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Lithium is the first-line treatment for bipolar disorder (BD), but there is a large variation in response rate and
adverse effects. Although the molecular effects of lithium have been studied extensively, the specific mechanisms
of action remain unclear. In particular, the molecular changes underlying lithium adverse effects are little
known. Multiple linear regression analyses of lithium serum concentrations and global gene expression levels in
whole blood were carried out using a large case-control sample (n = 1450). Self-reported adverse effects of
lithium were assessed with the “Udvalg for Kliniske Undersggelser” (UKU) adverse effect rating scale, and
regression analysis was used to identify significant associations between lithium-related genes and six of the most
common adverse effects. Serum concentrations of lithium were significantly associated with the expression levels
of 52 genes (FDR < 0.01), largely replicating previous results. We found 32 up-regulated genes and 20 down-
regulated genes in lithium users compared to non-users. The down-regulated gene set was enriched for
several processes related to the translational machinery. Two adverse effects were significantly associated (p <
0.01) with three or more lithium-associated genes: tremor (FAM13A-AS1, FAR2, ITGAX, RWDD1, and STARD10)
and xerostomia (ANKRD13A, FAR2, RPS8, and RWDD1). The adverse effect association with the largest effect
was between CAMKID expression and nausea/vomiting. These results suggest putative transcriptional mecha-
nisms that may predict lithium adverse effects, and could thus have a large potential for informing clinical
practice.

1. Introduction

Bipolar disorder (BD) is a severe mental disorder with lifetime risk of
more than 1% (Grande et al., 2016). Early age at onset and chronicity
make the global disease burden high (Collins et al., 2011; Gore et al.,
2011). One of the major burdens of BD is an increase in all-cause mor-
talities, suicide being the leading single cause of excess death rates
(Grande et al., 2016; Osby et al., 2001). Mood stabilizers are the
mainstay treatment of BD, and lithium is the most frequently recom-
mended first-line treatment in clinical practice guidelines and the
leading treatment for prevention of relapse (Tondo et al., 2019) and
suicide (Cipriani et al., 2013). Lithium has superior efficacy in long-term

maintenance treatment of BD; however, only one third of patients are
characterized as full responders (Cruceanu et al., 2009; Rybakowski,
2011). Importantly, treatment response may be influenced by non-
compliance (Maj et al., 1998), in part due to adverse effects (Gitlin,
2016). While some of these are dose-dependent, their sizeable variation
in severity and type (Gitlin, 2016) suggests underlying differences in
pharmacological mechanisms between individuals.

The variability in response to and adverse effects of long-term
lithium treatment is poorly understood and remains a clinical chal-
lenge (Gitlin, 2016; Alda, 2017; Hui et al., 2019). Lithium dose is an
important aspect of individualizing treatment and avoiding adverse ef-
fects (Gitlin, 2016). Guidelines recommend serum levels between 0.4
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and 1.2 mmol/L (Severus et al., 2008). However, these recommenda-
tions are mainly based on clinical effects, and few studies investigated
the molecular mechanisms associated with serum levels. It would be
beneficial to identify biomarkers associated with response to and
adverse effects of lithium. This may facilitate personalized treatment,
give better effect/adverse effect ratio, improve long-term management
and prognosis of individuals with BD, and reduce the risk of suicidal
behavior (Goodwin et al., 2003).

Although several studies aimed at identifying molecular mediators of
lithium efficacy, the precise mechanisms responsible for clinical
response and adverse effects in BD remain unclear (Haggarty et al.,
2020). Initially, most studies used the candidate gene/protein approach
and focused on relevant mechanisms and cellular processes with pre-
established evidence of association with lithium treatment, including
monoamine (dopamine, norepinephrine, serotonin) neurotransmission,
intracellular inositol signaling, the GSK3f pathway, and BDNF-related
neuroplasticity (Malhi et al., 2013; Pisanu et al., 2016). However,
these studies have uncovered limited evidence of association between
the expression of specific genes and lithium treatment. More recently,
hypothesis-free and transcriptome-wide gene expression approaches
have been increasingly applied to investigate the mechanisms of action
of the drug (Chetcuti et al., 2008; McQuillin et al., 2007; Plant et al.,
2009; Seelan et al., 2008; Sun et al., 2004; Anand et al., 2016; Beech
et al., 2014, Fries et al., 2017; Lowthert et al., 2012; Sugawara et al.,
2010). Although these studies have demonstrated that the molecular
effects of lithium are widespread and complex, and have also identified
promising associations between specific gene expression alterations and
lithium response in BD, replication are in general poor (Toker et al.,
2012).

Most of the aforementioned studies used relatively small samples and
did not account for large variation in serum levels or include analysis of
adverse effects of lithium. Here, we first examined a large sample of
healthy controls (n = 528) and patients with severe mental disorders (n
= 922) to investigate the relationship between lithium serum concen-
trations and mRNA expression levels in blood, controlling for a range of
confounders. We then investigated which significant changes in gene
expression were associated with the severity of relevant lithium adverse
effects.

2. Materials and methods
2.1. Participants

This study is part of the Thematically Organized Psychosis (TOP)
study, an ongoing research program in Oslo, Norway. Participants were
recruited from psychiatric inpatient and outpatient units at the major
hospitals in the Oslo area. These hospitals cover the main part of Oslo's
total population, are located in different parts of the city, and are
representative of the city's variation in sociodemographic characteris-
tics. Eligible participants met the inclusion criteria of a DSM-IV diag-
nosis of schizophrenia spectrum disorder or bipolar spectrum disorder,
age between 18 and 65, and ability to give written informed consent.
Exclusion criteria were presence of cognitive deficit (IQ < 70), severe
somatic illness, history of severe head injury, and not speaking a Scan-
dinavian language. Healthy controls were randomly selected from the
population of the same catchment area and age range, based on records
from Statistics Norway (https://www.ssb.no/en).

2.2. Clinical assessments

All patients underwent a clinical examination that included diag-
nostic interviews with the Structured Clinical Interview for DSM-IV axis
I Disorders (SCID-1) and structured assessments of clinical symptoms
using the Global Assessment of Functioning symptom scale (GAF-s)
(Pedersen et al., 2007), the Positive and Negative Syndrome Scale
(PANSS, total score) (Kay et al., 1987), the Inventory of Depressive
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Symptomatology-Clinician Rated (IDS-C) (Trivedi et al., 2004), and the
Young Mania Rating Scale (YMRS) (Young et al., 1978). All patients
were also subjected to a physical examination performed by a physician.

2.3. Medication data

Information on present use of psychotropic drugs was collected from
medical records and by interviews with the participants. Type of drug(s),
dosage, and duration of use were recorded. Analyses were based on use
of lithium, antiepileptic drugs, antipsychotics, antidepressants, hyp-
notics, central stimulants, and anticholinergics, and the patients were
grouped according to their psychotropic medication use. Polypharmacy
was recorded and controlled for in the analyses. Compliance was eval-
uated using serum concentration measurements according to standard
protocols (Jonsdottir et al., 2013).

2.4. Assessment of adverse effects

The “Udvalg for Kliniske Undersggelser” (UKU) side-effect rating
scale (Lingjaerde et al., 1987) was used to measure type and severity of
adverse effects. For more details, see reference (Iversen et al., 2018). A
global assessment item of overall adverse effect burden was performed
separately by the patient and the investigator. This general item was
scored from O to 3, 0 indicating no adverse effects and scores 1-3 indi-
cating adverse effects with increasing interference with the patient's
functioning, from mild to severe. For analyses of global adverse effect
burden, patients were compared across these scores. In this study, we
included a selection of relevant adverse effects from three of the main
UKU scale domains: neurologic, autonomic and other adverse effects.
Adverse effect items were scored without judgement of causality. Par-
ticipants were asked whether the specific symptoms had been present
the past seven days unless otherwise specified in the manual. From the
48 items in the UKU scale, we choose six well-known adverse effects of
lithium treatment (tremor, xerostomia, nausea/vomiting, weight gain,
polyuria/polydipsia, and diarrhea). Hypercalcemia, being a known
consequence of lithium use, we added calcium levels to the six self-
reported adverse effects.

2.5. Blood sampling, RNA isolation, serum concentration measurements

Blood was drawn from the antecubital vein before the clinical as-
sessments. The patients met fasting, and had been instructed not to take
their morning medication. Serum concentrations of lamotrigine were
analyzed with a liquid chromatography-mass spectrometry (LC-MS)
method described elsewhere (Reimers et al., 2005). Serum concentra-
tions of valproate, lithium and calcium were analyzed with commer-
cially available kits using a Cobas Integra 400 plus system (Roche
Diagnostics, Rotkreutz, Switzerland). Serum concentrations of the an-
tipsychotics olanzapine, aripiprazole, quetiapine, and risperidone were
analyzed with LC-MS methods. The LC-MS system used was an Agilent
MSD 1100 (Agilent, Palo Alto, CA, USA) consisting of a G1379A
degasser, a G1311A quaternary pump, a G1313A autosampler, a
G1316A column oven and a G1946A mass spectrometer. For detailed
descriptions of the methods, see previous publications (Castberg et al.,
2007; Castberg and Spigset, 2007; Castberg et al., 2009). The analysis of
clinical chemistry parameters was performed at the Department of
Medical Biochemistry, Oslo University Hospital, Oslo, Norway. Total
RNA was isolated from whole blood collected in Tempus Blood RNA
Tubes using the Tempus 12-Port Isolation kit (Applied Biosystems,
Austin, TX). The tubes were stored at —80 °C.

2.6. Global microarray-based transcriptome analysis and data processing
Microarray-based gene expression analysis was performed at the

Genomics Core Facility, University of Bergen, Bergen, Norway, using
Mlumina Human HT-12 bead arrays (Illumina Inc., San Diego, CA),
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which covers more than 47,000 probes. A total of n = 1891 samples,
divided into two batches of 1195 and 696, passed the initial quality
control. After quantile normalization, batch adjustment and further
quality control, 63 outliers, 158 time-series and duplicates, 142 samples
with missing information, and 85 samples with ambiguous information
were removed. We initially analyzed samples from the two batches
separately and found highly similar results in the two runs. All samples
were therefore merged for the rest of the analyses.

We removed participants with high CRP levels (>20 mg/L) to avoid
bias deriving from the presence of ongoing infection (Reponen et al.,
2020; Mgrch et al., 2017). Extreme values of serum levels of psycho-
pharmacological agents were set to missing (two outliers were found for
lithium serum levels). In total, we analyzed expression data from 47,324
probes from 1450 participants.

2.7. Statistical analyses

We first compiled a list of genes whose mRNA expression levels were
significantly associated with the serum levels of lithium. To identify
genes that were potentially regulated or indirectly affected by lithium,
we fitted linear models of the expression levels, using lithium serum
levels as the explanatory variable. All individuals, irrespective of diag-
nostic status, were included in these analyses. The diagnostic status was
controlled for in the linear models alongside any other medication
prescribed to the participants (in the form of individual serum levels; see
Suppl. Table 1 for a full list), as well as age, sex and cell count of leu-
cocytes, red blood cells, and thrombocytes. We corrected for multiple
testing using false discovery rate (FDR < 0.01). Whenever multiple
probes for the same gene were significantly associated with the serum
level, we reported only the probe with the highest expression level.

For the genes with expression showing evidence of association with
lithium serum levels in the primary analysis, we computed fold changes
in gene expression levels between lithium users and non-users. Log2
fold-changes were obtained by fitting the linear model described pre-
viously, with the lithium serum level explanatory variable replaced by a
categorical variable. Participants were deemed to be lithium-users

Table 1
Demographic and clinical characteristics of the study sample.
Lithium Non-users Test P-value
users statistic
Participants, n 66 1384
Bipolar disorder, n (%) 54 (81.8%) 246 20.75 9.46e-
(17.8%) 28+
Schizophrenia spectrum, n 12 (18.2%) 481 0.42 4.97e-
(%) (34.8%) 3%
Major depressive disorder, 26 (1.9%)
n (%)
Other psychosis, n (%) 103
(7.4%)
Healthy controls, n (%) 528
(38.2%)
Medication, n (%)
Antipsychotics 48 (80.0%) 633 3.16 2.14e-
(45.7%) 5%
Antidepressants 27 (45.0%) 271 2.84 1.20e-
(19.6%) 4*
Antiepileptics 16 (26.7%) 190 2.01 2.80e-2
(13.7%)
Other 9 (15.0%) 90 (6.5%) 2.27 3.99e-2
Sex, n (%)
Male 28 (42.4%) 783 0.57 3.03e-2
(56.6%)
Female 38 (57.6%) 601 1.77 3.03e-2
(43.4%)
Age (years), mean (SD) 34.0 (10.9) 31.9 (9.8) 0.15

For age, the Wilcoxon Rank Sum test statistic is reported, for all other variables,
the Fisher Exact test statistic is reported. *p < 0.01. Half of the lithium users with
schizophrenia spectrum disorders had a schizoaffective disorder diagnosis.
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whenever lithium was prescribed and the lithium serum concentration
was above zero, non-users otherwise.

To identify groups of genes with related biological functions,
enrichment analyses were conducted with the over-representation
analysis tool clusterProfiler (Yu et al., 2012) using the 52 significant
lithium-associated genes as input, analyzing up- and down-regulated
genes separately. Annotations were based on Gene Ontology (GO)
terms (The Gene Ontology C, 2019) using the “Biological Processes”
ontology, and a GO term was considered significantly over-represented
if the FDR was <0.10.

In order to test whether lithium adverse effects could be related to
gene expression, we computed the association between self-reported
adverse effects plus calcium levels and the expression levels for the
gene set resulting from our primary analysis. A linear model of gene
expression levels was fitted with the adverse effects plus calcium levels,
in turn, as explanatory numerical variables. Again, diagnostic status, age
and sex were controlled for.

We compared the incidence of adverse effect associations for the
gene set resulting from our primary analysis with the incidence of such
associations for random sets of genes. Here, we counted the number of
associations with one of the six adverse effects with a p-value<0.05. We
took the n genes with the largest response in expression level to lithium
treatment (as described for the analysis of fold-changes above) and
obtained a p-value by comparing their number of associations to a dis-
tribution of the number of associations for 10° random gene sets.

In order to rule out the possibility that the effect of lithium serum
levels on gene expression were driven by different cell compositions in
different groups, we first estimated the abundances of 21 cell types
(Suppl. Table 2) based on expression levels using the computational
deconvolution tool CIBERSORT (Chen et al., 1711) with default settings.
We then assessed the extent to which cell type composition mediated the
association between lithium serum levels and gene expression levels in
mediation analyses. The mediation models included the same covariates
as the models we fitted in the primary analysis.

All statistical analyses were carried out in R. Differences in gene
expression levels were computed using the limma (Ritchie et al., 2015)
software package. R's corrplot (Wei et al., 2017) software package was
used to visualize the correlation matrix of gene expression levels. The
mediation analyses were carried out using R's mediation (Tingley et al.,
2014) package.

3. Results

All analyses were performed on a sample consisting of 1450 partic-
ipants with gene expression data and a clinical profile; 66 of them were
lithium users and 1384 were non-users. The sample included mainly
individuals with BD or schizophrenia spectrum disorder, as well as 528
healthy individuals (Table 1). The average age was 34 and 32 years, with
a male/female ratio of 42/58% and 57/43% in the lithium users and
non-users groups, respectively. Most of the patients received antipsy-
chotic treatment, but antidepressants and antiepileptic drugs were also
used. Many of the sample characteristics were significantly different
between lithium users and non-users (Table 1), so the corresponding
variables were controlled for in the regression analyses.

3.1. Association between lithium serum levels and gene expression

The regression analyses between lithium serum levels and gene
expression identified 52 significantly associated genes (FDR < 0.01;
Suppl. Table 3). Of these, 32 genes were positively associated and 20
genes were negatively associated with lithium serum levels, corre-
sponding to up- and down-regulated genes in the lithium user vs non-
user groups, respectively (Fig. 1A; Suppl. Figs. 1-2). The associations
between gene expressions and serum levels of other types of medications
are reported in Suppl. Table 4. In order to rule out possible confounding
due to case-control differences in assessment or sampling procedures,
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Table 2

Associations between expression levels of lithium-associated genes and adverse effect burden.
Gene Lithium log FC Tremor Xerostomia Vomiting Weight gain Polyuria/Polydipsia Diarrhea Calcium levels
ANKRD13A +0.25 +0.01 +0.03 ** +0.01 +0.01 +0.01 —+0.00 —0.00
CAMKI1D +0.43 +0.03 * +0.04 * +0.07 ** +0.02 +0.04 +0.02 +0.19
FAM13A-AS1 +0.77 +0.06 ** -+0.06 * -+0.06 * —0.00 —+0.05 -+0.03 +0.72 **
FAR2 +0.59 +0.04 ** +0.06 ** +0.04 * +0.02 +0.01 +0.03 +0.16
ITGAX +0.43 +0.04 ** +0.01 —0.00 +0.00 —0.02 +0.00 —0.02
LAMTOR1 —0.30 +0.01 —0.01 —0.00 —0.04 ** +0.01 -+0.00 +0.02
MYADM +0.41 +0.03 * +0.03 * +0.04 ** +0.01 +0.02 +0.01 +0.20
RPS8 —0.36 —0.01 —0.04 ** —0.01 —0.02 —0.01 —0.01 -0.10
RWDD1 —-0.21 —0.02 ** —0.03 ** —0.02 —0.00 —0.01 —0.01 -0.13
STARDI10 +0.40 +0.04 ** +0.01 +0.02 —0.00 +0.01 +0.03 +0.27 ©
TMEM35B —0.28 —0.01 —-0.02° —0.01 —0.01 —0.01 —0.02 —0.29 **

Numbers in columns 2-8 represent regression coefficients for correlations between self-reported adverse effects (most common lithium adverse effects as assessed with
the UKU scale) or calcium levels and expression levels of lithium-associated genes. Data for all genes with at least one significant association (p < 0.01) are displayed.
For the complete list, see supplementary table 5. Uncorrected p-values are displayed. **p < 0.01, *p < 0.05, °p < 0.1.
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Fig. 1. Association between serum concentrations of lithium and peripheral gene expression levels. A) Volcano plot of lithium-associated genes with corresponding
effect sizes (regression coefficients) and p-values. The six top genes with the largest effect sizes (lithium use vs. non-use) are labeled. B) Expression level distributions
of the top six lithium genes with the strongest response lithium treatment (FC > 1.5 or FC < 1/1.5). Distributions are shown for participants with non-zero lithium
serum levels (purple) and for controls (cyan). C) Replication analysis based on the significantly associated lithium genes identified by Anand et al. (Anand et al.,
2016). The plot shows the FDR-corrected p-values from our linear regressions for all lithium-associated genes reported by Anand et al. that had an overlap with our
set of 47,324 probes (coverage: 55 out of 56). Cyan: same direction of effect (37 genes). Purple: opposite direction of effect (18 genes). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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we repeated the analysis twice, once after removing healthy control Gene Ontology (GO) enrichment test of the significant lithium-
samples and once keeping only samples from individuals with bipolar associated genes yielded no significant results when all 52 genes were
disorder. On both occasions, we found highly consistent effects on the used as input. When up- and down-regulated genes were analyzed
transcripts of the top 52 genes (Suppl. Fig. 4). separately, the down-regulated gene set was significantly enriched (FDR
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< 0.05) for 16 GO terms mostly related to the translational machinery
but also signaling pathways and the cell cycle (Suppl. Fig. 3).

Subsequently, we focused the analysis on the genes with the stron-
gest change in expression levels (Fig. 1A; Suppl. Fig. 2). Among the 52
significantly associated genes, we identified six genes with expression
fold changes (FC) >1.5 or < 1/1.5. Five genes (FAM13A-AS1, FAR2,
HRK, LOC642373, PGM5) were up-regulated and CXCL8 was down-
regulated in the presence of lithium. Fig. 1B shows the distribution of
expression levels of these six genes in participants using lithium
confirmed with serum measurements, compared to participants without
detectable serum levels. The corresponding fold changes are displayed
in Suppl. Fig. 5 with 95% confidence intervals.

3.2. Association between gene expression and adverse effects plus calcium
levels

We then tested whether the 52 lithium-associated genes identified in
the primary analysis were related to six key adverse effects of lithium
treatment plus calcium levels, and identified several associations be-
tween gene expression and self-reported adverse effect burden (Table 2;
Suppl. Table 5). In particular, tremor, xerostomia, nausea/vomiting, and
weight gain were associated with expression levels of lithium genes.
Comparing the incidence of adverse effect associations in random sets of
genes to that observed for the genes singled out by our primary analysis
suggests that the latter is unlikely to occur by chance (Suppl. Fig. 6).
Calcium levels were associated with FAM13A-AS1 and TMEM35B and
their effects on gene expression is generally concordant with the up- /
down-regulation observed in the presence of lithium (Suppl. Table 5).

3.3. Replication of previous findings

To assess the extent to which we were able to replicate previous
findings, we compared our results with the results from a recent analysis
by Anand et al. (Anand et al., 2016), who employed an experimental
design similar to ours and identified 56 genes that responded to lithium
exposure, 55 of which were covered by our microarray probes after
filtering. When applying the strict significance threshold of FDR < 0.01
used in our study, 5 out of the 55 genes (9%) were significant in both
reports (Fig. 1C). However, when applying the more common threshold
of FDR < 0.1 used by Anand et al., 15 out of 55 genes (27%) were shared
by the two studies, and all genes were concordant with respect to the
direction of effect (Fig. 1C).

3.4. Mediation analysis of blood cell types

We used a computational deconvolution tool to estimate cell type
abundances of 21 peripheral blood cell populations and found that the
fraction of CD8 T-cells was significantly lower in individuals with BD
using lithium compared to both non-users with BD and healthy controls
(Fig. 2A; Suppl. Table 2). To investigate whether the effects of lithium
serum concentration on gene expression might have been mediated by
differences in CD8 T-cell abundance, a mediation analysis for the top six
genes was performed. None of these genes were significantly associated
(defined as p < 0.001) with CD8 T-cell abundance (Fig. 2B).

4. Discussion

In the present study, we investigated the relationship between serum
concentrations of lithium and gene expression levels in blood in a large
case-control sample (n = 1450). We identified 52 genes that were
significantly correlated with lithium levels, of which 32 were up-
regulated and 20 were down-regulated in lithium users compared to
non-users. The strongest effects were seen in five up-regulated genes
(FAM13A-AS1, FAR2, HRK, LOC642373, PGM5) and one down-
regulated gene (CXCL8). We also identified several significant associa-
tions (p < 0.01) between adverse effects and dose-dependent expression
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levels of lithium-related genes. These findings implicate novel genes and
molecular pathways related to lithium treatment and adverse effects.

Among the top six lithium-regulated genes with the largest effect
sizes were CXCL8 and HRK (Fig. 1A,B). CXCL8 encodes the chemokine
interleukin-8 (IL-8), a key component of the innate immune system that
contributes to the inflammatory response by recruiting neutrophils to
the inflammation site (Harada et al., 1994; Dmitrzak-Weglarz et al.,
2021). The significant repression of CXCL8 expression by lithium thus
supports the potential anti-inflammatory action of the drug (Nassar and
Azab, 2014). HRK encodes a member of the Bcl-2 protein family, most
notable for its involvement in activating or inhibiting apoptosis. Mem-
bers of this family control apoptosis by regulating mitochondrial outer
membrane permeabilization (MOMP), a key step in the apoptotic
pathway (Kale et al., 2018). The encoded protein promotes apoptosis by
interacting with the apoptotic inhibitors Bcl-2 and Bel-X(L). Up-regu-
lation of Bcl2, and hence inhibition of apoptosis, has long been
considered a well-established mechanism of lithium action (Beech et al.,
2014; Lowthert et al., 2012; Manji et al., 2000). This mechanism has
further been interpreted as underlying the drug's neuroprotective
properties (Dwivedi and Zhang, 2014; Machado-Vieira et al., 2009). The
apparent inconsistency between a pro-apoptotic up-regulation of HRK
and an anti-apoptotic up-regulation of BCL2 by lithium may have several
reasons. Besides recent findings raising doubts about the precise rela-
tionship between lithium exposure and BCL2 expression (Odeya et al.,
2018), it is important to note that Bcl-2 function is not restricted to
preventing apoptosis. In the endoplasmic reticulum (ER), Bcl-2 is a
potent inhibitor of autophagy (Levine et al., 2008), a vital cellular
process shown to be augmented by lithium (Sarkar et al., 2005). Up-
regulation of HRK may therefore reflect lithium's Bcl-2-mediated
involvement in autophagy rather than apoptosis. Moreover, cell fate is
governed by a complex interplay of numerous members of the Bcl-2
family, and the final outcome depends not only on the precise in-
teractions involved but also on the affinity and relative abundance of
Bcl-2 proteins (Kale et al., 2018). Thus, even though a single pro-
apoptotic gene is activated by lithium, the net effect may still be in
favor of apoptotic repression.

The 20 genes down-regulated in lithium users were significantly
enriched for several biological processes, especially related to the
translational machinery. The main drivers of this enrichment were the
three ribosomal genes RPS8, RPL12, and RPS14, all of which encode
distinct protein components of both subunits of the translational appa-
ratus. The down-regulation of these genes suggests an inhibitory effect
of lithium on protein synthesis, a finding replicated in several model
organisms (Kerr et al., 2018; Sofola-Adesakin et al., 2014). Since ribo-
some and protein synthesis are major metabolic events controllig
cellular growth and proliferation, repression of protein translation is
indicative of reduced proliferation capacity (Vadivel Gnanasundram and
Fahraeus, 2018). However, a general reduction in cell proliferation does
not seem to be the final outcome of the lithium-mediated down-regu-
lation of ribosomal genes in our study because the total leukocyte count
was greater in lithium users than in non-users (data not shown). Rather,
this ribosomal effect may reflect lithium's involvement in maintaining
protein homeostasis by balancing protein synthesis and degradation, an
essential process for normal cell functioning (Kerr et al., 2018) that
could partly explain lithium's neuroprotective properties.

Despite its universal acceptance as gold standard for long-term
maintenance treatment in BD, lithium is associated with a wide range
of adverse effects (Gitlin, 2016). Furthermore, the presence of adverse
effects seems to play a role in lithium non-adherence, which, according
to some studies, is around 50% over a 12 month period (Jawad et al.,
2018). Among the most common adverse effects are polyuria, poly-
dipsia, xerostomia, nausea/vomiting, and tremor; weight gain and
cognitive impairments as well as adverse effects on kidneys, thyroid
gland, and parathyroid glands may also occur (Gitlin, 2016; Ryba-
kowski, 2013). Importantly, many of these adverse effects have been
shown to be dose-dependent (Gitlin, 2016). Given that adverse effects



F. Krull et al.

may contribute to non-adherence, and that cessation of lithium treat-
ment carries high risk of relapse, managing lithium adverse effects re-
mains a critical element in clinical practice (Jawad et al., 2018). An
essential step towards improved management is to better understand the
nature of lithium adverse effects, in particular their underlying molec-
ular mechanisms.

A unique finding of our study was the identification of several as-
sociations (p < 0.01) between adverse effect burden and dose-dependent
expression levels of lithium-related genes (Table 2; Suppl. Table 5).
Tremor and xerostomia were correlated with the expression of genes
involved in lipid metabolism (FAR2 and STARD10) and intracellular
signaling (ITGAX and RWDD1) among others, while vomiting was most
strongly associated with CAMKI1D, which encodes a calcium-dependent
protein kinase involved in many cellular processes, including CREB
signaling and aldosterone production (Frau et al., 2014). Interestingly,
weight gain was associated with a single gene, LAMTOR4, involved in
the regulation of mTOR1C1-mediated cellular growth. Although the
UKU adverse effects rating scale used to assess adverse effect burden did
not include any item related to thyroid function, one of the genes
associated with lithium serum levels was ZNHIT3, which interacts with
the thyroid hormone receptor (Iwahashi et al., 2002) and may therefore
play a role in the thyroid-related adverse effects of lithium. Despite the
nominal significance levels warranting replication in independent
samples, these findings do suggest putative mechanisms that may
mediate some common adverse effects of lithium, and provide new
opportunities for optimizing the treatment of BD.

A notorious aspect of lithium pharmacogenetics research is the
relatively low replication rate exhibited by gene expression studies.
While classical mechanisms of lithium action, like inositol depletion,
Wnt signaling, and GSK3p regulation, have wide support in non-genetic
as well as targeted gene expression experiments (Malhi et al., 2013;
Pisanu et al., 2016; Alda, 2015), global transcriptomic studies using
microarrays and RNA sequencing tend to produce highly heterogeneous
and inconsistent results (Toker et al., 2012; Pickard, 2017). For example,
our group recently applied RNA sequencing to murine brain samples and
identified more than 1100 genes associated with lithium treatment
(Akkouh et al., 2020). Comparing this gene set with a curated list of
lithium-associated genes from 18 previous transcriptomic reports iden-
tified through a systematic literature search, we found low (10%)
overlap between the two sets (Akkouh et al., 2020). A reason for this
discrepancy are undoubtedly differences in experimental designs, e.g.
treatment regimes, tissues and model organisms, expression platforms,
and statistical approaches (Toker et al., 2012). We found high (27%)
overlap with the genes identified by Anand et al. (Anand et al., 2016),
who employed a similar experimental design. Moreover, all overlapping
genes had concordant effect direction in the two studies, supporting the
validity of our findings.

With the current design, we cannot differentiate between genes
involved in lithium's therapeutic mechanisms and genes associated with
lithium exposure per se, as we did not specifically differentiate re-
sponders and non-responders. However, as most participants were on
long-term, stable lithium treatment, it is reasonable to assume that the
fraction of non-responders were low.

Differences in cell type proportions are a major source of gene
expression variance (Hoffman et al., 2017), and this aspect of lithium
pharmacogenetics is often neglected. To investigate the potential impact
of cellular composition on our results, we first estimated cell type
abundances for 21 human leukocyte subsets, and found that the esti-
mated fraction of CD8 T-cells was significantly lower in individuals with
BD using lithium compared to non-users and healthy controls (p < 9e-4).
To test whether this lithium-related reduction in T-cell fraction might
play a role in lithium's effect on gene expression, we carried out a
mediation analysis and found that none of the differentially expressed
genes was significantly mediated by T-cell proportion, indicating that
lithium exerts an independent effect on T-cell proliferation not directly
related to its gene regulatory action. An association between lithium
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treatment and modulation of cell type composition has already been
demonstrated for several cell types, including macrophages, neutro-
phils, and T-lymphocytes (Fernandes et al., 2019; Krebs et al., 2019). In
particular, recent studies have shown that T-lymphocytes have reduced
proliferation capacity in individuals with BD treated with lithium
compared to healthy controls (Pietruczuk et al., 2018; Young, 2009).
This transcriptionally independent lymphopenia effect may represent
one facet of the long-recognized and extensive impact of lithium on
diverse inflammatory functions (Nassar and Azab, 2014; Beurel and
Jope, 2014; Lieb, 1987; Maddu and Raghavendra, 2015).

The study has a few possible limitations. First, the time of the day in
which blood samples were drawn was not available for our analysis and
we could not account for it directly. However, we did control for blood
cell counts that do appear to vary consistently with the time of the day
(O'Neill and Reddy, 2011) and may therefore represent a valid proxy for
the latter. Secondly, our sample comprised uneven proportions of
lithium users and non-users, especially among underrepresented diag-
nostic categories. This reduces the effective sample size and ultimately
translates into lower statistical power. Thirdly, the adverse effects we
considered are not specific to lithium and may have been caused by
other medications. Although the primary analyses were controlled for
polypharmacy, the results of the adverse effects analyses may still be
affected by some measure of residual confounding.

5. Conclusion

We identified 52 significant associations between gene expression
levels in blood and serum lithium levels, with particularly large
expression differences in FAM13A-AS1, FAR2, HRK, LOC642373, PGM5
and CXCL8. We further identified genes with expression levels associ-
ated with key lithium adverse effects. In addition to the findings re-
ported here, we replicated many of the results of a similar study (Anand
etal., 2016) and showed that the effect of lithium on the identified genes
was not driven by cell type composition. The current results provide new
insights into the underlying molecular mechanisms of lithium and
identify putative mechanisms that may predict lithium adverse effects.
While these findings warrant replication in independent samples, they
have a large potential for informing clinical practice.
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