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Abstract

Schizophrenia and bipolar disorder are among the leading causes of disability, morbidity, and
mortality worldwide. In addition to being serious mental illness, these disorders are associated
with considerable systemic physiological dysfunction, including chronic inflammation and
elevated oxidative stress. The advent of sophisticated sequencing techniques has led to a growing
interest in the potential role of gut microbiota in human health and disease. Advances in this area
have transformed our understanding of a number of medical conditions and have generated a new
perspective suggesting that gut microbiota might be involved in the development and maintenance
of brain / mental health. Animal models have demonstrated strong though indirect evidence for a
contributory role of intestinal microbiota in psychiatric symptomatology and have linked the
microbiome with neuropsychiatric conditions. We present a systematic review of clinical studies
of microbiome in schizophrenia and bipolar disorder. The published literature has a number of
limitations; however, the investigations suggest that these disorders are associated with reduced
microbial diversity and show global community differences compared to non-psychiatric
comparison samples. In some reports, specific microbial taxa were associated with clinical disease
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characteristics, including physical health, depressive and psychotic symptoms, and sleep, but little
information on the functional potential of those community changes. Studies also suggest
increased intestinal inflammation and permeability, which may be among principal mechanism by
which microbial dysbiosis impacts systemic physiological functioning. We highlight gaps in the
current literature and implications for diagnosis and therapeutic interventions, and outline future
directions for microbiome research in psychiatry.
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Severe mental illnesses (SMI), mainly schizophrenia and bipolar disorder (BD), are a
leading global cause of disability (Whiteford et al., 2013) and rank among the most
substantial causes of death worldwide (Walker et al., 2015). Compared with the general
population, people with these psychiatric disorders have higher rates of chronic medical
conditions and die younger (Brown, 1997; Cuijpers and Smit, 2002; Harris and Barraclough,
1998; Roshanaei-Moghaddam and Katon, 2009; Saha et al., 2007). Excess deaths in these
groups are not primarily from mental disorders themselves or suicide, but due to metabolic
and cardiovascular diseases, cancers, and other chronic diseases (Casey et al., 2009; De Hert
et al., 2009; Hennekens et al., 2005; Katon, 2003; Kupfer, 2005; Tsuang and Woolson,
1978). Even more concerning is the fact that the gap in longevity between people with
schizophrenia and general population has increased 37% since the 1970s (Lee et al., in
press). Despite the enormous burden of SMI, the underlying mechanisms associated with
disease pathogenesis and progression are still not fully understood. The potential role of
intestinal microbiota in the etiology of various human diseases has attracted considerable
attention during the last decade. However, no article to our knowledge has systematically
reviewed all the available studies of the microbiome in human, clinical populations of
schizophrenia and BD. We highlight gaps in our knowledge, potential implications for
diagnosis and therapeutic interventions, and outline future directions for microbiome
research in psychiatry.

l. Why Microbiome?

The microbiome is a dynamic ecological community of microorganisms and their genes,
including mainly bacteria, but also archaea, microbial eukaryotes, fungi, and viruses that
inhabit the human body. For decades, the importance of the human microbiome remained
elusive, due to technical challenges in studying unculturable microorganisms (Pace, 1997,
Qinetal., 2010; Sogin et al., 1972; Woese and Fox, 1977). Only with the advent of high-
throughput sequencing techniques has it become apparent that the microbiome is a rich and
diverse ecosystem with implications for human health and disease (Human Microbiome
Project, 2012; Knight et al., 2017). Humans, on average, harbor at least as many bacteria as
the “human” cells in our bodies (Sender et al., 2016). Of the many distinct environments
inhabited by microbes (e.g., skin, mouth, upper gastrointestinal tract), the distal large
intestine has the greatest microbial biomass, with 1,000+ unique bacterial species and
between 2 million and 20 million unique genes, which dwarf the human genome (20,000
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genes) by more than 100:1 (Costello et al., 2009; Human Microbiome Project, 2012; Qin et
al., 2010). Unlike the human genome, which is fixed from birth, the microbiome is a
dynamic environment that is highly variable over time (Caporaso et al., 2011) and can be
shaped by development (from birth through old age) (Dominguez-Bello et al., 2010; Koenig
etal., 2011; Yatsunenko et al., 2012) and in response to intrinsic (e.g., immune system) and
extrinsic (e.g., diet, exposure to drugs/medications, or physical geography) environmental
factors. Thus, the microbiome is potentially more easily modifiable than human genome.

The microbiome has emerged as the “new” biomarker of human health. It is critical in
maintaining host physiology, particularly in developing and shaping the immune system
(Duerkop et al., 2009; Forsythe and Bienenstock, 2010). The human microbiome has been
shown to have a pivotal role across a range of medical conditions including gastrointestinal
(GI) disorders, such as inflammatory bowel disease (Kostic et al., 2014), obesity and
metabolic diseases (Bouter et al., 2017; Hartstra et al., 2015), cancer (Schwabe and Jobin,
2013), and chronic pulmonary diseases (Budden et al., 2017; O’Dwyer et al., 2016), to name
a few. Parallels can be drawn between these medical disorders and SMI. Gut (Severance et
al., 2015) and metabolic (De Hert et al., 2009; Hennekens et al., 2005) dysfunction is highly
prevalent in SMI, and cardiovascular, cerebrovascular, and digestive diseases rank as the top
three leading causes of natural death in schizophrenia (Saha et al., 2007). Thus,
schizophrenia and BD are not just severe mental ilinesses but also severe physical ilinesses
(Jeste et al., 2011). As microbial colonization of the gut is critical for the development of the
immune system (Round and Mazmanian, 2009), imbalance and/or depletion of the intestinal
ecosystem may alter immune responses (Kamada et al., 2013) and contribute to systemic
physiological dysfunctions, including elevated inflammation and oxidative stress, seen in
these disorders (Berk et al., 2011; Flatow et al., 2013; Kirkpatrick and Miller, 2013).
Therefore, microbiome research may contribute to a greater understanding of the
pathogenesis and treatment of chronic mental illnesses.

Il. Preclinical Studies of the Microbiome in Neuropsychiatric Disorders

In this ever-expanding field, researchers are now investigating how the intestinal microbiota
influence distal sites, particularly the brain. In psychiatric disorders, the gut microbiome has
been of particular interest because it plays a significant role in brain function and behavior
(Diaz Heijtz et al., 2011), which has led to coining of the term “gut-brain axis.” The
mechanisms by which peripheral intestinal microorganisms are linked to emotional and
cognitive functions of the brain are not fully understood, but they are thought to include the
vagus nerve, gut hormone signaling, the immune system, tryptophan metabolism, and
microbial metabolites such as short-chain fatty acids (Cryan and Dinan, 2012).
Investigations using germ-free animals have been critical in allowing direct assessment of
the microbiome’s impact on different aspects of behavior relevant to psychiatric disorders,
including depression and anxiety. It is beyond the scope of this article to review all the
preclinical articles relevant to brain and behavior; these have been more comprehensively
reviewed elsewhere (Cryan and Dinan, 2012). However, we highlight some of the landmark
studies that have shaped our understanding of the gut-brain axis.
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Sudo and colleagues (2004) first demonstrated that the intestinal microbiota could modulate
the hypothalamus-pituitary-adrenal (HPA) axis. In their study, germ-free mice exposed to
mild stress displayed elevated adrenocorticotrophic hormone and corticosterone release
compared to control mice with normal gut microflora. This stress response could be fully
reversed by reconstitution with Bifidobacterium infantis and partially reversed by
colonization with fecal matter from control mice. Subsequent studies have also shown that
germ-free mice have reduced anxiety-like behavior and altered levels of neurotransmitters
and neurotrophic factors in the brain (Clarke et al., 2013; Crumeyrolle-Avrias et al., 2014;
Heijtza et al., 2011; Neufeld et al., 2011). In an innovative translational study, Zheng and
colleagues (2016) incorporated both preclinical and clinical samples to assess how gut
microbiota physiologically influence psychobehavioral characteristics and determine
whether alterations of gut microbiota may have a causal role in depression-like behavior.
The investigators demonstrated that germ-free mice display decreased depression-like
behavior, and that patients diagnosed with major depressive disorder (MDD) have
microbiota compositions that were significantly different from non-psychiatric comparison
subjects, characterized by changes in the relative abundance of Firmicutes, Actinobacteria,
and Bacteroidetes. Furthermore, fecal microbiota transplantation (FMT) of germ-free
animals with the microflora derived from MDD patients resulted in increased depression-
like behaviors compared to mice that had received FMT from healthy control individuals.
Similar results were replicated in an independent study in which FMT from MDD patients to
germ-free rats induced behavioral and physiological features characteristic of depression in
the recipient animals, including anhedonia, anxiety-like behaviors, and alterations in
tryptophan metabolism (Kelly et al., 2016). These experiments provide compelling evidence
that the gut microbiota can physiologically induce depression- and anxiety-like behavior in
animals.

An emerging body of research is also beginning to link the intestinal microbiota with
neurodevelopmental and neurodegenerative disorders. Studies have demonstrated differences
in the gut microbial composition of children with autism spectrum disorders compared to
typically developing children (Ding et al., 2017). In a notable study using a maternal
immune activation (MIA) mouse model that is known to display features of autism, Hsiao et
al. (2013) demonstrated that certain microbial shifts in the gut led to subsequent onset of
behavioral changes consistent with the clinical picture of autism. Alongside microbial
dysbiosis, defects in intestinal permeability and elevated inflammatory cytokines were also
observed. Treatment with the commensal bacterium Bacteroides fragilis, which had been
previously demonstrated to restore Gl pathology through immunomodulatory effects in
mouse models of colitis (Mazmanian et al., 2008), reversed the physiological, neurological,
metabolic, and immunological abnormalities. Importantly, findings from this study suggest
leaky gut and related elevations in pro-inflammatory cytokines as potential mechanisms for
intestinal dysbiosis and by which commensal bacteria may improve Gl and behavioral
abnormalities in autism. On the other end of the developmental spectrum, patients with
Parkinson’s disease (PD) display altered microbiomes (Hasegawa et al., 2015; Keshavarzian
et al., 2015; Scheperjans et al., 2015), and the microbiome has been shown to promote
progression to PD in genetically susceptible individuals. Using mice that overexpress a.-
synuclein, a neuropathological protein relevant to Parkinsonian movement disorders,

J Psychiatr Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 5

Sampson and colleagues (2016) demonstrated that germ-free strains of these animals do not
display characteristic motor deficits, microglial activation, and a-synuclein pathology
characteristic of PD. Remarkably, colonization of a-synuclein-overexpressing mice with the
microflora from patients with PD enhances motor dysfunction in these animals, compared to
microbiota transplants from healthy human donors.

One study investigated the gut microbiota in a putative partial rat model of schizophrenia.
Jorgensen and colleagues (2015) observed that sub-chronic phencyclidine treatment
impaired novel object recognition and increased locomotor sensitivity—the type of
neurobehavioral impairment that is consistent with schizophrenia, and altered the gut
microbiota composition of treated animals. Furthermore, the microbiota profiles correlated
with object recognition memory, suggesting that pathological gut microbiome may
contribute to cognitive impairment.

Together, these preclinical studies indicate that changes in the gut microbiome impact
mental and neurological health. Nevertheless, questions that need to be further addressed are
whether dysbiosis is disease-specific and whether it is secondary to altered neural regulation
of gut functions and/or if primary gut aberrations impact brain development and function.

lll. A Systematic Review of Clinical Studies of the Microbiome in

Schizophrenia and Bipolar Disorder

We conducted a systematic review of studies of the microbiome in patients with
schizophrenia and BD. We searched PubMed, PsycINFO, and Embase for articles published
before May 3, 2017 using the following search string: microbiome AND (schizophrenia OR
psychosis OR bipolar OR severe mental illness). We considered studies that utilized high-
throughput sequencing methods to characterize microorganisms in individuals clinically
diagnosed with schizophrenia, schizoaffective disorder, BD, or related psychotic disorders.

Review Process

Our database search yielded 123 articles. The titles and abstracts of all articles were
screened and, of these, 19 met inclusion criteria for further review. Three additional articles
were obtained from the references of identified papers. In total, 22 full-text articles were
assessed for eligibility, and 5 met the above-mentioned criteria for review.

Because so few studies have been published on microbiome in schizophrenia and BD, we
also considered investigations that did not use high-throughput sequencing but indirectly
measured other biomarkers that may reflect organisms within the gut microbiome and/or
suggest alterations to the intestinal environment. These included studies of markers of
microbial translocation (i.e., the passage of indigenous gut microbes from the
gastrointestinal tract to extra-intestinal sites, such as the bloodstream). Based on this
expansion of the inclusion criteria, five additional studies reviewed. Their inclusion provides
additional context for the microbiome studies and implicate a potential mechanism by which
the gut microbiome may contribute to systemic immunological dysfunction. The PRISMA
flow chart depicting information through different stages of the systematic review is shown
in Figure 1.
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Characteristics of Reviewed Studies

Study characteristics and summary statistics for the 10 reviewed studies are presented in
Table 1. Overall, the mean sample size for clinical samples across studies was 103, with
mean age of 35.7 years and mean gender ratio (M/F) of 1.3. Five investigations used high-
throughput sequencing technology to characterize participants’ microbiota. Of these, three
were investigations of the gut microbiome through fecal sampling, and two examined
oropharyngeal microbiome by swabbing the posterior pharynx. Four studies investigated
exposure to fungal pathogens by measuring serum levels of immunoglobulin G antibodies,
and one study quantified serological protein markers of bacterial translocation. In terms of
clinical populations examined, four investigations included individuals with schizophrenia
and/or schizoaffective disorder, three studies assessed individuals with BD, and three articles
focused on a mixed sample of individuals with schizophrenia and BD.

We highlighted findings related to global community diversity, taxonomic differences, and
clinical and disease-related characteristics that may be associated with microbiome
alterations in SMI. Summary information for these studies is provided in Table 2.

Clinical Studies of the Microbiome in Schizophrenia

Only one study has investigated gut microbiome in schizophrenia and related psychotic
disorders. Schwartz and colleagues (2017) observed that patients with first-episode
psychosis exhibited an altered taxonomic signature compared to non-psychiatric comparison
subjects (NCs), with a relatively increased abundance of the families Lactobacillaceae,
Halothiobacillaceae, Brucellaceae, and Micrococcineae, and decreased Veillonellaceae.
Particularly, Lactobacillaceae were overrepresented among the taxa that were most strongly
increased in patients. Importantly, gut microbial composition was associated with severity of
psychotic symptoms and global functioning in patients at the time of hospitalization for first-
episode psychosis. Notably, first-episode patients who showed the greatest abnormalities in
microbiota composition from NCs at the time of hospitalization showed lower rate of disease
remission at one-year follow-up (28% compared to 70% who clustered within the
distribution of NCs). The model to find this separation was constructed from five families
that were most significantly different between groups, as identified by LEfSe method
(Segata et al., 2011) using partial least squares regression, and was robust to potential
confounders such as baseline level of global functioning, level of physical activity, body
mass index, duration of antipsychotic treatment, and food intake.

Two studies investigated the oropharyngeal microbiome. Patients with schizophrenia showed
decreased oral microbial biodiversity (Castro-Nallar et al., 2015), known as alpha diversity
or species richness and evenness in ecological terms, which is a measure of the total number
and distribution of species in a community. It is commonly observed that high diversity is
the hallmark of a healthy microbiome (Yatsunenko et al., 2012). Additionally, the overall
microbial composition of schizophrenia patients was significantly different from NCs,
although the latter finding might have been confounded by increased cigarette smoking in
the schizophrenia group (Castro-Nallar et al., 2015). Patients with schizophrenia had higher
relative proportions of Firmicutesin comparison to NCs, who had higher proportions of
Bacteroidetes and Actinobacteria. At the genus level, lactic acid bacteria (Lactobacillus and
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Bifidobacterium) were relatively more abundant in schizophrenia, particularly species
Lactobacillus gasseri. Notably, lactic acid bacteria are often considered health-promoting
and anti-inflammatory, and are commonly found in the composition of probiotics (Naidu et
al., 1999). These taxa have been shown to enhance immunity following supplementation
(Schiffrin et al., 1997; Sheih et al., 2001). Their relatively increased presence in this
population is surprising given that schizophrenia and BD have been associated with chronic
inflammatory states (Berk et al., 2011; Kirkpatrick and Miller, 2013). Conversely, another
study observed elevated levels of Lactobacillus phage phiadh in patients with schizophrenia,
which is a bacteriophage that preferentially infects the bacteria Lactobacillus gasseri, this
study also observed a positive association between colonization with Lactobacillus phage
and co-morbid immunological diseases (Yolken et al., 2015). These conflicting results may
be due to differences between populations, as schizophrenia is a very heterogeneous disease,
or underscore the complexity of community relationships within the microbiota. They may
also highlight the current challenges of microbiome data analysis, where the risk of false
positive discovery can be difficult to avoid due to considerable between- and within-subject
variability at the phylogenetic level in the human microbiota over time (Human Microbiome
Project Consortium, 2012). However, the functional composition (i.e., functional potential of
the gene content of the metagenome) of the gut microbiota is much more stable, and may;,
therefore, provide greater insight into the role of the microbiome in disease than taxonomic
profiling (Human Microbiome Project Consortium, 2012). Indeed, Castro-Nallar and
colleagues (2015) characterized the functionality of the oral microbiota and found that
pathways associated with schizophrenia were related to metabolite transport systems, while
those associated with NCs were related to energy metabolism.

Clinical Studies of the Microbiome in Bipolar Disorder

Global gut microbial community differences have also been observed in BD, with decreased
fractional representation of Faecalibacterium and an unclassified member from the
Ruminococcaceae family, both from the phylum Firmicutes (Evans et al., 2016). Among
these patients, increased Faecalibacterium was associated with improved physical health,
reduced depressive symptoms, and better sleep. Notably, Ruminococcaceae and
Faecalibacterium have also been observed to be relatively decreased in the gut microbiome
of patients with MDD, and levels of Faecalibacterium were negatively associated with
depressive symptoms (Jiang et al., 2015). This finding is consistent with literature in several
other medical conditions and disease states—including IBD (Schwiertz et al., 2010; Sokol et
al., 2009), colorectal cancer (Balamurugan et al., 2008), and diabetes (Furet et al., 2010;
Zhang et al., 2013), all of which express lower gut Faecalibacterium—suggesting that
increased abundance of this genus is associated with better health. A second study from the
same group also demonstrated that atypical antipsychotic treatment was associated with
reduced gut biodiversity, particularly in female patients (Flowers et al., 2016). Patients on
atypical antipsychotic treatment showed specific taxonomic shifts, with relatively increased
levels of Lachnospiraceae, while non-treated individuals had preferentially higher levels of
Akkermansia.
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Intestinal Inflammation in Schizophrenia and Bipolar Disorder

Several clinical studies have also investigated blood-based biomarkers of microbial
translocation (Table 3). Patients with schizophrenia and BD exhibited higher serum antibody
levels to fungal pathogens Saccharomyces cerevisiae and Candida albicans (Severance et al.,
2012; Severance et al., 2016; Severance et al., 2014) and soluble CD14 (sCD14)(Severance
et al., 2013), a protein marker of bacterial translocation. When considering the impact of
psychotropic medications on these biomarkers, levels of antibodies to Saccharomyces
cerevisiae were higher in first-episode psychosis patients who were antipsychotic-naive
compared to those receiving antipsychotic treatment (Severance et al., 2012). Otherwise,
antibodies to C. albicans, SCD14, and lipopolysaccharide binding protein did not differ
among patients receiving different types of psychiatric medication (including lithium,
valproate, or antipsychotics) (Severance et al., 2016; Severance et al., 2013; Severance et al.,
2014).

Elevation of these serological biomarkers suggests increased permeability of the intestinal
lumen or “leaky gut” through the process of microbial translocation, and indicates intestinal
inflammation (Dickerson et al., 2017). If the Gl barrier is compromised, increased levels of
gut-dwelling commensal enteric microbes are exposed to systemic circulation. This process
may be a resultant mechanism by which intestinal dysbiosis impacts systemic physiological
functioning in SMI. As previously mentioned, Hsiao and colleagues’ (2013) found that
microbial dysbiosis led to intestinal permeability and elevated cytokine levels in a preclinical
model of autism. Consequently, the gut may become a source of autointoxication. Depletion
or dysbiosis of microbes that promote development of the immune system may be at the root
of a chronic inflammatory state in SMI, which can impact central nervous system
functioning (Dickerson et al., 2007; Frodl and Amico, 2014; Pedersen et al., 2008). Indeed,
memory performance was significantly reduced in women with schizophrenia and BD who
were seropositive for Candida albicans, compared to their respective seronegative
counterparts (Severance et al., 2016). The observation that probiotic treatment was found to
reduce levels of these inflammatory indices (Severance et al., 2017) further suggests that
alterations in the gut microbiome may modulate immune responses and infers that microbial
therapeutics could be a potential intervention strategy.

IV. Conclusions and Perspectives

Schizophrenia and BD are heterogeneous diseases with multiple plausible
pathophysiological contributors. Abundant evidence points to the immune system as an
important factor in the pathogenesis and developmental trajectories of these disorders
(Anderson et al., 2013; Benros et al., 2014; Berk et al., 2011; Watanabe et al., 2010). The gut
is the largest immune system in the body. Microbiota colonization of the gut early in life is
crucial for the optimal development and function of the immune system (Round and
Mazmanian, 2009), and dysbiosis of the intestinal ecosystem may alter immune responses
(Kamada et al., 2013). Consequently, chronic inflammation, oxidative stress, and other
physiological dysfunctions that have been implicated in schizophrenia and BD, are proposed
to be, at least in part, associated with changes in the microbiome. A greater understanding of
the microbiome not only offers insight into how microbial dynamics may be associated with
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these physiological alterations in SMI, but also presents exciting avenues for future
therapies.

Microbiome research within clinical mental health is nascent, and only a limited number of
studies have been conducted to date. Altered microbiota have been observed in other
psychiatric populations, including MDD (Aizawa et al., 2016; Jiang et al., 2015; Lin et al.,
2017; Naseribafrouei et al., 2014), autism spectrum disorders (Rosenfeld, 2015), and
anorexia nervosa (Carr et al., 2016). Still, there are considerable gaps in our knowledge, and
the limitations of the current state of research must be highlighted. There were only five
studies of the microbiome in SMI. Several papers were from the same group of investigators
—and presumably, overlapping cohort of participants—thus restricting the scope of the
review. Most of these findings are still preliminary, as they were based on small sample
sizes, and results are inconsistent across studies and populations. Often the directionality of
specific taxa is mixed. For example, Lactobacillus and Bifidobacterium levels have been
reported to be lower in MDD (Aizawa et al., 2016), which is contrary to the finding of
increased abundances of these bacteria in schizophrenia (Schwarz et al., 2017). On the other
hand, children with autism also show increased Lactobacillus compared to NCs (Tomova et
al., 2015). The inconsistencies across investigations may be attributable partly to
heterogeneity among the mental illnesses themselves and partly to the compositionality
problem inherent to microbiome investigations (Friedman and Alm, 2012; Morton et al.,
2017). Microbiome data are compositional, meaning that they are relative and, on their own,
carry no information about absolute abundances. Thus, over-interpretation of increased
versus decreased abundances of specific species may lead to conflicting and erroneous
conclusions. With this in mind, novel techniques to study changes in microbial composition
are being developed (Morton et al., 2017). They acknowledge that changes in microbial
abundance make sense only in the context of other microbes.

Another major issue when comparing results across studies of the microbiome is
replicability. Based on what is known from other diseases (Forslund et al., 2015; Walters et
al., 2014), technical differences (e.g., DNA extraction methods, PCR primers, sequencing
platforms, taxonomy databases) can produce systematic biases that can obscure biologically
meaningful compositional differences (Lozupone et al., 2013; Walters et al., 2014). This is
especially true when the effects of a biological parameter are expected to be subtle, making
replication across investigations challenging. Because the currently available studies in SMI
used different sequencing methods (16S rRNA vs. shotgun metagenomic sequencing),
sampled from different regions (oral vs. gut), and studied different patient cohorts (e.g., first-
episode, chronic, medicated vs. unmedicated), it is not surprising that results were not
replicated. Relatedly, because of these differences, it was not feasible to compare results
across studies. Consequently, given these current challenges, the extent of conclusions that
can be drawn from available findings at this time is limited. Finally, as with any review,
publication biases might have influenced a predominance of positive results.

Nevertheless, the growing accumulation of studies suggesting altered microbiomes in human
neuropsychiatric populations supports the concept of the gut-brain axis and a role of the
microbiome not only in physical health and disease but also in mental and cognitive
functioning. The available literature suggests that certain characteristics of microbiome may
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be associated with specific clinical features of schizophrenia and BD, including severity of
mood and psychiatric symptoms (negative symptoms, depression, sleep), physical health and
disease, psychiatric medication use, and overall global functioning (Evans et al., 2016;
Flowers et al., 2016; Schwarz et al., 2017; Yolken et al., 2015), and that gut microbial
composition may modulate treatment response and disease remission (Schwarz et al., 2017).
This latter finding presents an exciting possibility that the microbiome could be an early
indicator of individuals at higher risk for disease progression and an important trait marker
that can help identify at-risk individuals who may benefit most from strategies to prevent
further decline. Though no study has yet examined the relationship between the microbiota
and cognition in schizophrenia or BD, seropositivity for C. albicans was associated with
reduced memory abilities and overall cognition (Severance et al., 2016). Both animal and
human studies in other populations have demonstrated relationships between gut microbiota
and specific domains of cognition, including learning/memory, processing speed, sustained
attention, and executive function (Bajaj et al., 2012; Gareau et al., 2011), all of which are
impaired in schizophrenia and BD (Bearden et al., 2001; Nuechterlein et al., 2004). It would
be interesting to differentiate microbial associations of cognitive impairment compared to
psychopathology in SMI.

The clinical implications of these data are considerable. Microbiome research holds promise
for predicting clinical prognosis and for therapeutics in SMI. In addition to serving as an
important prognostic indicator, it may also be a viable therapeutic target to modulate
immune response and other physiological functions in addition to psychiatric symptoms.
Present-day treatment of schizophrenia and BD includes the use of antipsychotics and mood
stabilizers, which may improve some psychiatric symptoms, but are plagued by side effects
(Honig et al., 1999; Leucht et al., 2009). Identification of associations between these
disorders and the gut microbiome may pave the way for development of novel diagnostic
tools and “whole body” therapeutics that improve not only mental/cognitive health and
wellbeing but also physical health and longevity. By including the microbiome as a part of
the evaluation process, future clinical psychiatry could be in a better position to move away
from phenomenology-based characterizations of mental illnesses, to precision medicine
data-driven diagnostics and therapeutic recommendations. In addition, modulation of the gut
microbiota may be a tractable strategy for developing novel treatments for schizophrenia.
Addition of microbial treatments (e.g., probioticss) to the therapeutic armamentarium would
not entail either major side effects or high costs (Gilbert et al., 2016). Both probiotics (live
microorganisms that when administered in adequate amounts confer a health benefit on the
host; Hill et al., 2014) and prebiotics (nondigestible food components that are selectively
fermented by intestinal microflora that are associated with health and wellbeing; Gibson et
al., 2004) are intended to regulate the microbiome. An alternative approach is to completely
restore a dysbiotic microbial community through administration of a complete, complex
microbiota from a healthy donor through fecal microbiota transplantation (Bakken et al.,
2011; Kassam et al., 2013; Weingarden et al., 2015), which has been successful in the
treatment of relapsing Clostridium difficile infection (Shahinas et al., 2012; van Nood et al.,
2013).
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The published studies are important for laying the groundwork for future investigations.
Additional investigations are needed to replicate existing findings and elucidate the role of
the microbiome in the development, presentation, and progression of major psychiatric
disorders as well as its relationship with other clinical factors and biological markers. There
are a number of limitations in the current state of our knowledge that future research should
aim to address.

1.

With one exception (Evans et al., 2016), most studies of the microbiome in
severe psychiatric illness thus far have included limited sample sizes. Given the
variability among samples and power needed for high-throughput sequencing
analyses (Debelius et al., 2016; Goodrich et al., 2014), investigations involving
larger sample sizes are needed. Larger samples will also allow for more complex
models that can account for factors—other than disease state and relevant
variables of interest, such as age, sex, diet, or medication—that might impact
microbial composition.

Better demographic and phenotypic characterization of clinical samples is
needed. Aside from age and gender, most studies did not provide further
phenotypic description of the clinical samples. Other important socio-
demographic and clinical variables to consider include educational attainment,
socioeconomic status, and residential status including homelessness. Of
particular relevance are measures that indicate level of disease severity, such as
age of disease onset, duration of illness, number of hospitalizations, and current
and/or cumulative antipsychotic medication exposure, which might be related to
greater physiological decline due to wear and tear on the body from factors
associated with having a mental illness (Nguyen et al., 2017).

To further elucidate the functional role of the microbiome in SMI, it is imperative
that investigations include careful clinical assessment of participants, including
mood and psychotic symptoms (e.g., depression, mania, positive and negative
psychotic symptoms, sleep), neurocognition (e.g., memory, processing speed,
executive functions), psychosocial functioning (e.g., functional capacity, stress,
social support), physical characteristics (e.g., body mass index), medical
morbidity (e.g., cumulative rating of physical illness and severity, cardiovascular
disease risk), and lifestyle behaviors (e.g., diet/nutrition, smoking, substance use,
sedentary behavior, and physical activity). Including matched samples of NCs on
various lifestyle or physical morbidity variables could help disentangle the
impact of these factors on the microbiome from the mental illness itself.

Studies of the microbiome should also include assessment of other biological
factors related to the gut-brain axis and/or known to be altered in SMI. These are
exemplified by, but are not limited to, pro-inflammatory cytokines and
chemokines, measures of oxidative stress, mitochondrial dysfunction, and
metabolic dysregulation. Understanding the relationship of the microbiome to
other markers of physiological abnormalities may help identify mechanisms by
which the gut ecosystem impacts the brain and physical morbidity.
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5. It is hypothesized that schizophrenia and BD are associated with accelerated
biological aging with greater age-related deficits and steeper age-related declines
(Berk et al., 2011; Kirkpatrick et al., 2008; Nguyen et al., 2017). Both disorders
have been characterized by chronic, low-grade inflammation, suggesting a
process of immunosenescence or “inflammaging” (Franceschi and Campisi,
2014), and the gut microbiome may be an important mechanism involved in this
process. To shed greater light on the issue of accelerated biological aging, studies
should investigate the differential relationship of age and impact of aging on gut
microbial composition in mental illness groups compared to NCs.

6. The problem of compositionality underlines the importance of having a baseline
reference point for a microbial community and how it changes with mental
illness. Longitudinal studies can capture within-subject variability and will
further our understanding of the temporal variations of microbial composition.
This may be particularly relevant after an intervention or experimental challenge.
For example, microbial composition could be measured before and after
probiotic supplementation to determine target engagement of the probiotic
compound and ascertain whether changes in the outcome measures of interest
were driven by changes in the underlying mechanism. Moreover, longitudinal
sampling during different mood (e.g., mania vs. depression) or symptom (e.g.,
during active psychosis vs. remission) states would help elucidate whether
changes in the microbiota are trait or state related.

The field of microbiome research is evolving. The goal of this overview was not to draw
definitive conclusions about the microbiome in SMI but to summarize current knowledge,
discuss limitations and shortcomings in existing research, and present recommendations and
future directions for research. We aimed to stimulate interest in the microbiome as an
important component of clinical mental health research, especially in SMI, where there are
limited treatment options. Advances in sequencing technologies and data/statistical analyses
provide an exciting opportunity to further elucidate the mechanisms underlying altered
developmental trajectories in SMI, especially with aging. The emerging literature provides
initial exciting evidence suggesting that the gut microbiome is altered in these disorders and,
importantly, is associated with clinical features of mental illness. Further rigorous
investigations in this area are needed, as microbiome research holds promise for precision
medicine through data-driven diagnostics and cost-effective therapeutic strategies (e.g.,
probiotic or prebiotic supplementation, dietary manipulation, FMT). Strategies for achieving
and maintaining healthy microbiome may lead to numerous potential benefits, including
improved physical and mental health, cognition, and consequently, everyday functioning.
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Figure 1.
PRISMA flow diagram for selection of published articles for review.
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