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Abstract

Background: Bipolar disorder (BD) is a mood disorder that affects millions worldwide.
Up to half of the diagnosed patients are reported to not receive adequate treatment.
This study aims to assess the relationship between the gut-brain axis and BD and to
discuss and compare the efficacy of varying methods of balancing gut microbiotas in
BD.

Methods: Using PubMed, Embase, and Google Scholar from November 2021 to Febru-
ary 2022, we found 5310 studies on gut microbiota and its relation to BD. Using our
inclusion criteria, 5283 studies were excluded. A total of 27 full-text articles were
assessed for eligibility. Also, 12 articles that met our criteria and eligibility criteria
reported on 613 BD patients.

Results: Most studies analyzed found an overall difference in gut microbiota compo-
sition in bipolar patients compared to healthy controls, though the alterations found
were not consistent. Differences in Lactobacillus, Faecalibacterium, and Ruminococcus
abundance in BD compared to controls were found to be the most consistent across
a few of the studies, but their effects on the gut-brain axis conflicted. Probiotic sup-
plementation was found to lower patient rehospitalizations and significantly improve
depressive symptoms and cognitive impairments among patients with BD.
Conclusions: Multiple studies included in this review point toward a possible link
between BD and the gut microbiota. Probiotic supplements and other gut-balancing
therapies could serve as effective adjunctive methods for the treatment of BD. Notable
limitations of the studies included for analysis were small sample sizes and major-
ity observational study designs. Furthermore, the microbiota aberrations found in
patients with BD were not consistent across multiple studies. Despite these limitations,
our findings demonstrate the need for further research regarding the relationship
between aberrant gut microbiota profiles and BD, as well as the effectiveness of gut

balancing methods as adjunctive treatments.
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1 | INTRODUCTION

Bipolar Disorder (BD) affects 45 million people worldwide (World
Health Organization, 2022). The National Institute of Mental Health
has reported that up to 50% of patients with BD fail to receive ade-
quate treatment for their mental illness, leaving over 2 million US
patients untreated (Bipolar Disorder- Fact Sheet, 2022). Globally, it
has been reported by the World Health Organization (2022) that 75%
of people with mental health disorders, such as BD, lack access to
adequate treatment or care. It has also been found that even with
adequate treatment, 37% of patients will experience a breakthrough
affective episode within a year, and 60% will experience a relapse
of affective symptoms in 2 years (Da Costa et al., 2016). Bipolar
symptom relapse and worsening disease progression has become a
growing concern, as studies have found that a significant proportion of
patients are experiencing symptom relapse despite the use of adequate
pharmacological agents (Fountoulakis, 2012; Geddes & Miklowitz,
2013; Perlis et al., 2006). These observed trends highlight the need
for further research into possible adjunctive methods of treatment
for BD.

The neurobiological mechanisms that drive BD symptoms are
poorly understood, which could be a possible contributor for increasing
rates of BD symptom relapse (Aizawa et al., 2019; Geddes & Mik-
lowitz, 2013; Perlis et al., 2006). A possible environmental factor that
has yet to be adequately studied in reference to BD is the contri-
bution of intestinal microbiota aberrations. An emerging concept of
a microbiota-gut-brain axis is being utilized to highlight the signifi-
cant effect gut microbiota composition has on bidirectional gut-brain
communication pathways (Cryan & Dinan, 2012; Painold et al., 2019).
Research is revealing that the gut microbiota is key for maintaining
homeostasis, and alterations in its composition can lead to a number
of disease states including those of the central nervous system (CNS)
(Cryan &Dinan, 2012). In fact, the relationship between gut microbiota
dysbiosis and host illness has long been linked to chronic conditions
such as metabolic syndrome, irritable bowel syndrome, inflammatory
bowel disease, and anorexia nervosa. (Cryan & Dinan, 2012; Mayer,
2011; Painold et al., 2019). Gut microbiota alterations have also been
linked to other psychiatric disorders including BD (Coello et al., 2019;
Hu et al., 2019; Painold et al., 2019). Recurring effective episodes in
BD are associated with a progressive decline in cognitive and executive
function, and there is growing evidence that supports a relationship
between cognition and microbiota via the gut-brain axis (Cryan &
Dinan, 2012; Forsythe et al., 2010; Misiak et al., 2020). Thus, the link
between BD and the gut microbiome may be a useful treatment alter-
native, as mounting research has found significant intestinal microbiota
alterations in patients with mood disorders (Aizawa et al., 2019; Coello
etal., 2019; Forsythe et al., 2010; Hu et al., 2019; Painold et al., 2019).

Disruptions to the neural-gut pathway have shown a clear link to
alterations in the physiological stress response and behavior (Cryan
& Dinan, 2012; Forsythe et al., 2010), and the high rates of co-
occurring stress related to psychiatric conditions among patients with
gastrointestinal (Gl) disorders highlights the gut-brain axis’ role in
pathophysiology (Cryan & Dinan, 2012; Mayer, 2011). Research has
found that stress, including social disruption, influences gut microbiota
composition, and the bidirectional communication between the gut
and the CNS plays a role in stress reactivity (Bailey et al., 2011; Painold
et al., 2019). The body'’s stress response includes immune modulation
(such as cytokine release), which has been linked to the development
of anxiety and depression (Bailey et al., 2011). There is also evidence of
a link between stress exposure and the Gl barrier; increases in stress
increase gut permeability (Misiak et al., 2020). The blood-brain-barrier
(BBB)'s integrity depends on the intestinal microbiota, as alterations in
their composition could lead to BBB impairment (Misiak et al., 2020).

The major phyla of the gut microbiome include Firmicutes, Bac-
teroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicro-
bia, and two phyla, Firmicutes and Bacteroidetes, which represent 90%
of the gut microbiota (Rinninella et al., 2019). The Firmicutes phylum is
made up of over 200 genera, including Bacillus, Lactobacillus, Clostrid-
ium, Ruminicoccus, and Enterococcus, of which Clostridium constitutes
95% (Rinninella et al., 2019). Bacteroidetes major genera are Bac-
teroides and Prevotella (Rinninella et al., 2019). Actinobacteria is the
least abundant phylum and is mainly comprised of Bifidobacterium (Rin-
ninella et al., 2019). The gut microbiota composition is thought to vary
in the same individual as well as between different individuals due
to factors such as age, environmental factors, metabolic factors, and
antibiotic use (Rinninella et al., 2019). A few studies have investigated
the specific microbial gut composition changes that occur with stress.
An animal study found that there was a decrease in Bacteroides species
(spp.) abundance as well as an increase in Clostridium abundance among
stress-exposed mice as compared to controls (Bailey et al.,, 2011).
Chronic psychological stress has been associated with an increase in
Enterobacteriaceae, Escherichia coli, and a decrease in Lactobacilli spp.
(Rinninella et al., 2019).

As initially discussed, chronic stress has been found to influence gut
microbiota composition through proinflammatory cytokines, such as
interleukin-6 (IL-6), which was found to be correlated with higher lev-
els of Lactobacillus, Bacilli, and Streptococcaceae (Painold et al., 2019). As
stress induces inflammation, biological indices have confirmed inflam-
mation as a major contributor to the pathogenesis of BD. Additionally,
increased levels of cortisol in response to stress have been linked to
the manic phase of BD (Misiak et al., 2020; Van Den Berg et al., 2020;
Tournikioti et al., 2018), including a study that found that cortisol lev-
els were increased for months prior to a manic relapse. This appears
to coincide with research that found a significant association between
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cortisol and ACTH with BD. A notable finding is the relationship
between HPA axis dysfunction (which was linked to developmental
stressors including childhood trauma), and the clinical presentation of
BD (Belvederi Murri et al., 2016).

The shifts in the microbiome composition observed in patients with
BD could be of notable significance, and addressing them may con-
tribute to symptom resolution. In this systematic review, we aim to
assess how components of the gut-brain axis contribute to BD, to
determine how balancing gut microbiotas affect the severity of symp-
toms, and to discuss and compare the efficacy of varying methods of

balancing gut microbiotas in BD.

2 | MATERIALS AND METHODS

2.1 | Search strategy

For this systematic review, we searched PubMed, Google Scholar, and
Embase for articles published between April 2017 and January 2021.
Search terms on PubMed were (gut microbiotas mood disorders) AND
(probiotic treatment BD) AND (microbiotas BD) AND (treatment tar-
get gut microbiome mood) AND (gut biomarkers mania) AND (gut
biomarkers mania) AND (treatment target gut microbiome mood dis-
orders). Search terms on Google Scholar were ((probiotic treatment
BD) AND (gut microbiota changes in bipolar). Search terms on Embase
were “gut microbiotas mood disorders” OR ((“gut’/exp OR gut) AND
(“microbiotas”/exp OR microbiotas) AND (“mood”/exp OR mood) AND
(“disorders”/exp OR disorders)) AND (probiotics) AND (mania) AND
(gut) AND (biomarkers) AND (bipolar) AND (gut microbiota changes in
bipolar) AND (gut biomarkers mania)).

All authors initially selected articles via manual screening of
abstracts and searched the reference lists of the chosen articles for
additional information that could be applied to our investigation. Arti-
cles thatinvestigated the gut microbiome and its link to mood disorders

were included.

2.2 | Study selection
Studies were selected according to the following criteria: population,

outcome(s) of interest or condition, study design, and context:

* Population: Patients with diagnosed BD.

* OQutcome(s) of interest or condition: The first outcome was deter-
mining an association between the gut-brain axis and BD. The
second outcome was to document any noted changes in symptom
severity of patients after correcting the gut microbiota in affected
patients. And last, to evaluate existing methods of gut microbiota
balancing in bipolar patients.

* Study design and context: Eligible studies were randomized con-
trolled trials, double-blind controlled trials, cohort studies, cross-

sectional studies, and case-control studies.

2.2.1 | Inclusion criteria

Human studies that examined and reported (a) a link between
gut microbiotas and the physiologic causes of BD (e.g., manic,
hypomanic, or depressive symptoms), (b) current documented
changes microbiota supplements,

to gut using probiotics,

fecal implantation, or diet, (c) any functional, depressive,
and/or manic symptom changes observed with gut microbiota

balancing.

2.2.2 | Exclusion criteria

Systematic review studies, editorials, case studies, commentaries, and
articles irrelevant to either the development or treatment of BD (e.g.,
manic, hypomanic, or depressive symptoms) or the behavioral changes
associated with gut microbiota.

2.3 | Data collection & study assessment

All authors independently reviewed the abstracts of all the articles
identified. We divided the articles into two groups of “Adopted” and
“Not Adopted” based on the inclusion criteria. Then, we screened the
“Adopted” articles and created a spreadsheet to include them to be
used for our research work. After the final selection process, a Pre-
ferred Reporting Items For Systematic Reviews and Meta-Analysis
(PRISMA) flow chart was generated following the PRISMA guide-
lines. Resources for this review were obtained via qualitative and

quantitative analysis.

2.4 | Data synthesis & analysis

Quantitative and qualitative studies based on original research that
examined the gut microbiota and brain relationship in BD and non-
pharmacologic methods for treating bipolar symptoms were included.
The data synthesis was conducted in a detailed summary of the
included studies by table construction. The quantitative data were
extracted using Microsoft Word. The data were grouped according to

the objective of this study.

3 | RESULTS

Our study included 613 BD patients (mean age: 39.25 y, women: 58%),
39 first-degree relatives, and 321 healthy controls (mean age: 36.4 ,
women: 57%). Other characteristics such as BMI, medication status,
lifestyle modifications, and BD | vs. BD Il diagnosis were collected dur-
ing this analysis and are listed in Table 1. The study selection flow chart

isgivenin Figure 1.
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Records identified
through PubMed
(n=498)

Identification

\

Records identified
through Embase
(n=112)

Records identified
through Google
Scholar (n=4700)

/S —

Titles and abstracts screened » Records excluded (n= 5283)
Screening (n=5,310)
14 Full-text texts were
o excluded:
Eligibility Full-text articles assessed > Didn’t answer
for Eligibility (n=27) our research
objectives
Study design
did not meet our
inclusion criteria
Research
objectives/findings
v could not be tied to
BD
Included Studies included (n=12)
FIGURE 1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) study selection flow chart.

3.1 | Gut-brain axis changes in BD

The following were observed in this analysis: (1) the composition of the
gut microbiome; (2) the neurotransmitter pathway differences of gut
microbiota; and (3) the gut microbiota composition and its relation to

inflammation and serum lipids.

3.1.1 | Gut microbiota composition
There are significant differences in gut microbiota composition in
patients with BD as compared to healthy controls (HCs) (Coello
et al., 2019; Evans et al.,, 2017; Hu et al., 2019; Painold et al., 2019).
Flavonifractor, Actinobacteria, and Coriobacteriaceae were found to be
increased in patients with BD (Coello et al., 2019), while Ruminococcus
and Faecalibacterium were found to be higher in HCs (Evans et al., 2017;
Hu et al., 2019; Painold et al., 2019).

Coello et al. (2019) conducted a study that compared the gut

microbiota composition between patients with BD, their first-degree

unaffected relatives, and HCs. A total of 64 genera were identified,
with Flavonifractor being significantly higher in patients with BD (61%)
compared to healthy individuals (39%, p-value = 6.3 x 10~% Q = 0.04).
The prevalence of Flavonifractor in the first-degree unaffected relatives
(44%) differed from patients with BD (Q = 0.02) but not from healthy
individuals (Q = 0.7).

An interesting finding of this study was that newly diag-
nosed patients with BD were 2.9 times (OR 2.9, 95%Cl: 1.6—5.2,
p = 5.8x 1074, Q = 0.04) more likely to have Flavonifractor detected
compared to HCs. Despite adjusting for the presence of Flavonifractor
in BD for age, sex, smoking, waist circumference, physical activity, and
medication, BD was still associated with Flavonifractor prevalence.
However, among patients with BD, smoking (OR: 3.0, 95%Cl: 1.2—7.5,
p = 0.016) and female sex (OR: 2.4, 95%Cl: 1.1-5.4, p = 0.029) were
associated with the presence of Flavonifractor.

Lu et al.’s results also found significant differences in the gut micro-
biota composition of patients with BD. They found that the counts
of Faecalibacterium prausnitzii, Bacteroides—Prevotella group, Atopobium

Cluster, Enterobacter spp., and Clostridium Cluster IV were significantly
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higher in the BD group compared with HCs (p = .030, p < .001,
p <.001,p <.001, and p <.001, respectively) (Lu et al., 2019). The Bac-
teroides/Enterobacter (B/E) ratio of the BD group was significantly lower
than the HCs (p =.001).

Notably, one study found differences in gut microbiota composi-
tion between patients with BD with and without depressive symptoms
(Painold et al., 2019). In patients experiencing the depressive phase of
BD, Enterobacteriaceae (Linear Discrimination Analysis [LDA] = 3.12,
p = .044) were more abundant, while Clostridiaceae (LDA = 3.41,
p = .048) and Roseburia (LDA = 3.13, p = .016) were more abundant
in patients with BD with depressive symptom improvement. When
comparing patients with BD and HCs, Actinobacteria (LDA = 4.82,
p = .007) and Coriobacteria (LDA = 4.75, p = .010) were significantly
more abundant in BD when compared with HCs, and Ruminococcaceae
(LDA = 4.59, p =.018) and Faecalibacterium (LDA = 4.09, p =.039) were
more abundant in HC when compared with BD (Painold et al., 2019).

Although most of the studies we examined found significant gut
microbiota differences in patients with BD, there were some conflicting
results noted in this analysis. Aizawa et al. (2019) noted that between
patients with BD and controls, no significant differences were found in
fecal Bifidobacterium (df = 1, 92; F = 0.34, p = .56, Partial n2 = 0.004)
or fecal Lactobacillus counts (df = 1, 92; F = 0.14, p = .71, Partial
72 = 0.002). Male and female subjects were examined separately,
and there were still no significant differences found for fecal bacte-
rial counts. Separately comparing Bipolar | (Bifidobacterium: df = 1, 66;
F=0.05,p=.83, Partial » =0.001 [Bipolar Disorder-Fact Sheet, 2022]);
(Lactobacillus: df = 1, 66; F = 0.46, p = .50, Partial » = 0.01 [Bipolar
Disorder-Fact Sheet, 2022]) and Bipolar Il (Bifidobacterium: df = 1,79;
F=0.83,p=.36, Partial n = 0.01 [Bipolar Disorder-Fact Sheet, 2022]);
(Lactobacillus : df = 1, 79; F = 0.86, p = .36, Partial = 0.01 [Bipolar
Disorder-Fact Sheet, 2022]) patients also yielded no significant differ-
ences for both fecal bacterial counts. BMI was also controlled for, with
no change in results. Additionally, no significant partial correlation was
found between bacterial counts and HAM-D total score (for Bifidobac-
terium: p = —0.06, p = .72; for Lactobacillus: p = —0.24, p = .16) (Aizawa
et al., 2019). Examination of bacterial counts and YMRS total score
yielded no significant partial correlation as well (for Bifidobacterium:
0=0.11,p=.53; for Lactobacillus: p = 0.25,p = .14) (Aizawa et al., 2019).
However, a significantly negative correlation was found between Lac-
tobacillus counts and sleep (o = —0.45, p = .01 (Aizawa et al., 2019; Da
Costaetal, 2016).

3.1.2 | Neurotransmitter pathway differences of gut
microbiota

Lai et al. (2021) examined 25 bipolar patients and 28 HCs to compare
the composition of gut microbiota and tryptophan (Trp) synthesis and
metabolism-related genes in patients with BD using SMS. The fecal
samples of each group were analyzed using alpha-diversity calcula-
tions via the Shannon, Fisher, and Simpson indexes. Using the Kyoto
Encyclopedia of Genes and Genomes database (KEGG), there were two

KEGG orthologies (KOs) significantly decreased and five significantly

OBI-AZUIKE ET AL.

increased KOs that could affect the normal functioning of the Tryp-
tophan pathway in patients with BD. One of the decreased KOs was
K00837 (FDR.p <.001), aromatic aminotransferase, which is reported
to cause less synthesis of tryptophan. Also, the KO1667 (FDR.p <.001),
Tryptophanase enzyme, was found in higher abundance in BD patients.

Additionally, Painold et al. (2019) found that individuals with high
Trp differed significantly in the genus Lactobacillus (LDA = 4.73,
p < .001), the family of Lactobacillaceae (LDA = 4.73, p < .001), the
family of Coriobacteriaceae (LDA = 4.41, p = .019) and Clostridiaceae
(LDA = 3.68, p = .044) from individuals with low Trp (Painold et al.,
2019).

3.1.3 | Gut microbiota composition and its relation
to inflammation and serum lipids

Painold et al. (2019) investigated how gut microbiota composition in
BD is related to depressive symptoms. Their analysis revealed that
patients with BD with high IL-6 levels showed significantly higher
amounts of Lactobacillus (LDA = 4.43, p = .006) and Streptococcus
(LDA = 3.75, p = .012) compared with BD individuals with lower IL-6
(Perlis et al., 2006). Additionally, among patients with BD with higher
cholesterol levels, there were significantly higher levels of Clostridi-
aceae (LDA = 3.48, p = .004) compared to patients with BD with low
cholesterol levels.

3.1.4 | Genetic contributions to the gut microbiota
Bengesser et al.’s (2019) study was the only of its kind to investigate
a genetic component of BD that contributes to altered gut micro-
biota levels. It was found that the methylation status (in %) of the
Aryl Hydrocarbon Receptor Nuclear Translocator Like (ARNTL) CpG
position g-5733463 correlated significantly with gut bacterial diver-
sity (Simpson index: r = —0.389, p = .0238) and evenness (Simpson
evennessindex:r=—0.358,p = .044) inindividuals with BD. The alpha-
diversity, a count of the different bacterial taxa that exist in the gut
and is measured by the Simpson index, differed significantly between
patients with BD with current depressive symptoms (n = 13) and
those who were euthymic (n = 19, F(1,30) = 4.695,p = .039, Partial
Eta2 = 0.144).

3.2 | BD symptom changes after gut microbiota
alterations

We analyzed studies that investigated how balancing gut microbio-
tas affected the severity of bipolar symptoms, such as mania and
depressive symptoms, and found conflicting results.

Eslami Shahrbabaki et al. (2020) evaluated bipolar | patients after
8 weeks of probiotic use. Blind randomization methods were used
to divide patients into a placebo and probiotic groups. Patients in

both groups were able to receive lithium oxide (max: 900 mg/day),
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sodium valproate (max: 1200 mg/day), and risperidone if needed. The
probiotic group received a probiotic capsule containing 1.8 x 109
CFU/capsule Bifidobacterium bifidum, Bifidobacterium lactis, and Bifi-
dobacterium langum, and Lactobacillus acidophilus. The YMRS mania
scale and Hamilton’s depression scale questionnaires were completed
by a psychiatry resident at the start of the study, before the interven-
tion (probiotic capsule), at the 4-week mark, and at the 8-week mark.
While both the probiotic and placebo groups displayed a decrease in
mania and depression questionnaire scores throughout the duration of
the study, it was found that patients in the probiotic group displayed
significantly higher decreases in symptom severity via the Young Mania
(p value = .001) and Hamilton (p-value = .001) questionnaire scores
throughout the three measured points of the study. However, even
though the probiotic group had a more significant improvement in
questionnaire scores throughout the 8-week study as compared to the
placebo group, there were no significant differences in overall mania (p-
value = .2) and depression (p-value = .5) scores between placebo and
probiotics patients with type 1 BD.

In their study, Reininghaus et al. (2020) examined how probiotic
supplementation affected mood symptoms in euthymic patients with
BD. All participants with BD were treated with probiotic supplements.
There was no placebo group. Researchers instead compared manic
symptom severity via the YMRS scale among the treatment group
between different time points in the study as well as symptom improve-
ment throughout the 3-month duration of the study. They found that
manic symptoms significantly decreased over time (all 3 months) (MSS:
F(2,18)=3.621,p=.048;YMRS: F(2,17) =4.751,p =.023). There was
no significant improvement in symptoms between the different time
points of the study

3.3 | BD symptom changes after gut microbiota
alterations and effectiveness of gut balancing
methods

We analyzed studies that investigated how balancing gut microbiotas
affected the severity of bipolar symptoms, such as mania and depres-
sive symptoms, and found conflicting results. Other parameters, such
as cognition, mood, and hospitalization, were investigated.

Eslami Shahrbabaki et al. (2020) evaluated bipolar | patients after
8 weeks of probiotic use. Blind randomization methods were used
to divide patients into a placebo and probiotic groups. Patients in
both groups were able to receive lithium oxide (max: 900 mg/day),
sodium valproate (max: 1200 mg/day), and risperidone if needed. The
probiotic group received a probiotic capsule containing 1.8 x 109
CFU/capsule Bifidobacterium bifidum, Bifidobacterium lactis, and Bifi-
dobacterium langum, and Lactobacillus acidophilus. The YMRS mania
scale and Hamilton’s depression scale questionnaires were completed
by a psychiatry resident at the start of the study, before the interven-
tion (probiotic capsule), at the 4-week mark, and at the 8-week mark.
While both the probiotic group and placebo group displayed a decrease
in mania and depression questionnaire scores throughout the duration

of the study, it was found that patients in the probiotic group dis-

played significantly higher decreases symptom severity via the Young
Mania (p value = .001) and Hamilton (p-value = .001) questionnaire
scores throughout the three measured points of the study. However,
even though the probiotic group had a more significant improvement in
questionnaire scores throughout the 8-week study as compared to the
placebo group, there were no significant differences in overall mania (p-
value = .2) and depression (p-value = .5) scores between placebo and
probiotics patients with type 1 BD.

Dickerson et al. (2018) gave recently hospitalized manic patients
Lactobacillus rhamnosus strain GG and Bifidobacterium animalis subsp.
Lactis strain Bb12 over a a period of 24 weeks. During the study period,
there were eight (24.2%) rehospitalizations (x= 5.2, p = .022) (Bipolar
disorder-Fact Sheet, 2022) among the patients who received probi-
otics as compared to a total of 17 (51.5%) placebo group participants
requiring at least one rehospitalization. Furthermore, the length of stay
was significantly reduced in the probiotic group (2.8 days) in compari-
son to the placebo group (8.3 days) (x =5.17,p=.17) (Bipolar Disorder-
Fact Sheet, 2022). Additionally, there were significant improvements
in BPRS (p < .0001) and YMRS scales (repeated measures Analysis of
Variance (ANOVA) by week, F = 10.84, p < .0001).

Reininghaus et al. (2020) conducted two studies that investigated
the effect of probiotic treatment on cognition among individuals with
euthymic BD. In the first study (Reininghaus et al., 2020), they investi-
gated how probiotic supplementation affected cognitive performance
in euthymic bipolar patients and found a significant improvement of
performance in attention and psychomotor processing speed after
1 and 3 months of treatment (F = 8.60; n2 = 0.49, p < .01). Fur-
thermore, executive function measured with the TMT-B, increased
significantly over 3 months (F = 3.68; 2 = 0.29, p < .05). In the sec-
ond study (Reininghaus et al., 2020), they investigated how probiotic
supplementation affected psychological parameters associated with
bipolar patients. All participants with BD were treated with Lactobacil-
lus and Bifidobacterium probiotic supplements. There was no placebo
group. Researchers instead compared manic symptom severity via
the YMRS scale among the treatment groups between different time
points in the study as well as symptom improvement throughout the
3-month duration of the study. They found that manic symptoms sig-
nificantly decreased over time (all 3 months) (MSS: F (2, 18) = 3.621,
p = .048; YMRS: F (2,17) = 4.751, p = .023). There was no signifi-
cant improvement in symptoms between the different time points of
the study. However, it was found that, those who received probiotic
supplementation with Lactobacillus and Bifidobacterium were found to
have a significantly decreased Leiden Index of Depression Sensitivity-
Revised rumination score over time with three interval points: (F (2,
17) = 4.024, p = .037; t2 (mean 14.0 SD = 6.0) to t3(mean 11.9,
SD =5.6); F(1,20) = 10.563, p = .004)).

4 | DISCUSSION

The pathogenesis of BD remains unclear. However, it has been shown
that gut microbiotas play an important role in its onset and progres-
sion (Aizawa et al., 2019; Bailey et al., 2011; Bengesser et al., 2019;
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Coello et al, 2019; Cryan & Dinan, 2012; Da Costa et al., 2016;
Evans et al., 2017; Forsythe et al., 2010; Fountoulakis, 2012; Hu et al.,
2019; Lai et al, 2021; Lu et al, 2019; Mayer, 2011; Misiak et al.,
2020; Painold et al., 2019). The gut-brain axis is a system that has
numerous pathways, and any change in the molecular components of
this system can result in disease for the host (Appleton, 2018). Pain-
old et al. (2019) investigated how gut microbiota composition in BD
relates to disease states and found that Lactobacillus was found to
have a direct correlation with higher tryptophan levels, essentially
affecting neurotransmitter levels known to play a role in BD pathogen-
esis. This gut-brain axis connection between the gut microbiome and
brain neurotransmitters illustrates how some bacteria can be used as
“psychobiotics” (Painold et al., 2019). In addition to cytokines, neuro-
transmitter precursors like tryptophan have been found to be linked
to patients with BD through microbiota alterations (Appleton, 2018;
Forsythe et al., 2010; Lai et al., 2021; Lu et al., 2019; Misiak et al,,
2020). Using shotgun metagenomics sequencing, Lai et al. (2021) con-
ducted a study on 25 bipolar patients and 28 HCs to compare the
composition of gut microbiota with tryptophan (Trp) synthesis and
metabolism-related genes in patients with BD. It was found that tryp-
tophanase and aromatic aminotransferase enzyme changes caused
reduced tryptophan synthesis and ultimately lower serotonin levels
in bipolar patients. Alternatively, Bengesser et al. (2019) found that
bipolar patients had increased methylation of the ARNTL gene, which
functions to break down serotonin into its byproducts. The malfunc-
tioning and ultimate inhibition of ARNTL in patients with BD contribute
to the higher levels of serotonin seen in manic episodes.

The relationship between the gut-brain axis and neurotransmit-
ter availability is further highlighted by associations found between
gut microbiota composition and tryptophan metabolism (Painold et al.,
2019; Valladares et al., 2013). Species such as Streptococcus, Escherichia
coli, Lactococcus, and Lactobacillus were found in studies to make sero-
tonin via Trp synthetase (O’'mahony et al., 2015; Painold et al., 2019).
Painold et al.’s (2019) study on microbiome differences among patients
with bipolar depressive symptoms associated certain Lactobacillus
species with increased tryptophan levels.

Reininghaus et al.’s study investigating probiotic use among patients
with BD found that probiotic supplements consisting of Lactobacillus
and Bifidobacterium were associated with lower scores of depres-
sive and ruminative thoughts over the duration of the study, which
agrees with prior studies highlighting a link between Lactobacillus and
increased serotonin levels in patients with BD (Painold et al., 2019;
Reininghaus et al., 2020; Valladares et al., 2013). However, Dickerson
et al.’s (2018) study investigating hospitalization rates among patients
with mania found that Lactobacillus and Bifidobacterium supplements
were associated with fewer lower rates of rehospitalization, fewer days
of hospitalization, and significantly improved YMRS mania and brief
psychiatric rating scores. It is important to note, however, that Dick-
erson found a higher effect on the association of probiotic use and
rehospitalization prevention among patients who had increased lev-
els of inflammation at baseline. The conflicts between Reininghaus
et al. and Dickerson et. al.’s study could be mediated by the fact that

inflammation may be a key factor in BD pathogenesis and symptomol-
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ogy as highlighted by previous studies (Bailey et al., 2011; Borthakur
etal., 2010; Dickerson et al., 2018; Dinan & Cryan, 2017; Mayer, 2011).
Additionally, Dickerson et al. (2018), admit that their study could not
have been able to capture symptom severity throughout the experi-
mental period. As some of the participating patients had mixed BD,
it is hard to tell whether the improvements noted by Dickerson et al.
could have been due to the mediation of bipolar depressive symptoms.
Nonetheless, these findings support the relationship that has been
found between gut microbiota, altered tryptophan metabolism, inflam-
mation, and the HPA axis (Painold et al., 2019). that should be explored
further in future studies.

While gut microbiota aberrations were discovered in patients with
BD when compared to HCs, the species attributed to BD symptoms
were not consistent across studies. Painold et al. (2019), concluded
from their study that Faecalibacterium could be a distinguishing fea-
ture between patients with BD and HCs. HCs displayed higher levels
of the Faecalibacterium genus and the Ruminococcaceae family com-
pared to HCs. Their findings correlated with Evans et al. (2017),
whose study associated adequate levels of Faecalibacterium with better
health outcomes among patients with BD. Aside from these simi-
lar findings, however, the associated microbiota compositions varied.
Significant associations between higher levels of Actinobacteria, Cori-
obacteriaceae, Faecalibacterium, Enterobacter, Flavonifractor, Clostridium,
and Bacteroides were found in patients with BD (Hu et al., 2019; Lu
et al., 2019; Painold et al., 2019). Studies also found differences in
microbiota diversity specific to bipolar symptoms and illness severity
(Hu et al., 2019). BD patients experiencing depressive symptoms were
found to have higher levels of Enterobacteriaceae, while Clostridiaceae
and Roseburia were found to be more abundant in less symptomatic
patients with BD (Evans et al., 2017; Hu et al., 2019). An impor-
tant factor to note about the differences in the gut diversity among
patients with BD is the fact that patients were taking psychiatric med-
ication throughout the duration of these studies. It has been shown
that psychiatric medication also affects gut microbiota composition
(Painold et al., 2019), and the lack of standardization of treatment
among participating patients could have influenced the results of these
studies.

There were additional conflicting results in the literature. In another
study that was conducted by Eslami Shahrbabaki et al. (2020), the use
of Bifidobacterium and Lactobacillus probiotic formulas over an 8-week
period led to insignificant changes to manic and depressive symptoms
between placebo and BD type 1 patients. This is in contrast to Rein-
inghaus et al.’s (2020) study investigating probiotic use among patients
with BD, which found that probiotic supplements consisting of Lac-
tobacillus and Bifidobacterium were associated with significantly lower
scores of depressive and ruminative thoughts over the duration of the
study. However, an interesting factor to note is that the composition
of specific genus species varied greatly, the only species both stud-
ies included in their probiotic supplement was Bifidobacterium lactis. It
is possible that the inconsistencies found between these two studies
were due to differences in the species of Lactobacillus and Bifidobac-
terium used. The differences in Reininghaus et al.’s and Shahrbabaki

et al.’s results prove that the careful study of the exact genus, species,
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and subspecies affecting patients in BD is important in determining
outcomes in reducing symptom severity.

There are two contraindicative pathways for the role the proinflam-
matory cytokine IL-6 plays in BD. Painold et al. (2019) have found a
direct correlation between increased IL-6 levels and a higher Lacto-
bacillus, Bacilli, and Streptococcaceae presence. In their study, Lactobacil-
lus was linked to depressive symptom reduction in human subjects,
thereby suggesting a higher IL-6 concentration in patients with BD
can reduce depression. However, in opposition to this, Getachew et al.
(2018) have reported that reductions in IL-6 concentrations can result
in the cessation of depressive-like behavior. They state that probi-
otics are known to have anti-inflammatory effects, and this is done
by reducing proinflammatory IL-6 levels in the gut. A possible cause
for the conflicting results could be confounding. Painold et al., note
that patients with BD who had high BMIs had higher Lactobacillus
than patients with BD who had lower BMls, aligning with research
that associates high amounts of Lactobacilllus with obesity (Million
et al., 2013; Painold et al., 2019). Future studies would need to rec-
oncile metabolic factors among patients with BD and gut microbiome
aberrations.

Probiotics are not the only nonpharmaceuticals proven to have pos-
itive effects on BD. Other potential methods of treatment include
vitamin D, ketamine, and charcoal (Cereda et al., 2021; Getachew
et al., 2018; Wilkowska et al., 2020). Charcoal, a potent adsorbent,
has been hypothesized to reduce not only systemic inflammation but
manic symptoms in patients with BD 15 days after treatment initia-
tion (Cereda et al., 2021). The use of Vitamin D has also been shown
to reduce depressive and manic symptoms of bipolar patients (Cereda
etal, 2021).

Wilkowska et al.’s (2020) study mentions evidence of ketamine
playing a role in altering the pathogenesis of BD In their study,
decreased Lactobacillus levels were associated with depression and the
administration of ketamine in rat species has been found to reduce
depressive-like behaviors as well as suicide risk. Getachew et al. also
found Lactobacillus to be increased in ketamine-treated rats. Despite
the positive outcomes reported in these initial studies, further research

is needed as these treatment options are understudied.

5 | LIMITATIONS

While our initial search yielded many results, only 12 were original
experimental studies involving BD patients. Our cumulative sample
size was 613 bipolar (BD) patients and 312 HCs. This is an ideal cumu-
lative size, however, outside of one study (Evans et al., 2017), which had
asample size of 115 bipolar patients, and 64 control subjects, the other
studies had relatively small sample sizes even before losing subjects to
follow-up. This left room for sampling error and left all but one of the
articles included in this study with reduced design power. Additionally,
most of these studies were of cohort, case-control, or cross-sectional
design, preventing causal conclusions being drawn. Due to the different
study designs, some potential biases could be present. Last, there were

inconsistencies in the amount of potential confounding data collected

per study, which could also make room for additional biases. While a
few findings were replicated between studies, overall, they were very
inconsistent. Despite these limitations, our study has demonstrated
the need for further research regarding gut balancing methods and
their impact on the treatment of BD.

6 | CONCLUSIONS

In this systematic review, we aimed to assess how components of the
gut-brain axis contribute to BD, to determine how balancing gut micro-
biotas affect the severity of symptoms, and to discuss and compare the
efficacy of varying methods of balancing gut microbiotas in BD. There
are significant associations between BD pathogenesis and alterations
of gut microbiome diversity via immunomodulation, the HPA axis,
and neurotransmitter alterations. Specific microbiome species could
serve as therapeutic targets as adjunctive therapies for patients with
BD to manage depressive and manic symptoms. Additionally, other
gut-balancing methods, such as ketamine, charcoal, and vitamin D sup-
plementation, have also shown promise as adjunctive agents. Despite
these promising findings, current studies investigating the gut-brain
axis relationship among patients with BD are limited by small sample
sizes and a lack of adequate replication of results. However, the con-
clusions drawn from this review highlight that there may be specific
bacteria common to patients with BD that could serve as screening
tools and therapeutic targets, of which future studies could investigate.
We recommend that future studies place emphasis on the following:

1. ldentify common microbiome alterations that can be linked to BD.
The studies included in this review reported microbiome alterations
among patients with BD, however, those alterations varied. There
have yet to be additional studies that have replicated the findings of
the articles mentioned.

2. Additional investigations into gut-balancing methods aside from
probiotics.

3. Further investigation of how gut microbiome alterations serve as
epigenetic factors of the pathogenesis of BD. One of the included
studies found a link between gut microbiota alterations and the
epigenetic impact on the gene ARNTL, which is thought to play a
role in BD pathogenesis (Bengesser et al., 2019). Additional studies
that replicate this finding or find other possible epigenetic impacts

would be impactful.

ACKNOWLEDGMENTS
We are very grateful to Gibson Anugwom and Funso Oladunjoye for

their expert guidance and support throughout our analysis.

DISCLAIMER

The products used for this research are commonly and predominantly
used products in our area of research and country. There is absolutely
no conflict of interest between the authors and producers of the prod-
ucts because we do not intend to use these products as an avenue for

any litigation but for the advancement of knowledge. Also, the research



. Brain and Behavior
L | WILEY fOpen Access)

was not funded by the producing company rather it was funded by the
personal efforts of the authors.

CONSENT
As per international standards or university standards, Participants’
written consent has been collected and preserved by the authors.

CONFLICT OF INTEREST STATEMENT
The authors have declared that no competing interests exist.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were gener-

ated or analyzed during the current study.

ORCID

Sakshi Prasad "= https://orcid.org/0000-0002-1014-9031

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.3037

REFERENCES

Aizawa, E., Tsuji, H., Asahara, T,, Takahashi, T,, Teraishi, T., Yoshida, S., Koga,
N., Hattori, K., Ota, M., & Kunugi, H. (2019). Bifidobacterium and Lacto-
bacillus counts in the gut microbiota of patients with bipolar disorder
and healthy controls. Original research. Frontiers in Psychiatry, 9, 730.
https://doi.org/10.3389/fpsyt.2018.00730

Appleton, J. (2018). The gut-brain axis: Influence of microbiota on mood and
mental health. Integrative Medicine (Encinitas), 17(4), 28-32.

Bailey, M. T,, Dowd, S. E., Galley, J. D., Hufnagle, A. R., Allen, R. G, & Lyte, M.
(2011). Exposure to a social stressor alters the structure of the intesti-
nal microbiota: Implications for stressor-induced immunomodulation.
Brain, Behavior, and Immunity, 25(3), 397-407. https://doi.org/10.1016/
j.bbi.2010.10.023

Belvederi Murri, M., Prestia, D., Mondelli, V., Pariante, C., Patti, S., Olivieri, B.,
Arzani, C., Masotti, M., Respino, M., Antonioli, M., Vassallo, L., Serafini, G.,
Perna, G., Pompili, M., & Amore, M. (2016). The HPA axis in bipolar disor-
der: Systematic review and meta-analysis. Psychoneuroendocrinology, 63,
327-342. https://doi.org/10.1016/j.psyneuen.2015.10.014

Bengesser, S. A., Morkl, S., Painold, A., Dalkner, N., Birner, A., Fellendorf,
F. T, Platzer, M., Queissner, R., Hamm, C., Maget, A, Pilz, R., Rieger,
A., Wagner-Skacel, J,, Reininghaus, B., Kapfhammer, H. P, Petek, E.,
Kashofer, K., Halwachs, B., Holzer, P, ... Reininghaus, E. Z. (2019).
Epigenetics of the molecular clock and bacterial diversity in bipolar
disorder. Psychoneuroendocrinology, 101, 160-166. https://doi.org/10.
1016/j.psyneuen.2018.11.009

Bipolar Disorder-Fact Sheet. (2022 ). Treatment advocacy cen-
ter. https://www.treatmentadvocacycenter.org/evidence-and-
research/learn-more-about/463-bipolar-disorder-fact-sheet

Borthakur, A., Anbazhagan, A. N. Kumar, A, Raheja, G., Singh, V,
Ramaswamy, K., & Dudeja, P. K. (2010). The probiotic Lactobacillus
plantarum counteracts TNF-{alpha}-induced downregulation of SMCT1
expression and function. American Journal of Physiology Gastrointestinal
and Liver Physiology, 299(4), G928-G934. https://doi.org/10.1152/ajpgi.
00279.2010

Cereda, G., Enrico, P, Ciappolino, V., Delvecchio, G., & Brambilla, P. (2021).
The role of vitamin D in bipolar disorder: Epidemiology and influence on
disease activity. Journal of Affective Disorders, 278,209-217. https://doi.
org/10.1016/j.jad.2020.09.039

Open Access

OBI-AZUIKE ET AL.

Coello, K., Hansen, T. H., Sgrensen, N., Munkholm, K., Kessing, L. V.,
Pedersen, O., & Vinberg, M. (2019). Gut microbiota composition in
patients with newly diagnosed bipolar disorder and their unaffected
first-degree relatives. Brain, Behavior, and Immunity, 75, 112-118. https://
doi.org/10.1016/j.bbi.2018.09.026

Cryan, J. F, & Dinan, T. G. (2012). Mind-altering microorganisms: The
impact of the gut microbiota on brain and behaviour. Nature Reviews
Neuroscience, 13(10), 701-712. https://doi.org/10.1038/nrn3346

Da Costa, S. C., Passos, I. C., Lowri, C., Soares, J. C., & Kapczinski, F. (2016).
Refractory bipolar disorder and neuroprogression. Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 70, 103-110. https://doi.
org/10.1016/j.pnpbp.2015.09.005

Dickerson, F., Adamos, M., Katsafanas, E., Khushalani, S., Origoni, A., Savage,
C., Schweinfurth, L., Stallings, C., Sweeney, K., Goga, J., & Yolken, R. H.
(2018). Adjunctive probiotic microorganisms to prevent rehospitaliza-
tion in patients with acute mania: A randomized controlled trial. Bipolar
Disorders, 20(7), 614-621. https://doi.org/10.1111/bdi.12652

Dinan, T. G., & Cryan, J. F. (2017). The microbiome-gut-brain axis in health
and disease. Gastroenterology Clinics of North America, 46(1), 77-89.
https://doi.org/10.1016/j.gtc.2016.09.007

Eslami Shahrbabaki, M., Sabouri, S., Sabahi, A., Barfeh, D., Divsalar, P,
Esmailzadeh, M., & Ahmadi, A. (2020). The efficacy of probiotics for treat-
ment of bipolar disorder-type 1: A randomized, double-blind, placebo
controlled trial. Iranian Journal of Psychiatry, Jan, 15(1), 10-16.

Evans, S. J, Bassis, C. M., Hein, R., Assari, S., Flowers, S. A, Kelly, M. B,,
Young, V. B., Ellingrod, V. E., & Mcinnis, M. G. (2017). The gut microbiome
composition associates with bipolar disorder and iliness severity. Journal
of Psychiatric Research, 87, 23-29. https://doi.org/10.1016/j.jpsychires.
2016.12.007

Forsythe, P, Sudo, N., Dinan, T., Taylor, V. H., & Bienenstock, J. (2010). Mood
and gut feelings. Brain, Behavior, and Immunity, 24(1), 9-16. https://doi.
org/10.1016/j.bbi.2009.05.058

Fountoulakis, K. N. (2012). Refractoriness in bipolar disorder: Definitions
and evidence-based treatment. CNS Neuroscience & Therapeutics, 18(3),
227-237. https://doi.org/10.1111/j.1755-5949.2011.00259.x

Geddes, J. R, & Miklowitz, D. J. (2013). Treatment of bipolar disor-
der. Lancet, 381(9878), 1672-1682. https://doi.org/10.1016/50140-
6736(13)60857-0

Getachew, B., Aubee, J. |, Schottenfeld, R. S., Csoka, A. B., Thompson, K. M.,
& Tizabi, Y. (2018). Ketamine interactions with gut-microbiota in rats:
Relevance to its antidepressant and anti-inflammatory properties. BMC
Microbiology, 18(1), 222. https://doi.org/10.1186/s12866-018-1373-7

Hu, S, Li, A, Huang, T, Lai, J,, Li, J., Sublette, M. E,, Lu, H., Lu, Q, Du, Y.,
Hu, Z., Ng, C. H., Zhang, H., Lu, J., Mou, T, Lu, S., Wang, D., Duan, J.,, Hu,
J., Huang, M., ... Xu, Y. (2019). Gut microbiota changes in patients with
bipolar depression. Advanced Science, 6(14), 1900752. https://doi.org/10.
1002/advs.201900752

Lai, W.-T,, Zhao, J., Xu, S.-X., Deng, W.-F., Xu, D., Wang, M.-B., He, F. -S., Liu, Y.-
H., Guo, Y.-Y,, Ye, S.-W,, Yang, Q. -F,, Zhang, Y.-L., Wang, S., Li, M.-Z., Yang,
Y.-J,, Liu, T.-B., Tan, Z.-M,, Xie, X.-H., & Rong, H. (2021). Shotgun metage-
nomics reveals both taxonomic and tryptophan pathway differences of
gut microbiota in bipolar disorder with current major depressive episode
patients. Journal of Affective Disorders, 278, 311-319. https://doi.org/10.
1016/j.jad.2020.09.010

Lu, Q, Lai, J,, Lu, H., Ng, C., Huang, T., Zhang, H., Ding, K., Wang, Z., Jiang, J.,
Hu, J, Lu, J,, Lu,S.,Mou, T., Wang, D.,Du, Y., Xi, C., Lyu,H.,Chen, J., Xu,Y.,...
Hu, S.(2019). Gut microbiota in bipolar depression and its relationship to
brain function: An advanced exploration. Frontiers in Psychiatry, 10, 784.
https://doi.org/10.3389/fpsyt.2019.00784

Mayer, E. A. (2011). Gut feelings: The emerging biology of gut-brain com-
munication. Nature Reviews Neuroscience, 12(8), 453-466. https://doi.
org/10.1038/nrn3071

Mental Disorders World Health Organization. (2022). https://www.who.
int/news-room/fact-sheets/detail/mental-disorders


https://orcid.org/0000-0002-1014-9031
https://orcid.org/0000-0002-1014-9031
https://publons.com/publon/10.1002/brb3.3037
https://publons.com/publon/10.1002/brb3.3037
https://doi.org/10.3389/fpsyt.2018.00730
https://doi.org/10.1016/j.bbi.2010.10.023
https://doi.org/10.1016/j.bbi.2010.10.023
https://doi.org/10.1016/j.psyneuen.2015.10.014
https://doi.org/10.1016/j.psyneuen.2018.11.009
https://doi.org/10.1016/j.psyneuen.2018.11.009
https://www.treatmentadvocacycenter.org/evidence-and-research/learn-more-about/463-bipolar-disorder-fact-sheet
https://www.treatmentadvocacycenter.org/evidence-and-research/learn-more-about/463-bipolar-disorder-fact-sheet
https://doi.org/10.1152/ajpgi.00279.2010
https://doi.org/10.1152/ajpgi.00279.2010
https://doi.org/10.1016/j.jad.2020.09.039
https://doi.org/10.1016/j.jad.2020.09.039
https://doi.org/10.1016/j.bbi.2018.09.026
https://doi.org/10.1016/j.bbi.2018.09.026
https://doi.org/10.1038/nrn3346
https://doi.org/10.1016/j.pnpbp.2015.09.005
https://doi.org/10.1016/j.pnpbp.2015.09.005
https://doi.org/10.1111/bdi.12652
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1016/j.jpsychires.2016.12.007
https://doi.org/10.1016/j.jpsychires.2016.12.007
https://doi.org/10.1016/j.bbi.2009.05.058
https://doi.org/10.1016/j.bbi.2009.05.058
https://doi.org/10.1111/j.1755-5949.2011.00259.x
https://doi.org/10.1016/S0140-6736(13)60857-0
https://doi.org/10.1016/S0140-6736(13)60857-0
https://doi.org/10.1186/s12866-018-1373-7
https://doi.org/10.1002/advs.201900752
https://doi.org/10.1002/advs.201900752
https://doi.org/10.1016/j.jad.2020.09.010
https://doi.org/10.1016/j.jad.2020.09.010
https://doi.org/10.3389/fpsyt.2019.00784
https://doi.org/10.1038/nrn3071
https://doi.org/10.1038/nrn3071
https://www.who.int/news-room/fact-sheets/detail/mental-disorders
https://www.who.int/news-room/fact-sheets/detail/mental-disorders

OBI-AZUIKE ET AL.

Brain and Behavior

WILEY- 22

Million, M., Angelakis, E., Maraninchi, M., Henry, M., Giorgi, R., Valero, R,,
Vialettes, B., & Raoult, D. (2013). Correlation between body mass index
and gut concentrations of Lactobacillus reuteri, Bifidobacterium animalis,
Methanobrevibacter smithii, and Escherichia coli. International Journal of
Obesity (Lond), 37(11), 1460-1466. https://doi.org/10.1038/ij0.2013.20

World Health Organization. (2022). https://www.who.int/news/item/09-
10-2008-millions-with-mental-disorders-deprived- of-treatment-and-
care

Misiak, B. z, toniewski, I., Marlicz, W., Frydecka, D., Szulc, A., Rudzki, L., &
Samochowiec, J. (2020). The HPA axis dysregulation in severe mental
illness: Can we shift the blame to gut microbiota? Progress in Neuro-
Psychopharmacology & Biological Psychiatry, 102, 109951. https://doi.org/
10.1016/j.pnpbp.2020.109951

O’'mahony, S. M., Clarke, G., Borre, Y. E., Dinan, T. G, & Cryan, J. F. (2015).
Serotonin, tryptophan metabolism and the brain-gut-microbiome axis.
Behavioural Brain Research, 277, 32-48. https://doi.org/10.1016/j.bbr.
2014.07.027

Painold, A., Morkl, S., Kashofer, K., Halwachs, B., Dalkner, N., Bengesser, S.,
Birner, A, Fellendorf, F.,, Platzer, M., Queissner, R., Schiitze, G., Schwarz,
M. J,, Moll, N., Holzer, P, Holl, A. K., Kapfhammer, H.-P., Gorkiewicz, G.,
& Reininghaus, E. Z. (2019). A step ahead: Exploring the gut microbiota
in inpatients with bipolar disorder during a depressive episode. Bipolar
Disorders, 21(1), 40-49. https://doi.org/10.1111/bdi.12682

Perlis, R. H., Ostacher, M. J,, Patel, J. K, Marangell, L. B., Zhang, H.,
Wisniewski, S. R., Ketter, T. A,, Miklowitz, D. J., Otto, M. W.,, Gyulai, L.,
Reilly-Harrington, N. A., Nierenberg, A. A, Sachs, G. S., & Thase, M. E.
(2006). Predictors of recurrence in bipolar disorder: Primary outcomes
from the systematic treatment enhancement program for bipolar disor-
der (STEP-BD). American Journal of Psychiatry, 163(2), 217-224. https://
doi.org/10.1176/appi.ajp.163.2.217

Reininghaus, E. Z., Wetzlmair, L.-C., Fellendorf, F. T., Platzer, M., Queissner,
R., Birner, A, Pilz, R.,, Hamm, C., Maget, A., Koidl, C., Riedrich, K,
Klampfer, K., Ferk, K., & Dalkner, N. (2020). The impact of probiotic sup-
plements on cognitive parameters in euthymic individuals with bipolar
disorder: A pilot study. Neuropsychobiology, 79(1-2), 63-70. https://doi.
org/10.1159/000492537

Reininghaus, E. Z., Wetzlmair, L.-C., Fellendorf, F. T,, Platzer, M., Queissner,
R., Birner, A, Pilz, R, Hamm, C., Maget, A, Rieger, A, Prettenhofer, A.,

Wurm, W., Morkl, S., & Dalkner, N. (2020). Probiotic treatment in indi-
viduals with euthymic bipolar disorder: A pilot-study on clinical changes
and compliance. Neuropsychobiology, 79(1-2), 71-79. https://doi.org/10.
1159/000493867

Rinninella, E., Raoul, P, Cintoni, M., Franceschi, F., Miggiano, G. A. D.,
Gasbarrini, A., & Mele, M. C. (2019). What is the healthy gut microbiota
composition? A changing ecosystem across age, environment, diet, and
diseases. Microorganisms, 7(1), 14.

Valladares, R., Bojilova, L., Potts, A. H., Cameron, E., Gardner, C., Lorca, G.,
& Gonzalez, C. F. (2013). Lactobacillus johnsonii inhibits indoleamine 2, 3-
dioxygenase and alters tryptophan metabolite levels in BioBreeding rats.
FASEB Journal, 27(4),1711-1720. https://doi.org/10.1096/f}.12-223339

Van Den Berg, M. T., Wester, V. L., Vreeker, A., Koenders, M. A, Boks, M. P,
Van Rossum, E.F.C., & Spijker, A. T.(2020). Higher cortisol levels may pro-
ceed a manic episode and are related to disease severity in patients with
bipolar disorder. Psychoneuroendocrinology, 119, 104658. https://doi.org/
10.1016/j.psyneuen.2020.104658

Wilkowska, A., Szatach, t., & Cubata, W. J. (2020). Ketamine in bipolar dis-
order: A review. Neuropsychiatric and Disease Treatment, 16,2707-2717.
https://doi.org/10.2147/NDT.5282208

Tournikioti, K., Dikeos, D., Alevizaki, u., Michopoulos, 1., Ferentinos, P,
Porichi, E., Soldatos, C. R., & Douzenis, A. (2018). Hypothalamus-
pituitary-adrenal (HPA) axis parameters and neurocognitive evaluation
in patients with bipolar disorder. Psychiatriki, 29(3), 199-208. https://doi.
org/10.22365/jpsych.2018.293.199

How to cite this article: Obi-Azuike, C., Ebiai, R., Gibson, T.,
Hernandez, A., Khan, A., Anugwom, G., Urhi, A., Prasad, S.,
Souabni, S. A., & Oladunjoye, F. (2023). A systematic review on
gut-brain axis aberrations in bipolar disorder and methods of
balancing the gut microbiota. Brain and Behavior, 13, e3037.
https://doi.org/10.1002/brb3.3037


https://doi.org/10.1038/ijo.2013.20
https://www.who.int/news/item/09-10-2008-millions-with-mental-disorders-deprived-of-treatment-and-care
https://www.who.int/news/item/09-10-2008-millions-with-mental-disorders-deprived-of-treatment-and-care
https://www.who.int/news/item/09-10-2008-millions-with-mental-disorders-deprived-of-treatment-and-care
https://doi.org/10.1016/j.pnpbp.2020.109951
https://doi.org/10.1016/j.pnpbp.2020.109951
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1111/bdi.12682
https://doi.org/10.1176/appi.ajp.163.2.217
https://doi.org/10.1176/appi.ajp.163.2.217
https://doi.org/10.1159/000492537
https://doi.org/10.1159/000492537
https://doi.org/10.1159/000493867
https://doi.org/10.1159/000493867
https://doi.org/10.1096/fj.12-223339
https://doi.org/10.1016/j.psyneuen.2020.104658
https://doi.org/10.1016/j.psyneuen.2020.104658
https://doi.org/10.2147/NDT.S282208
https://doi.org/10.22365/jpsych.2018.293.199
https://doi.org/10.22365/jpsych.2018.293.199
https://doi.org/10.1002/brb3.3037

	A systematic review on gut-brain axis aberrations in bipolar disorder and methods of balancing the gut microbiota
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Search strategy
	2.2 | Study selection
	2.2.1 | Inclusion criteria
	2.2.2 | Exclusion criteria

	2.3 | Data collection & study assessment
	2.4 | Data synthesis & analysis

	3 | RESULTS
	3.1 | Gut-brain axis changes in BD
	3.1.1 | Gut microbiota composition
	3.1.2 | Neurotransmitter pathway differences of gut microbiota
	3.1.3 | Gut microbiota composition and its relation to inflammation and serum lipids
	3.1.4 | Genetic contributions to the gut microbiota

	3.2 | BD symptom changes after gut microbiota alterations
	3.3 | BD symptom changes after gut microbiota alterations and effectiveness of gut balancing methods

	4 | DISCUSSION
	5 | LIMITATIONS
	6 | CONCLUSIONS
	ACKNOWLEDGMENTS
	DISCLAIMER
	CONSENT
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


