative data for a large sample across the adult
age range. Assessment 13:62–79. https://doi.org/10.1177/
1073191105283427

25. Van der Elst W, van Boxtel MPJ, van Breukelen GJP, Jolles
J (2006) The Concept Shifting Test: adult normative data.
Psychol Assess 18:424–432. https://doi.org/10.1037/1040-
3590.18.4.424

2456 Diabetologia (2021) 64:2445–2457

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2337/dc17-0330
https://doi.org/10.2337/dc17-0330
https://doi.org/10.2337/dc15-1588
https://doi.org/10.2337/dc15-1588
https://doi.org/10.1111/j.14452012.02758.x
https://doi.org/10.1111/j.14452012.02758.x
https://doi.org/10.1016/j.nbd.2015.04.008
https://doi.org/10.1016/j.nbd.2015.04.008
https://doi.org/10.2337/dc12-0493
https://doi.org/10.1161/CIRCULATIONAHA.116.023446
https://doi.org/10.1161/CIRCULATIONAHA.116.023446
https://doi.org/10.2337/dc18-1132
https://doi.org/10.2337/dc18-1132
https://doi.org/10.1177/1479164119848093
https://doi.org/10.1007/s00125-021-05521-4
https://doi.org/10.1007/s00125-021-05521-4
https://doi.org/10.1007/s12035-015-9232-0
https://doi.org/10.1007/s12035-013-8497-4
https://doi.org/10.1038/nrd3793
https://doi.org/10.2478/v10039-010-0023-6
https://doi.org/10.3233/JAD-170485
https://doi.org/10.1007/s00406-012-0384-x
https://doi.org/10.1007/s00406-012-0384-x
https://doi.org/10.1111/jnc.14843
https://doi.org/10.1016/j.neurobiolaging.2019.03.015
https://doi.org/10.1016/j.neurobiolaging.2019.03.015
https://doi.org/10.1016/j.jalz.2017.04.009
https://doi.org/10.1016/j.jalz.2017.04.009
https://doi.org/10.1016/j.bbi.2018.10.003
https://doi.org/10.1007/s10654-014-9889-0
https://doi.org/10.1007/s10654-014-9889-0
https://doi.org/10.1002/rcm.4013
https://doi.org/10.1017/S1355617705050344
https://doi.org/10.1177/1073191105283427
https://doi.org/10.1177/1073191105283427
https://doi.org/10.1037/1040-3590.18.4.424
https://doi.org/10.1037/1040-3590.18.4.424


26. Van der Elst W, van Boxtel MPJ, van Breukelen GJP, Jolles J
(2006) The Letter Digit Substitution Test: normative data for 1,
858 healthy participants aged 24-81 from the Maastricht Aging
Study (MAAS): influence of age, education, and sex. J Clin Exp
Neuropsychol 28:998–1009. ht tps: / /doi .org/10.1080/
13803390591004428

27. Martens RJH, Henry RMA, Houben AJHM et al (2016) Capillary
Rarefaction Associates with Albuminuria: The Maastricht Study. J
Am Soc Nephrol 27:3748–3757. https://doi.org/10.1681/ASN.
2015111219

28. Sheehan DV, Lecrubier Y, Sheehan KH et al (1998) The Mini-
International Neuropsychiatric Interview (M.I.N.I.): the develop-
ment and validation of a structured diagnostic psychiatric interview
for DSM-IV and ICD-10. J Clin Psychiatry 20:22–33

29. Durrleman S, Simon R (1989) Flexible regression models with
cubic splines. Stat Med 8:551–561. https://doi.org/10.1002/sim.
4780080504

30. Desquilbet L, Mariotti F (2010) Dose-response analyses using
restricted cubic spline functions in public health research. Stat
Med 29:1037–1057. https://doi.org/10.1002/sim.3841

31. Ueland PM, McCann A, Midttun Ø, Ulvik A (2017) Inflammation,
vitamin B6 and related pathways. Mol Asp Med 53:10–27. https://
doi.org/10.1016/j.mam.2016.08.001

32. Munipally PK, Agraharm SG, Valavala VK, Gundae S,
Turlapati NR (2011) Evaluation of indoleamine 2, 3-
dioxygenase expression and kynurenine pathway metabolites
levels in serum samples of diabetic retinopathy patients.
Arch Physiol Biochem 117:254–258. https://doi.org/10.
3109/13813455.2011.623705

33. Reginaldo C, Jacques P, Scott T, Oxenkrug G, Selhub J, Paul L
(2015) Xanthurenic acid is associated with higher insulin resistance
and higher odds of diabetes. Faseb J 29. https://doi.org/10.1096/
fasebj.29.1_supplement.919.20

34. Darlington LG, Forrest CM, Mackay GM et al (2010) On the
Biological Importance of the 3-hydroxyanthranilic Acid:
Anthranilic Acid Ratio. Int J Tryptophan Res 3:51–59. https://doi.
org/10.4137/IJTR.S4282

35. Zuo H, Ueland PM, Ulvik A et al (2016) Plasma Biomarkers of
Inflammation, the Kynurenine Pathway, and Risks of All-Cause,
Cancer, and Cardiovascular Disease Mortality: The Hordaland
Health Study. Am J Epidemiol 183:249–258. https://doi.org/10.
1093/aje/kwv242

36. Ocampo JR, Huitrón RL, González-Esquivel D et al (2014)
Kynurenines with Neuroactive and Redox Properties: Relevance
to Aging and Brain Diseases. Oxidative Med Cell Longev.
https://doi.org/10.1155/2014/646909

37. Sonkusare SK, Kaul CL, Ramarao P (2005) Dementia of
Alzheimer’s disease and other neurodegenerative disorders–
memantine, a new hope. Pharmacol Res 51:1–17. https://doi.org/
10.1016/j.phrs.2004.05.005

38. Sathyasaikumar KV, Tararina M, Wu HQ et al (2017) Xanthurenic
Acid Formation from 3-Hydroxykynurenine in the Mammalian
Brain: Neurochemical Characterization and Physiological Effects.
Neuroscience 367:85–97. https://doi.org/10.1016/j.neuroscience.
2017.10.006

39. Baumgartner R, Forteza MJ, Ketelhuth DFJ (2019) The interplay
between cytokines and the Kynurenine pathway in inflammation
and atherosclerosis. Cytokine 122:154148. https://doi.org/10.1016/
j.cyto.2017.09.004

40. Zhu X, Lee H, Casadesus G et al (2005) Oxidative imbalance in
Alzheimer’s disease. Mol Neurobiol 31:205–217. https://doi.org/
10.1385/MN:31:1-3:205

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

2457Diabetologia (2021) 64:2445–2457

https://doi.org/10.1080/13803390591004428
https://doi.org/10.1080/13803390591004428
https://doi.org/10.1681/ASN.2015111219
https://doi.org/10.1681/ASN.2015111219
https://doi.org/10.1002/sim.4780080504
https://doi.org/10.1002/sim.4780080504
https://doi.org/10.1002/sim.3841
https://doi.org/10.1016/j.mam.2016.08.001
https://doi.org/10.1016/j.mam.2016.08.001
https://doi.org/10.3109/13813455.2011.623705
https://doi.org/10.3109/13813455.2011.623705
https://doi.org/10.1096/fasebj.29.1_supplement.919.20
https://doi.org/10.1096/fasebj.29.1_supplement.919.20
https://doi.org/10.4137/IJTR.S4282
https://doi.org/10.4137/IJTR.S4282
https://doi.org/10.1093/aje/kwv242
https://doi.org/10.1093/aje/kwv242
https://doi.org/10.1155/2014/646909
https://doi.org/10.1016/j.phrs.2004.05.005
https://doi.org/10.1016/j.phrs.2004.05.005
https://doi.org/10.1016/j.neuroscience.2017.10.006
https://doi.org/10.1016/j.neuroscience.2017.10.006
https://doi.org/10.1016/j.cyto.2017.09.004
https://doi.org/10.1016/j.cyto.2017.09.004
https://doi.org/10.1385/MN:31:1-3:205
https://doi.org/10.1385/MN:31:1-3:205

	Associations...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


