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A B S T R A C T

Objectives The gut microbiome harbors substantially more genetic material than our body cells and has an
impact on a huge variety of physiological mechanisms including the production of neurotransmitters and the
interaction with brain functions through the gut-brain-axis. Products of microbiota can affect methylation ac-
cording to preclinical studies. The current investigation aimed at analyzing the correlation between gut mi-
crobiome diversity and the methylation of the clock gene ARNTL in individuals with Bipolar Disorder (BD).

Methods Genomic DNA was isolated from fasting blood of study participants with BD (n=32). The me-
thylation analysis of the ARNTL CG site cg05733463 was performed by bisulfite treatment of genomic DNA with
the Epitect kit, PCR and pyrosequencing. Additionally, DNA was extracted from stool samples and subjected to
16S rRNA sequencing. QIIME was used to analyze microbiome data.

Results Methylation status of the ARNTL CpG position cg05733463 correlated significantly with bacterial
diversity (Simpson index: r= -0.389, p= 0.0238) and evenness (Simpson evenness index: r= -0.358, p=
0.044). Furthermore, bacterial diversity differed significantly between euthymia and depression (F
(1,30)=4.695, p= 0.039).

Discussion The results of our pilot study show that bacterial diversity differs between euthymia and de-
pression. Interestingly, gut microbiome diversity and evenness correlate negatively with methylation of ARNTL,
which is known to regulate monoamine oxidase A transcription. We propose that alterations in overall diversity
of the gut microbiome represent an internal environmental factor that has an epigenetic impact on the clock gene
ARNTL which is thought to be involved in BD pathogenesis.

1. Introduction

Bipolar Disorder (BD) is a mood disorder, which is characterized by
recurrent manic, depressive or mixed episodes. Even though many
potential pathomechanisms of BD have been identified over the last
decades, it is still largely unknown how these disease mechanisms in-
teract with each other. Neurotransmitter dysbalances, neurotrophic
factor imbalances, chronic inflammation, oxidative stress and disturbed
circadian rhythms have been put forward as putative underlying me-
chanisms (Boland et al., 2012; Andreazza et al., 2008; Berk et al., 2011;
Bengesser and Reininghaus, 2013; Tsai et al., 2012; Soczynska et al.,
2011; Kapczinski 2011; Bengesser et al., 2016). Various genome wide
association studies (GWAS), functional re-analyses of GWAS and

hypothesis driven gene association studies have identified diverse sus-
ceptibility gene groups for BD like genes encoding for ion channel
subunits and associated proteins (e.g. ANK3, CACNA1C) (Sklar et al.,
2008; Lett et al., 2011), adhesion and migration proteins (e.g. NCAN)
(Cichon et al., 2011), neurodevelopment (e.g. brain derived neuro-
trophic factor/ BDNF) (Mueller et al., 2006), clock genes (e.g. ARNTL)
(Le-Niculescu et al., 2008) and lithium response pathways, just to
mention an excerpt of the pathways. Interestingly, the first-line mood
stabilizer lithium interferes with the molecular clock and the lithium-
response has been associated with clock gene variants recently
(Geoffroy et al., 2016). The renowned ConLiGen consortium (Con-
sortium on Lithium Genetics) also revealed an association of the HLA
antigen and inflammation genes with lithium treatment response and
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an inverse association of the polygenic score for schizophrenia with the
lithium-response phenotype (Geoffroy et al., 2016; International
Consortium on Lithium Genetics et al. 2018). Summarized, an orchestra
of risk genes is mediating the vulnerability for BD. The interplay be-
tween this orchestra of risk gene variants and multiple gene-environ-
ment interactions is thought to mediate the disease outbreak. Even
though heritability is as high as 80%, the gene-environment-interac-
tions necessary to trigger affective episodes remain to be identified
(Bengesser and Reininghaus, 2013).

Recently, the gut microbiome has been envisaged as a mediating
disease mechanism in BD (Evans et al., 2017; Dickerson 2017; Rios
et al., 2017). This is not surprising, because the gut microbiome in-
cludes more genetic material than our body cells and has an impact on a
variety of physiological mechanisms including the production of neu-
rotransmitters and the interaction with brain functions through the gut-
brain-axis (Luczynski et al., 2016; Kelly 2017). The term “bacterial
diversity" (alpha-diversity) refers to how many different species are
present in a sample (within-sample diversity). The more different spe-
cies there are present in one sample, the higher is the alpha-diversity in
the gut (Evans et al., 2017). The Simpson index is a measure of bacterial
diversity (alpha diversity). Besides species richness, the distribution of
bacterial species (evenness) is of importance to characterize the di-
versity of a sample. Simpson’s evenness index is more sensitive to
species evenness (Evans et al., 2017; Flowers et al., 2017).

To our best knowledge, there are only three original studies in-
vestigating the gut microbiome in individuals with BD (Evans et al.,
2017; Flowers et al., 2017; Painold et al., 2018). Evans et al. compared
the gut microbiota of patients with BD and healthy controls (HC). They
found higher abundances of Faecalibacterium, and concluded that a
higher representation is associated with a healthier state. In BD in-
dividuals, the representation of Faecalibacterium was related to better
self-reported health outcomes (Evans et al., 2017). Flowers et al. re-
ported on BD patients with or without atypical antipsychotics. De-
creased species diversity was found in treated female patients compared
to other females (Flowers et al., 2017). Our research group (Painold
et al., 2018) found a negative correlation between microbial alpha-di-
versity and illness duration in BD. Further, we identified the phylum

Actinobacteria (LDA=4.82, P= 0.007) and the class Coriobacteria as
significantly more abundant in BD when compared with HC, and Ru-
minococcaceae and Faecalibacterium as more abundant in HC when
compared with BD individuals (Painold et al., 2018).

Epigenetic changes of human DNA and altered gene expression
mediate gene-environment interactions and are putative mechanisms of
the gut-brain-axis. Epigenetic modification of DNA, e.g. methylation of
cytosines in CG rich regulatory targets, results from diverse gene-en-
vironment-interactions and regulates gene expression. Methylation of
CG rich elements (CpG islands) in the 5′regulatory region of genes leads
to silencing of transcription (Knippers, 2001). Epigenetic studies are
still rare in the field of BD. Epigenome-wide association studies (EWAS)
are even rare in the broad field of psychiatry. The first epigenome-wide
methylation analysis in prefrontal cortical brain tissue of individuals
with major psychosis (BD n=35, Schizophrenia n=35) by Mill and
colleagues found epigenetic changes in loci of cell proliferation-, brain
development-, glutamatergic- and GABAergic pathways (Mill et al.,
2008). Epigenome-wide methylation analyses in peripheral blood of
study participants are rare and contain only small sample sizes (Yong-
sheng et al. 2015). Nevertheless, there are rare hypothesis-driven me-
thylation analyses that focused on a limited number of genes such as
KCNQ3, COMT, HTR1A, HTR2A, SERT and ARNTL (Bengesser et al.,
2016; Ghadirivasfi et al., 2011; Nohesara et al., 2011; Carrard et al.,
2011, Sugawara 2011; Abdolmaleky et al., 2006). Specifically, the clock
gene ARNTL (Aryl hydrocarbon receptor nuclear translocator-like gene)
was hypermethylated at cg05733463 in study participants with BD
compared to healthy controls (Bengesser et al., 2016). The CG site
cg05733463 is associated with activating epigenetic marks in the UCSC
genome browser (Kent et al., 2002), which underlines its function as a
putative regulatory element of gene expression (11).

Epigenetic changes of ARNTL are of special interest in BD, because
ARNTL encodes for a transcription factor of monoamine oxidase A
(MAOA) according to a model postulated by Hampp et al. (Hampp
et al., 2008; Hampp and Albrecht, 2008), which based on their in-vitro
studies about the connection between the molecular clock and mood
(see Fig.1). Thus, circadian rhythms and neurotransmitter degradation
by MAOA are crosslinked and gene expression changes of ARNTL may

Fig. 1. Molecular Clock, Methylation, Mood
and Microbiome: Fig. 1 depicts our original
hypothesis about the concatenation between
the microbiome of the gut, the molecular clock
and the mood. The molecular circadian clock is
connected with mood according to a model
postulated earlier by Hampp et al., which is
depicted in a simplified form in this Figure
(Hampp, Ripperger et al. 2008; Hampp,
Albrecht 2008). The clock gene ARNTL (Aryl
hydrocarbon receptor nuclear translocator-like
gene) encodes for a basic helix-loop-helix pro-
tein, which activates the transcription of
MAOA that encodes for a neurotransmitter
degrading enzyme according to in-vitro studies
(Hampp et al., 2008; Hampp and Albrecht,
2008). Our own research group found that
methylation of ARNTL differs significantly be-
tween patients with BD and controls
(Bengesser et al., 2016). Methylation of ARNTL
leads, according to our hypothesis, to silencing
of ARNTL and decreased gene expression of
ARNTL, which may result in reduced MAOA
transcription and increased neurotransmitter
levels in mania. The other way round we hy-
pothesized that decreased methylation of
ARNTL may lead to increased ARNTL gene

expression and increased serotonin, noradrenaline and dopamine breakdown in depression according to our postulated model (Bengesser et al., 2016). Interestingly,
methylation of DNA can be affected by metabolic products of microbiota (Shimizu, 2017). Thus, we suggested in our model that gut-microbiota affect methylation of
ARNTL. The Fig. was designed by W. Krasser.
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influence mood swings (Hampp et al., 2008; Hampp and Albrecht,
2008).

Several gene-environment interactions could principally influence
the methylation of ARNTL. Among these, metabolites of the gut mi-
crobiome receive increasing interest as epigenetic factors regulating the
gut-brain-axis (Stilling et al., 2014; Mischke and Plosch, 2016,
Carbonero, 2017). Metabolites of the microbiota as well as nutrients
processed in the gut can affect gene regulation according to previous
literature. For example, polyphenols can affect epigenetic alterations
(DNA methylation or histone acetylation) by interacting with the en-
zymes responsible for those epigenetic changes (Shimizu, 2017). Thus,
there seems to be a concatenation between the gut microbiome and
epigenetic gene regulation.

For this reason, the current pilot study explored a putative corre-
lation between gut microbiome diversity and ARNTL DNA methylation
in individuals with BD. We hypothesized that the diversity of the gut
microbiome reflects an internal environmental factor that has an epi-
genetic impact on the clock gene ARNTL known to be affected in BD
patients.

2. Materials and methods

2.1. Study participants

The study cohort included Caucasian Austrian individuals with BD
(n=32). The clinical characteristics of the study participants are de-
picted in Table 2. Recruited study participants with BD had been former
in- or outpatients at the Department of Psychiatry and Psychother-
apeutic Medicine of the Medical University of Graz. The diagnosis of BD
was based on DSM-IV criteria and was verified by Standardized Clinical
Interview for DSM-IV/ SCID-I. Patients had given written informed
consent and were legally competent during their participation in the
study. The study had been approved by the local ethics committee
(Medical University of Graz) in compliance with the current revision of
the Declaration of Helsinki, ICH guideline for Good Clinical Practice
and current regulations (EK-number of the Austrian BIPFAT and
BIPGEN study: 24–123 ex 11/12 and 23–199 ex 10/11). Exclusion
criteria were the presence of chronic obstructive pulmonary disease,
rheumatoid arthritis, systemic lupus erythematosus, inflammatory
bowel disease, neurodegenerative and neuroinflammatory disorders
(i.e. Alzheimer's, Huntington's, Parkinson's disorder and multiple
sclerosis), haemodialysis and interferon-α-based immunotherapy. Fur-
ther exclusion criteria were antibiotic or antifungal treatment in the
previous two months, consumption of probiotics or prebiotics in the
preceding two months, pregnancy and period of breastfeeding, in-
flammatory syndromes of the digestive tract, drug or alcohol abuse, and
history of gastrointestinal surgery (other than appendectomy).

2.2. Microbiota analysis

2.2.1. DNA isolation and PCR amplification
Analysis of the gut microbiome was performed as described in the

recently published original report (Painold et al., 2018). Stool samples
were collected on the day of blood taking and the stool samples were
immediately frozen at −20 °C before microbiome analysis with 16S
rRNA sequencing. DNA was isolated from stool samples of study par-
ticipants with BD (n= 32) with the PowerLyzer PowerSoil DNA Isola-
tion Kit (MO BIO Laboratories Inc, CA, USA). DNA concentration was
measured with Picogreen fluorescence. The V1–V2 region of the 16S
rRNA gene was amplified by Polymerase Chain Reaction (PCR). The
primers GATTGCCAGCAGCCGCGGTAA and GGACTACCAGGGTATCT
AAT and the Mastermix 16S Complete PCR Kit (Molzym, Bremen,
Germany) were used for the PCR. The first PCR product was introduced
to a second cycle of PCR with primers fusing the 16S primer sequence to
the A and P adapters, required for Ion Torrent sequencing. A barcode
sequence was included to multiplex up to 96 samples. Agarose gel

electrophoresis was performed with the PCR products. Then the QIA-
quick (Qiagen, Hilden, Germany) gel extraction system was used for
purification of the band with the expected length of 330 nucleotides.
The concentration of the final PCR product was measured with Pico-
green fluorescence.

2.2.2. Sequencing
Amplicons were pooled equimolarly and emulsion PCR was per-

formed using the Ion Torrent One Touch 2.0 Kit (CatNr: 4480974,
Thermo Fisher Scientific, MA, USA) according to manufacturer's pro-
tocols (Ion PGM Template OT2 200 Kit User Guide, CatNr: 4480974,
Thermo Fisher Scientific). Afterwards the beads were isolated on the
Ion ES station and loaded onto Ion Torrent 318 chips. Sequencing was
done with the Ion Torrent PGM using the Ion 400BP Sequencing Kit
(Thermo Fisher Scientific, MA, USA). Splitting of the sequences was
performed by the barcode system and transferred to the Torrent suite
server. Unmapped bam files were used as input for bioinformatics
analysis.

2.2.3. Phylogenic analysis and bioinformatics
Phylogenic analysis and bioinformatics quality control was per-

formed with DeconSeq (Schmieder and Edwards, 2011), Acacia tool
(Bragg et al., 2012), Usearch algorithm (Edgar, 2010) and QIIME 1.8
(Caporaso et al., 2010).

2.2.4. Statistical analysis and visualization
Species richness, an indicator of how many different species are

present in stool sample, was calculated with Simpson index and even-
ness with QIIME 1.8. Data were rarified to 8000 sequences per sample.
All remaining statistical calculations were performed in IBM SPSS
Statistics Version 22. Bioinformatics analysis was performed as de-
scribed previously by Mörkl et al. (2017). Raw sequences were filtered
for contaminating and artificial sequence fragments by DeconSeq
(Schmieder and Edwards, 2011) and USEARCH (Edgar, 2010). Chi-
meric and low quality sequences were identified and removed using
Acacia (Bragg et al., 2012). Phylogenetic analysis of the remaining high
quality sequences was performed using QIIME 1.8 (Caporaseo et al.
2010). Finally, core diversity workflow of QIIME was used to compute
the core set of diversity analysis.

2.3. Methylation analysis of ARNTL

Peripheral fasting blood was taken at 8:30 a.m. at the Department of
Psychiatry and Psychotherapeutic Medicine of the Medical University
of Graz. DNA isolation was performed with the salting out method from
lymphocytes of patients with BD (n=32) at the Diagnostic and
Research Institute of Human Genetics of the Medical University of Graz.
The DNA concentration was measured with NanoDrop© spectrometry.

Methylation of the CG site cg05733463 of the clock gene ARNTL
was measured at the Institute of Neuropathology of the University of
Bonn (Germany). Methylation status was analyzed by bisulfite treat-
ment of DNA, PCR and pyrosequencing. Sodium bisulfite treatment was
performed with the Epitect Bisulfite kit® (Qiagen) according to manu-
facturer’s guidelines (2012). A DNA fragment containing the CG site
cg05733463 was amplified from sodium bisulfite-converted DNA using
the primers presented in Table 1. PyroMarkGold Reagents (Qiagen)
were used for pyrosequencing and the Pyromark Q24 instrument
(Qiagen) was used according to the manufacturer’s instructions (2012).
Pyrogram outputs were analyzed with the PyroMarkQ24 software and
methylation of ARNTL was measured as described previously (Ben-
gesser et al., 2016).

2.4. Statistics

2.4.1. Description of the sample and general results
The robust ANCOVA model (independent factor: affective phase,
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dependent factor: bacterial diversity or evenness and covariates: age
and sex) was used to analyze differences of bacterial diversity or
evenness between depression (n= 13) and euthymia (n=19).
Similarly, differences of the epigenetic marker between both affective
episodes were investigated with this model. Differences of the men-
tioned target parameters (bacterial diversity, bacterial evenness or
methylation of ARNTL) between male (n=25) and female study par-
ticipants (n=7) were also analyzed with the ANCOVA design with the
covariate age. Homogeneity of the sample was measured with the
Levene’s test. Spearman correlation analysis was used to analyze cor-
relations between clinical parameters (age, BDI, BMI, HAMD, YMRS)
and bacterial diversity or methylation of ARNTL. The results are de-
picted in Table 2.

2.4.2. Correlation between bacterial diversity and methylation of ARNTL
SPSS version 22.0 was used for statistical analyses. The

Kolmogorov–Smirnov test and the Shapiro-Wilk normality test showed
that we had to reject the normality assumption. The correlation be-
tween the microbiome diversity marker Simpson Index and methylation
of ARNTL was therefore analyzed with Spearman correlation. Similarly,
Spearman correlation was used to analyze the correlation between the
gut microbiome evenness marker Simpson evenness index and methy-
lation of ARNTL.

3. Results

3.1. General description of the sample

Alpha-diversity measured by the Simpson index differed sig-
nificantly between individuals with the current state of depression

(n= 13) and euthymia (n=19) in the current sample of study parti-
cipants with BD (F(1,30)=4.695, p= 0.039, Partial Eta2= 0.144).
Descriptive statistics (mean average and standard deviation) is visua-
lized in Fig. 2. In contrast, the methylation marker of ARNTL did not
differ between depression and euthymia (F(1,30)=0.023, p= 0.881,
Partial Eta2= 0.001). Further general results and the clinical char-
acteristics of the sample are depicted in Table 2. Additionally, the
distribution of the Simpson index (A), Simpson evenness (B) and Me-
thylation of ARNTL (C) in study participants with BD is shown in Fig. 3.
The correlation between Simpson diversity index and the methylation
marker of ARNTL is depicted in Fig. 4.

3.2. Correlation between ARNTL methylation and microbiome diversity

The methylation status (in %) of the ARNTL CpG position
cg05733463 correlated significantly with bacterial diversity (Simpson
index: r= -0.389, p= 0.0238) and evenness (Simpson evenness index:
r= -0.358, p= 0.044) in individuals with BD (see Fig. 4).

Table 1
Primers used for the CG rich regions (manufactured by Biolegio®, Germany;
designed by A. Waha). PS…pyrosequencing, PCR… Polymerase Chain Reaction,
f…forward, r…reverse, BIOT…biotinylated.

PRIMERS

CG rich
position

Primer ID Primer Sequence Method

cg05733463 cg05733463-f GGGAATTGTTTTTTTGGTTGTAGT PCR
cg05733463-r CCCACAACACAAAATATTAATCAT

(BIOT.)
PCR

cg05733463-ps TGTTTTTTTGGTTGTAGTTTAA PS

Table 2
Characteristics of the study participants with Bipolar Disorder.

Characteristics of the study participants with Bipolar Disorder

Clinical parameter Descriptive statistics
(M +/- SD)

Correlation or ANCOVA of clinical parameter with bacterial
diversity marker

Correlation or ANCOVA of clinical parameter and
Methylation marker of ARNTL

Study participants with BD
Depression (HAMD≥ 10)

n= 32
n=13

Euthymia (HAMD < 10) n= 19 F(1,30)=4,695, p=0.039* F(1,30)= 0.023, p= 0.881
Females with BD n=7 F(1,31)=0.031, p=0.861 F(1,31)= 0.239, p= 0.629
Males with BD n=25
Age (average +/- SD) 41.67 (+/- 17.51) r= -0.341, p=0.056 r= -0.046, p=0.804
BDI (average +/- SD) 14.73 (+/- 10.05) r= -0.283, p=0.130 r=0.251, p=0.181
HAMD (average +/- SD) 7.00 (+/- 4.35) r= -0.275, p=0.128 r=0.029, p=0.875
YMRS (average +/- SD) 0.81 (+/- 1.75) r=0.038, p=0.836 r= -0.119, p=0.515
BMI (average +/- SD) 27.99 (+/- 6.45) r=0.108, p=0.556 r= -0.165, p=0.368

Abbreviations: BD…Bipolar DisorderHAMD… Hamilton Depression Score, YMRS… Young Mania Rating Scale, BMI… Body Mass Index [kg/m2]BDI… Beck’s de-
pression inventory scale, M… mean, SD…Standard Deviation. Statistics: ANCOVAs with the covariates age and sex were used to test differences between groups.
Spearman’s correlation was used to analyze correlations between clinical parameters (agedepression scale marker: BDI and HAMDmania scale marker: YMRSand
BMI) and bacterial diversity or methylation of the ARNTL CG site cg05733463. Significant results (p < 0.05 are marked with * and are written in bold. The Simpson
evenness marker did neither differ between affective episodes nor between females and males. Additionally, the evenness marker did not correlate with the clinical
markers (age, BMI, BDI, HAMD and YMRS). For a better readability of the table, those results are not depicted here.

Fig. 2. Descriptive Statistics (mean average and standard deviation) of micro-
biome diversity in affective states of Bipolar Disorder: Simpson index (bacterial
alpha-diversity) in depression and euthymia of study participants with Bipolar
Disorder. The Simpson index is a measure of how many different bacterial
species are present in the gut. * p < 0.05 (analyzed with ANCOVA with age
and sex as covariates).
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4. Discussion

To the best of our knowledge, this is the first pilot study to show a
correlation between CpG methylation status of the clock gene ARNTL
and gut microbiome diversity as well as gut microbiome evenness in
BD. Specifically, the methylation status at cg05733463 of the clock
gene ARNTL correlated negatively with bacterial diversity and even-
ness: the lower the gut microbiome diversity, the higher the methyla-
tion. Via this mechanism, low microbiome diversity may lead to de-
creased ARNTL and MAOA gene expression and consequently to
decreased breakdown and a pro-manic effect according to our postu-
lated model (see Fig. 1).

The negative correlation between gut microbiome diversity and
methylation of the ARNTL cg-site cg05733463 is of particular interest.
According to the UCSC genome browser, this special position shows an
activation of epigenetic marks such as histone acetylation (under phy-
siological conditions), which underlines its important role as a reg-
ulatory element. An altered methylation at this site is likely to have an
impact on the gene expression of ARNTL and, consequently, of other
genes that are regulated by ARNTL (the original hypothesis is depicted
in Fig. 1). It is of particular note that the clock gene ARNTL encodes a
transcription factor of MAOA. Epigenetic silencing of ARNTL will
therefore reduce MAOA activity according to our model (Bengesser
et al., 2016) and, due to impaired degradation, enhance monoamine
neurotransmitter levels (Hampp et al., 2008; Hampp and Albrecht,
2008). It can thus be envisaged that ARNTL gene expression and
monoamine neurotransmitter degradation/activity are crosslinked with
each other and have a bearing on mood swings typical for BD
(Bengesser et al., 2016; Hampp 2008; Hampp and Albrecht, 2008).

Our study results about decreased bacterial diversity and evenness
in depressive states of BD go in line with previous literature (Flowers
et al., 2017; Nguyen et al., 2018; Painold et al., 2018), which was
summarized in a recent review of Nguyen et al., highlighting distinct
alterations of the gut microbiome in BD individuals (Nguyen et al.,

2018). For instance, BD was shown to be associated with a reduced
microbial diversity, and global community differences were found in
comparison to non-psychiatric samples. However, the gut microbial
diversity and evenness and subsequently gut microbiota metabolites
could be connected to specific states of BD such as depression, euthymia
and mania, which were not investigated in the studies so far as the
current state of BD patients was not taken into account (Flowers, Evans
et al., 2017; Evans et al., 2017). Nevertheless, this may be a crucial
factor as the gut microbiome is of a highly dynamic nature and is also
exhibiting daily cyclical fluctuations in composition (Zarrinpar et al.,
2014; Evans 2017). These cyclical fluctuations may be of special re-
levance in the pathogenesis of BD (Maruani et al., 2018; Morgan 2013).
Also fluctuations in circadian rhythms like reduced sleep, which is
common in mania and depression, may explain unpredictable changes
in the molecular clock. Furthermore, illness duration of BD was found
to be inversely correlated with bacterial diversity (Painold et al., 2018),
which could also be because of long-term alterations of the gut mi-
crobiota by psychopharmacological therapy (Morgan, Anderson et al.
2013). Additionally, gut microbiome diversity is associated with di-
verse environmental factors such as unbalanced diet, lack of physical
activity, inflammation and oxidative stress, which could also influence
epigenetic regulation (Xu and Knight, 2015; Alam et al., 2017; Morkl
et al., 2017; Shimizu, 2017).

In our study, BD individuals with depression showed slightly lower
microbiome diversity in comparison to euthymic individuals.
Nevertheless, mood scores themselves (HAMD, BDI and YMRS) did
neither correlate with the Simpson index nor with the Simpson even-
ness marker. The significantly decreased microbiome diversity in de-
pression goes in line with the current literature depicting general mi-
crobiome alterations during depression (Winter et al., 2018).
Nevertheless, the result is contradicting our expectation according to
our postulated theory about the connection between the gut micro-
biome, the molecular clock and mood (see Fig.1). According to the
negative correlation between Simpson index and the methylation of
ARNTL, low gut-microbiome diversity should principally lead to high
methylation of ARNTL and silencing, which should principally lead to
decreased ARNTL and MAOA transcription (leading to low neuro-
transmitter breakdown and increased levels of serotonin, dopamine and
noradrenalin). Nevertheless, the functional effect of ARNTL methyla-
tion on neurotransmitter degradation must be evaluated in more detail
in future studies, because neurotransmitters are also degraded by the
enzyme COMT (catechol-O-methyltransferase). Gene expression of
MAOA could also be altered by epigenetic changes of MAOA itself,
which has not yet been analyzed in BD (Bengesser and Reininghaus,
2013). Furthermore, patients with current states of mania must be re-
cruited to evaluate our hypothesis completely. Based on decreased
compliance in mania, the acquisition of stool samples from hypomanic
BD patients takes time. Therefore, this report presents preliminary re-
sults of study participants with depression and euthymia.

Additionally, further research is absolutely necessary to investigate

Fig. 3. Visualization of sample characteristics: Simpson index, Simpson evenness and Methylation of ARNTL in study participants with Bipolar Disorder (BD). The
Simpson index is a measure of how many different bacterial species are present in the gut. The Simpson evenness index describes how evenly the species in the sample
are distributed. The clock gene ARNTL (Aryl hydrocarbon receptor nuclear translocator-like gene) encodes for a basic helix-loop-helix protein, which activates the
transcription of MAOA that encodes for a neurotransmitter degrading enzyme.

Fig. 4. Epigenetics of the clock gene ARNTL and gut microbiome diversity:
Correlation between Methylation of ARNTL [%] and Simpson index.
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metabolites of gut-bacteria in the stool samples or in the serum, because
the metabolites themselves affect epigenetic changes in human DNA.
Metabolites of gut-microbiota may even influence the permeability of
the blood-brain-barrier (Logsdon et al., 2018). Thus, we suggest that
besides gut microbiome diversity, either a high diversity of specific
genera or specific gut microbial metabolites may be associated with
mood swings. Bacterial diversity alone might not act as a main indicator
for different mood states in BD disorder and to account for a “healthy
state” of the gut microbiome. Alpha-diversity must be seen as a context-
dependent parameter and not as a stand-alone indicator for gut dys-
biosis. Specific bacterial metabolites could act as epigenetic regulators.
Those metabolites may be of higher importance than diversity and
evenness alone (Shimizu, 2017). Subsequently, this highlights the fu-
ture need of the investigation of the gut-microbiota metabolites with
modern methods of the prospering field of metabolomics.

The correlation between gut microbial diversity and ARNTL me-
thylation may reflect one putative gene-environment concatenation
between the gut microbiome and the pathomechanisms of BD. This
could be another implication of the brain-gut-axis thought to play a role
in a number of neuropsychiatric disorders (Stilling et al., 2014). We
therefore suggest that the microbiome interacts with the circadian clock
by inducing epigenetic changes in genes present in peripheral blood.

This study gives first results about a putative connection between
the gut-microbiota and gene regulation of a major player of the mole-
cular clock, which could putatively affect mood.

5. Limitations

This pilot study was performed in a rather small study sample,
which included only study participants with BD in depressive and eu-
thymic states. Hypomanic and manic study participants are not present
in the current pilot study, because the compliance of participation is
lower in the state of hypomania or mania and the patients have to give
written informed consent in euthymia before participation in mania.
Another limitation is the fact that depression was only investigated in
patients with BD and not in unipolar depression. The latter will be in-
vestigated in further studies in the future. Methylation analysis was
performed in peripheral blood and not in brain tissue based on ethical
reasons. Nevertheless, previous literature indicates that the blood is a
good mirror of ongoing mechanisms in the brain. BD patients remained
on their usual pharmacotherapy (antidepressants and mood stabilizers)
and as this was a naturalistic pilot-study, on their usual dietary pat-
terns. Metabolic products of gut bacteria such as short chain fatty acids
were not measured in this study.

6. Conclusion

Our results provide the first evidence that gut microbiome diversity
and evenness correlate negatively with epigenetic alterations of the
clock gene ARNTL, specifically methylation at the CpG site
cg05733463. This site has been identified as a regulative target and
ARNTL transcription correlates positively with MAOA transcription.
The current findings open a new avenue of research by suggesting that
alterations in gut microbiome represent an internal environmental
factor that has an epigenetic impact on the clock gene ARNTL. Further
studies are necessary to examine whether this relationship has a bearing
on the pathomechanisms of BD.
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