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ABSTRACT

Antidepressant-induced mania (AIM) is a side effect of antidepressant treatment that is
characterized by mania or hypomania after the start of medication. It is likely polygenic,
but its genetic component remains largely unexplored. We aim to conduct the first
genome-wide association study of AIM in 814 bipolar disorder patients of European
ancestry. We report no significant findings from our single-marker or gene-based
analyses. Our polygenic risk score analyses also did not yield significant results with
bipolar disorder, antidepressant response, or lithium response. Our suggestive findings
on the hypothalamic-pituitary-adrenal axis and the opioid system in AIM require
independent replications.



1. INTRODUCTION

Antidepressant-induced mania (AIM) is a common side effect of antidepressant
treatment, described as an episode of elevated mood and excitation occurring after
commencement of an antidepressant treatment at a rate of 12.5-40% (Goldberg and
Truman, 2003, Tondo et al., 2010, Viktorin et al., 2014). The mechanism underlying this
mood switch is unclear. Literature supports the role of several clinical factors in AlM,
including absence of mood stabilizing medication or antidepressant monotherapy, a
diagnosis of bipolar disorder type 1 (Bond et al., 2008), use of selective serotonin
reuptake inhibitors (SSRIs) and venlafaxine (Patel et al., 2015), use of tricyclic
antidepressants, and the number of previous depressive episodes (reviewed in
Melhuish-Beaupre et al (Melhuish Beaupre et al., 2020 8)). The alternative terms of
“antidepressant-associated mania or hypomania” or “treatment-emergent affective
switch”, including “treatment-emergent manic switch”, have been proposed to account
for the heterogeneity of altered mood states and their association with antidepressant
exposure (Fornaro et al., 2018a, Malhi et al., 2015). Further complicating our
understanding of the underlying biology is the observation that, although less frequently
reported, antidepressant withdrawal manic states have also been described (Abou
Kassm and Naja, 2018). Despite the ongoing controversies and inconsistencies
surrounding the definition of AIM itself, along with its possible inclusion in the bipolar
spectrum (Fornaro et al., 2018a), the clinical implications for the subsequent treatment
selection for individuals presenting with AIM are particularly significant (Malhi et al.,
2015). Genetic factors also contribute to antidepressant response and tolerability
(Voegeli et al., 2017). However, few genetic studies have been conducted in AIM.
Candidate gene studies have yielded mostly negative findings for genes including the P-
glycoprotein 1 coding multidrug resistance protein 1 (MDR1) or ATP-binding cassette
sub-family B member 1 (ABCB1) gene (De Luca et al., 2003), Serotonin receptor
(HTR2A), Tryptophan hydroxylase (TPH1), Monoamine oxidase A (MAOA), Catechol-o-
methyltransferase (COMT), G-protein subunit beta 3 (GNB3), and Dopamine receptor
genes (DRD2, DRD4) (Serretti et al., 2004), Brain-derived neurotrophic factor (BDNF)
(de Aguiar Ferreira et al., 2010, Zai et al., 2007). The most studied genetic marker for
AIM has been the HTTLPR polymorphism in the serotonin transporter gene (SLC6A4)
(Biernacka et al., 2012, Daray et al., 2010, Frye et al., 2015), with odds ratio for short
allele being 1.35 (95% confidence interval: 0.99-1.85; p=0.059), indicating a small
effect. Therefore, it is plausible that, similar to other traits associated with drug
treatment, including response (Nohr et al., 2022) or resistance (Fanelli et al., 2021), AIM
is polygenic. Yet, to date there have not been investigation at genome wide level of the
genetic architecture of AIM.

Here, we performed the first genome-wide association study (GWAS) of AIM in two
samples from Sardinia and one from the United States of America (Systematic
Treatment Enhancement Program for Bipolar Disorder, STEPBD) study (N=814) in
order to identify novel genetic markers for AIM.



2. EXPERIMENTAL PROCEDURES
2.1 Samples

Our study population consists of three sample sets, the STEP-BD clinical trial (STEPBD
(Sachs et al., 2003)), Centro Bini (BINI), and University of Cagliari (UNICA). The
STEPBD sample set consists of 955 bipolar disorder cases. Antidepressant-induced
mania was assessed using the self-reported Affective Disorders Evaluation form during
baseline interview of the study, with a specific item on “Hx of Antidepressant induced
(hypo)mania” within first 12 weeks of a given treatment (Truman et al., 2007). Of the
955 STEPBD participants, 620 had data collected on AIM with 249 rated as having
positive history of AIM. The clinical sample recruited at the Unit of Psychiatry of the
University Health Agency of Cagliari, Italy consisted of a cohort of 50 patients selected
from patients attending the outpatient clinic of this community mental health center.
Patients were enrolled in the genetic study if they met the following inclusion criteria: 1)
diagnosis of either bipolar | or bipolar Il disorder according to DSM 5 criteria validated
through the Italian version of the SCID-5-CV (Structured Clinical Interview for DSM-5
Clinical Version); 2) being in euthymic phase. All patients provided a written consent
form regarding the use of their biological and clinical data for research purposes. Blood
samples were gathered at the beginning of the study along with the relevant
demographic and biometric data. The sample recruited at the Mood Disorder Lucio Bini
Center in Cagliari (Italy), a specialized outpatient clinic for the diagnosis, treatment and
research of affective disorders consisted of 198 patients diagnosed BD-I/1l diagnosis
based on DSM5 criteria. In both samples, AIM status was defined as experiencing a
manic or hypomanic episode within 2 weeks of initiating antidepressant treatment. The
AIM assessment was performed retrospectively by analyzing the medical health records
and direct interviewing the study participants. The study has been approved by the
institutional research ethics boards and abides by the standards set out by the 1964
Declaration of Helsinki and its amendments. All research participants provided
informed consent for the study.

2.2 Genotyping and quality control

The STEPBD sample set was genotyped on Affymetrix 500K Arrays (372,194 markers).
The Sardinian sample sets were genotyped on the lllumina Infinium Global Screening
array (lllumina Inc.). We performed standard quality control of the genotype data using
PLINK (Purcell et al., 2007) and R based on sex concordance, missingness (<1%),
relatedness (Pl_HAT<=0.185), heterozygosity (within +/-5 SD of mean), and ancestry
(European and within +/-6 SD of mean); as well as for genetic markers in terms of
missingness (<1%), minor allele frequency (25%), Hardy-Weinberg Equilibrium (p=1e-
10). Ancestry of our sample was compared to the HapMap (CEU, YRI, and CHB)
reference data using principal component analysis in PLINK. Whole-genome imputation
was performed using the Michigan Imputation Server docker within CAMH with 1000
Genomes Phase 3 data as the reference panel (Clarke et al., 2017), with markers
having info score of less than 0.7 excluded from analyses. This resulted in 4,964,112



markers and 605 (245 positive for AIM) participants in the STEPBD sample set, and
6,514,129 markers and 209 (42 positive for AIM) participants in the Sardinian sample
sets available for data analyses.

The sample of 287 cases and 527 controls has over 80% power to detect an effect size
of 2.16 (minor allele frequency 20%, additive model, alpha 5e-8, QUANTO,;
(Gauderman and Morrison, 2006)). Table 1 summarizes the characteristics of our study
sample sets.

2.3 Analysis

Single-marker analyses were performed using PLINK (Purcell et al., 2007), including
sex, age, site (for UNICA/BINI), and the first two principal components as covariates.
Gene-based analyses were conducted using MAGMA (de Leeuw et al., 2015). We
calculated polygenic risk scores with PRSice2 using default parameters (R-Squared
threshold for clumping of 0.1, clumping distance of 500kb) (Choi and O'Reilly, 2019,
Euesden et al., 2015), using summary statistics for bipolar disorder (PGC3 excluding
STEPBD; (Mullins et al., 2021)), lithium response (Hou et al., 2016), and antidepressant
response (Pain et al., 2022) with covariates mentioned above. In addition to the
standard quality control steps for ambiguous alleles, strand flips and allele calls in the
summary statistics in PRSice2, we included markers with imputation info scores of at
least 0.9 where applicable. We also used polygenic risk scores calculated using
Bayesian regression with continuous shrinkage priors implemented by PRS-CS-auto
(Ge et al., 2019) to compare with results from PRSice2. We set the significance
threshold for single-marker analysis at 5e-8, for gene-based analysis at 3e-6 (for 16,890
genes), and polygenic risk score analyses 0.0013 (0.004 for thresholding and for three
summary statistics). We also explored leveraging hippocampal and frontal cortical
(BA9) gene expression data in a transcriptome-wide association study as described
previously (Gusev et al., 2016).

3. RESULTS

Our single-marker analysis did not yield genome-wide significant results (p>5e-8), nor
did our gene-based analysis (p>3e-6). Manhattan plots and quantile-quantile plots are
shown in Figure 1. The top 10 suggestive independent single-marker are shown in
Table 2 (p<5e-5; all suggestive single-marker findings in Supplementary Table S1), and
top 10 gene-based analysis findings are shown in Table S2, and their LocusZoom plots
are shown in Supplementary Figures S1 and S2. We included top phenotypes from
various GWASSs (source: Elsworth et al, 2020 doi: 10.1101/2020.08.10.244293) that
pertain to our top suggestive SNPs in Table 2. Findings for SNPs of interest and top
SNPs in candidate genes are shown in Supplementary Table S3. Of the top 10
markers, three (rs11007049, rs3843587, rs11007051) are associated with MAGUK p55



scaffold protein 7 (MPP7) gene expression, three (rs57423449, rs61578442,
rs1047584) with Receptor Transporter Protein 4 (RTP4) gene expression, and one
(rs61823093) is associated with the expression of the genes kelch domain containing
8A (KLHDCB8A), NUAK family kinase 2 (NUAK2), dual serine/threonine and tyrosine
protein kinase (DSTYK), and LEM domain containing 1 (LEMD1). Of the top 10 genes
from our gene-based analysis, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit delta (PIK3CD) also have a suggestive marker (rs9430574) which is associated
with its expression. The top marker for the H6PD gene, rs12060409, is associated with
H6PD expression (GTEx Consortium, 2015). Polygenic risk score analyses did not
yield significant results for lithium response, antidepressant response, or bipolar
disorder using polygenic risk scores from PRSice2 or PRS-CS-auto (p>0.0013;
Supplementary Figure S3). Our exploratory TWAS did not yield significant gene
findings (top genes shown in Supplementary Table S4).

4. DISCUSSION

We report here the first genome-wide association study of antidepressant-induced
mania (AIM). The heterogeneous AIM prevalence between the two cohorts appears in
line with previous reports (Fornaro et al., 2018b) and may indeed depend on a variety of
vulnerability factors that may be difficult to account for (Lieberman et al., 2009). While
our overall findings were negative, a number of suggestive findings are worthy of further
investigations. For example, RTP4 is an opioid receptor chaperone protein (Fujita et al.,
2022, Fujita et al., 2019) that protects mu-delta opioid receptor heterodimers from
ubiquitination and degradation (Decaillot et al., 2008). Chronic morphine exposure has
been shown to upregulate RTP4 expression in the hypothalamus (Fujita et al., 2019),
which leads to morphine tolerance (Fujita et al., 2022). Interestingly, morphine
sensitization has been proposed as a model for manic symptoms (Grappi et al., 2011).
H6PD is associated with corticosteroid metabolism (Lavery et al., 2008, White et al.,
2007). ltis localized in the lumen of the endoplasmic reticulum and has been implicated
in cortisone reductase deficiency (Draper et al., 2003). Dysfunction of the hypothalamic-
pituitary-adrenal (HPA) axis has been reported in bipolar disorder, with cortisol levels
being found to be increased, especially during manic phases (Belvederi Murri et al.,
2016). The cytosolic version (G6PD; X-linked gene) has been implicated in bipolar
disorder and psychosis (Bocchetta, 2003). KLHDCS8A has been reported to be
increased in glioma-associated macrophages and it may play a role in oxidative stress
(Cheng et al., 2022).

Previously examined AIM candidate genes, including SLC6A4, did not show up in our
suggestive findings, indicating that these markers may not play major roles in the
etiology of AIM. Our negative findings are also likely due to the limited sample sizes,
especially of the source GWASs from which the polygenic risk scores were derived
(lithium response, antidepressant response) and our target GWAS, available for our
current analyses. Our polygenic risk score analyses did not consider sex



chromosomes, and neither our GWAS nor polygenic risk score analyses considered the
mitochondrial genome, which could play a role in AIM risk (Gardea-Resendez et al.,
2023). Different study designs between STEPBD and UNICA/BINI, including participant
selection and different timeframes for definitions of AIM, could explain the different rates
of AIM between the two studies, and could have led to lack of significant findings. We
also did not have detailed information on medications and clinical data that could have
influenced AIM status. Larger prospectively followed sample sizes with standardized
definition of AIM cases and controls would have increased power for polygenic risk
score analyses, and enable us to conduct gene-set analyses and to consider clinical
factors of AIM in the analyses. Our preliminary, suggestive findings on HPA axis and
opioid systems in AIM reported herein will need independent replications in larger well-
characterized samples.
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HIGHLIGHTS

- We report the first genome-wide association study of antidepressant-induced
mania.

- We report no significant single-markers or genes in 814 bipolar disorder patients.

- Suggestive findings will need replications in larger well-characterized samples.



Table 1. Characteristics of our study sample sets.

Sample sets UNICA/BINI (N=209) STEPBD (N=605)
AIM (%) 42 (20%) 245 (40%)
Females (%) 86 (41%) 335 (55%)
Average age (SD) years 40 (14) 41 (12)
Lifetime Bipolar I /11 (%) 96 (46) 605 (100)
Age at onset (<30 years old) 134 (64) 511 (84)




Table 2. Top 10 independent SNPs from single-marker analysis of antidepressant-induced

mania¥*.

SNP

CHR

BP

Allelel

Allele2

Pooled
OR

P-value

Dir

Closest
Gene

PheWAS*

rs4653202

37054082

T

C

0.642

2.49x10°®

intergenic

Tyrosine, Hip circumference, Mean
thickness of S-front-inf (left
hemisphere), Job involves mainly
walking or standing, Mean thickness
of S-orbital-lateral (left hemisphere)

rs61823093

205304806

0.607

1.63x10°

KLHDCS8A

NUAK2 gene expression”®, Mean
platelet (thrombocyte) volume”, Sex
hormone-binding globulin levels
adjusted for BMI, Hair colour (natural,
before greying): Dark brown, Platelet
count

rs4613462

88539687

0.572

1.99x10°

CSNKAZ2IP

Leg fat mass (left)®, Body mass index
(BMI)", Leg fat mass (right)”®, Arm fat
mass (right)®, Arm fat mass (left)*

rs7433834

107235710

2.058

1.03x10°

++

BBX

Worry too long after embarrassment,
Neuroticism, Worrier / anxious
feelings, Ankle spacing width (left),
Invitation to complete online 24-hour
recall dietary questionnaire
(acceptance)

rs7644809

107564459

0.615

2.26x10°

LINC00635

Sleep duration”, Schizophrenia,
Irritable mood, Snoring, Hemoglobin
concentration

rs1047584

187088656

0.544

1.06x10°

RTP4

RTP4 gene expression”, Types of
transport used (excluding work), Brain
imaging NET100 0070, Asthma mixed

form (mode), Number of days/week
walked 10+ minutes

rs56355054

78465983

1.927

8.08x1077

++

PCSK5

PCSK5 expression, Matrix
metalloproteinase-7 levels, Other and
unspecified follicular disorders,
Reason for not eating or drinking
normally: Away, ER membrane
protein complex subunit 4

rs3843587

10

28643990

1.687

1.32x10°

++

MPP7

MPP7 gene expression”, Heel
Broadband ultrasound attenuation:
direct entry, Heel bone mineral
density, Macular hole, Plexin C1

rs10761853

10

66376716

1.564

2.36x10°

++

LOC1053783
35;
LOC1249024
39

Pericarditis, Cognitive performance,
llinesses of father, Brain imaging
NET100 1141, Participation in an

health questionnaire (not invited vs

invited)

rs2593286

15

76044074

1.613

2.51x10°

++

Intergenic;
50kb 5’ of
CSPG4

MAN2C1 gene expression”, UBE2Q2
gene expression”®, SNUPN gene
expression”, Hematocrit®, FBX0O22
gene expression

SNP single-nucleotide polymorphism; CHR chromosome; BP position; Dir direction of effect of Allele 1 in the two samples.
Independent SNPs are based on clumping R-Squared threshold of 0.1 and clumping distance of 250kb. *Data from MRC
Integrative Epidemiology Unit OpenGWAS database (IEUGWASdDb; https://gwas.mrcieu.ac.uk/; doi:
10.1101/2020.08.10.244293); “genome-wide significant association (p<5e-8)



https://gwas.mrcieu.ac.uk/
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