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Abstract: Background: The human gut microbiome comprise a huge number of microorganisms
with co-evolutionary associations with humans. It has been repeatedly revealed that bidirectional
communication exists between the brain and the gut and involves neural, hormonal, and immu-
nological pathways. Evidences from neuroscience researches over the past few years suggest that
microbiota is essential for the development and maturation of brain systems that are associated to
stress responses.

Method: This review provides that the summarization of the communication among microbiota, gut
and brain and the results of preclinical and clinical studies on gut microbiota used in treatments for
neuropsychiatric disorders.

Result: Recent studies have reported that diverse forms of neuropsychiatric disorders (such as
autism, depression, anxiety, and schizophrenia) are associated with or modulated by variations in
the microbiome, by microbial substrates, and by exogenous prebiotics, antibiotics, and probiotics.

Conclusion: The microbiota—gut-brain axis might provide novel targets for prevention and treat-
ment of neuropsychiatric disorders. However, further studies are required to substantiate the clinical
use of probiotics, prebiotics and FMT.
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1. INTRODUCTION

There is a very complex group of microorganisms on the
inner surface of the human gut. The number of microorgan-
isms in the human body is 10 times greater than the number
of human cells, and these microorganisms collectively con-
tain over 100 times more genes than the number of human
genes [1, 2]. In healthy individuals, intestinal microbial flora
has physiological function, fermenting food ingredients that
are not digestible in order to supply nutrients and energy to
the host and to maintain the balance of the immune system
[3]. Over the past few decades, researchers have found that
there is a complex interaction between the host and its mi-
croorganisms, which not only affects energy utilization and
digestion, but also brain function and behavior. In fact, these
microorganisms and humans have evolved together for a
long time and have formed a symbiotic relationship. The
microbiome is now recognized by some as an organ of the
human body. The intestinal microbiome is a significant part
of the complete human microbiome and has a bi-directional
relationship with various organ systems, particularly the cen-
tral nervous system.
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Neuropsychiatric diseases have various causes. There-
fore, initial treatment success rates are often low due to a
failure to treat the accurate biological targets [4, 5]. Ground-
breaking studies showing reduced anxiety in germ-free mice
in a stressful situation [6], the development of depression
after a large-scale E. coli outbreak and reduced anxiety in
rats after treatment with probiotics [7] suggest the role of the
microbiome in neuropsychiatric illnesses. Emerging evi-
dence of the interactions among the brain, gut, and micro-
biome might help to explain the mechanisms underlying
these complex interactions.

In this review, the concept of the microbiota-gut-brain
axis is discussed. We summarize the known studies to exam-
ine how each part of the axis interacts with the others. Fi-
nally, we present the results of preclinical and clinical stud-
ies on gut microbiota used in treatments for neuropsychiatric
disorders and offer perspectives on the future uses of probi-
otics. This article is a non-systematic narrative review for
providing descriptive information.

2. GUT MICROBIOTA

2.1. Structure

The term microbiota refers to microbial communities that
include bacteria, archaea, eukaryotes, and viruses that are
present in a host [8]. Among them, bacteria are predominant,
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particularly certain types of bacteria. A metagenomics analy-
sis of the gut microbiome in 124 subjects (a cohort com-
posed of healthy subjects, overweight subjects, and inflam-
matory bowel disease [IBD] patients) showed that 99% of
the genes were bacterial, and 1,000-1,150 species were found
in the entire cohort [9, 10]. Each individual harbored at least
160 bacterial species and more than three million microbial
genes.

Recent metagenomic technologies have revealed that the
human gut microbiome forms three distinct enterotypes, each
including the Bacteroides, Prevotella, and Ruminococcus
genera [11]. The composition of the gut microbiota depends
on an individual's genetic predisposition, age, nutrition,
physical activity, environmental factors, stress, infection,
other diseases, and use of antibiotics.

2.2. Development

The gut microbiome varies according to age and is gen-
erally formed in three stages. Because the inside of the
uterus is aseptic, an infant is sterile until birth. When passing
through the birth canal, an infant encounters some bacteria,
which then colonize the gastrointestinal tract, mouth, skin,
and conjunctiva. The gut microbiota acquired during vaginal
delivery include Bifidobacterium, Lactobacillus, and
Prevotella as predominant genera [12]. Staphylococcus and
Corynebacterium are the main genera acquired by newborns
born via cesarean section [13]. The gut microbiome of a
newborn is representative of the bacterial composition of the
external environment and the maternal skin, and the birth
method greatly affects the initial microbial settlement [14,
15]. Breastfed infants at this early stage have a lower diver-
sity of gut microflora than infants fed formula, but the com-
position tends to be more stable. After initiating solid foods,
the diversity of the gut microbiota increases [16, 17]. The
proportion of anaerobic bacteria classified as Firmicutes be-
gins to increase [17], and the microbiome becomes similar to
that of an adult gut by three years of age [14].

2.3. Factors Affecting the Structure of the Gut Microbiome

Long-term dietary habits are associated with gut micro-
biome compositions. People with high protein and animal fat
diets have enterotypes characterized by high levels of Bac-
teroides, while those who eat a high fiber diet have entero-
types characterized by high levels of Prevotella [18]. Prebi-
otics refer to indigestible food ingredients that selectively
stimulate the growth and activities of beneficial microorgan-
isms, such as Lactobacillus and Bifidobacterium [19].

Infection, antibiotics, and other factors can temporarily
alter the stability of the gut microbiota composition, which
might have detrimental effects on the host [20]. Even the
short-term use of antibiotics can lead to long-term dysbiosis,
inducing accelerated maturation and exacerbation of diseases
[21]. The subject of stress-induced changes in the gut micro-
biome represents a challenging topic and will be discussed in
more detail in this article.

3. THE MICROBIOTA-GUT-BRAIN (MGB) AXIS

Early studies of the interaction between the gastrointesti-
nal tract and the brain were primarily related to digestive
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function and satiety [22]. The brain-gut axis is composed of
the central nervous system (CNS, represented by the brain),
the enteric nervous system, and the digestive system. It is
involved in gut motility, secretion of hormones, and produc-
tion of acid, bicarbonates, and mucus. Studies to date have
revealed that gut microbiota have a symbiotic relationship
with intestinal cells and play a role in basic physiological
processes, including digestion, growth, and immune defense.

There is a high correlation between stress-related mental
symptoms (such as anxiety) and irritable bowel syndrome
(IBS). This correlation has provided a stimulus to study the
importance of the gut-brain axis. More than 50% of IBS pa-
tients have comorbid depression or anxiety [23]. Recent
studies on germ-free rodents, antibiotics, probiotics, gastro-
intestinal tract infections, and stool microbial transplantation
provide evidence of the notion that intestinal microorgan-
isms regulate the brain, behaviors, and stress responses by
forming the microbiota-gut-brain (MGB) axis [24, 25]. Gut
microbiota maintain a bidirectional interaction with major
parts of the CNS via direct and indirect pathways. The MGB
axis is part of a comprehensive physiological network in-
cluding the endocrine system (hypothalamic-pituitary-
adrenal axis), the immune system (cytokines, chemokines),
the autonomic nervous system (including efferent and affer-
ent neurons), and the enteric nervous system. Gut microbiota
are thought to act on the hypothalamic-pituitary-adrenal
(HPA) axis and the vagus nerve by producing bacterial me-
tabolites via tryptophan metabolism.

3.1. Brain Development and Gut Microbiota

Gut microbiota seem to play a very important role in
CNS development. There is evidence that the intestinal mi-
crobiota program the early activation of the HPA axis as a
stress response in individuals. The elevated activation of
stress hormones in GF mice also suggests that the gut micro-
biota play an important role in the development of the HPA
axis [26].

3.2. Interactions between the Human CNS and Gut
Microbiota

3.2.1. Evidence of the CNS Affecting Gut Microbiota

The gut microbiome composition is influenced by emo-
tional and physiological stress (Fig. 1). In a mouse model,
even two hours of social disruption altered the profile of the
microorganism community, where the Lactobacillus popula-
tion declined [27]. When separation anxiety was provoked in
rhesus monkeys by separating them from their mothers at
age 6-9 months, their fecal Lactobacillus concentrations de-
creased [28]. In another study, the Lactobacillus concentra-
tion in feces was lower in healthy students during a period of
extreme stress than during a period of mild stress.

Stress alters the pattern of mucus secretion [29], which
can have a grave impact on the proliferation of intestinal
microorganisms facilitated by prebiotics and dietary fibers.
Audio stress affects the gastrointestinal postprandial motility
and induces a temporary reduction of gastric emptying in
dogs [29]. Inducing stress in mice through maternal separa-
tion leads to changes in intestinal motility and gut microbiota
composition [30].
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Fig. (1). Interaction pathways of the microbiota—gut—brain axis. Gut microbiota and the brain interact in a variety of pathways. Activation of
the HPA axis by stress leads to cortisol secretion. It can affect gut integrity, motility and mucus secretion, leading to the change the composi-
tion of the gut microbiota. LPS on the surface of gram negative bacteria can affect the brain by mediating immune cells and vagus nerves.
Microbial metabolite such as SCFA and microbial neural substrate including catecholamine, histamine and GABA may affect the brain di-
rectly or indirectly. Intestinal microorganisms control the amount of serotonin by modulating the tryptophan metabolism. CRH, Corticotro-
pin-releasing hormone; ACTH, Adrenocorticotropic hormone; CNS, Central nervous system; HPA, Hypothalamus-pituitary-adrenal; SCFA,
Short-chain fatty acid; GABA, Gamma-aminobutyric acid; LPS, Lipopolysaccharide.

Stress mediators cause local immune activity by altering
intestinal permeability [31] and can change the germ compo-
sition through a series of processes [32]. Provoking chronic
stress in adult mice reduced the relative abundance of Bac-
teroides species and increased Clostridium species in the
cecum. Furthermore, the immune system was activated, and
both interleukin-6 and C-C chemokine ligand 2 were ele-
vated. Gastrointestinal and blood-brain permeability were
improved when acute stress caused secretion of corticotro-
pin-releasing hormone (CRH) in the CNS; this activated
mast cells, which have a high affinity for CRH [33]. Chronic
stress also disrupted the intestinal barrier by activating mast
cells, in turn allowing antibodies, microbial metabolites, tox-
ins, and lipopolysaccharides in the gut to enter the systemic
circulation and CNS.

3.2.2. Evidence of Gut Microbiota Affecting the CNS
3.2.2.1. Immune Regulation

When gut microbiota cause an infection, the cells can
gain access to the CNS and directly induce inflammatory
reactions. Chronic low-grade inflammation causes cytokines

to be released into the blood, further affecting the immune
system. Intestinal microbiota contain molecules that can
cause inflammation. For example, LPS and peptidoglycan
are typical inflammation-inducing substances. LPS is recog-
nized by the TLR-4 receptor, which is widely distributed in
monocytes, macrophages, and microglia of the brain. Activa-
tion of TLR-4-mediated inflammatory responses by gut mi-
crobiota in IBS patients with depression has been reported
[34, 35]. The indirect effects of intestinal microorganisms
and probiotics on the innate immune system can cause al-
terations in the circulatory levels of proinflammatory and
anti-inflammatory cytokines, which in turn have direct im-
pacts on brain functions. When E. coli was introduced into
germ-free mice, macrophage infiltration and activation in
adipose tissue led to an increase in proinflammatory cytokine
(IFN) expression [36] (Fig. 1).

3.2.2.2. Modulation of Afferent Nerves

Gut microbiota can activate the vagus nerve, and such
activation plays an important role in mediating effects on the
brain and behavior. The vagus nerve is an important part of
the sensory pathway connecting the intestines to the brain.
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The evidence that the gut microbiota affect the vagus nerve
is accumulating steadily.

Lipopolysaccharide (LPS) is a major component of the
outer membrane of gram-negative bacteria. LPS activates
cytokines such as IL-1, which in turn induce illness through
the vagus nerve. After vagotomy, cytokine induction is
blocked [37, 38]. Goehler et al. found that c-Fos expression
(an indicator of neural activity of vagal sensory ganglia and
solitary neurons) in mice increased with time after C. jejuni
administration [39]. In that study, neural activity after C.
Jjejuni infection increased in a short time without a concomi-
tant increase in proinflammatory cytokines, indicating that
bacteria can directly affect behavior through the vagus nerve.
Subsequent studies have also shown that early infection with
Campylobacter affects vagally-mediated neural circuits,
leading to anxiety-like behavior [40].

Bravo et al. reported that the vagus nerve plays an impor-
tant role in the brain-gut bidirectional pathway [7]. In rats
and mice receiving chronic administration of the probiotic
Lactobacillus rhamnosus, anxiety and depressive behaviors
were reduced, and this reduction was accompanied by reduc-
tion in gamma aminobutyric acid (GABA) receptor subunit
mRNA expression and corticosterone levels. In contrast, no
neurochemical or behavioral effects were observed after
treatment with Lactobacillus rhamnosus in vagotomized rats
and mice. Similarly, in mice with chemically induced colitis,
the anxiolytic effect of Bifidobacterium longum NCC3001
disappeared after vagotomy [41]. In that study, vagal integ-
rity was important for the anxiolytic effect, but it was not
involved in immune modulation or production of hippocam-
pal brain-derived neurotrophic factor (BDNF) in the gut.

3.2.2.3. Tryptophan Metabolism

Tryptophan is an amino acid that acts as an essential pre-
cursor for the production of serotonin and kynurenine. A
reduction in tryptophan is known to be associated with clini-
cal depression [42]. Gut microbiota appear to play an impor-
tant role in the metabolism of tryptophan. Germ-free mice
were reported to have elevated serum levels of tryptophan
and reduced serotonin levels in the blood compared to nor-
mally colonized mice, suggesting that tryptophan hydroxy-
lase expression in the intestines might be reduced in germ-
free mice [43, 44].

In further animal studies, administration of the probiotic
Bifidobacterium infantis increased inflammatory markers
and tryptophan levels and decreased the kynurenine-to-
tryptophan ratio [45].

3.2.2.4. Microbial Metabolites (Short-Chain Fatty Acids)

Gut microbiota produce short-chain fatty acids (SCFAs)
including acetic acid, propionic acid, and butyric acid. These
SCFAs have a role as inhibitors of histone deacetylases [46],
and they bind to G protein-coupled receptors to induce intra-
cellular signaling [47]. Therefore, SCFAs act as mediators
between the internal microbiota and the brain and contribute
to mechanisms by which intestinal bacteria affect brain
physiology and behavior.

SCFAs can directly affect brain physiology and behavior.
The microbial-derived SCFAs butyric acid and propionic
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acid increase the gene expression of tyrosine hydroxylase, an
enzyme that limits the rate of synthesis of dopamine and
noradrenaline, and dopamine-B-hydroxylase, an enzyme that
converts dopamine to noradrenaline [48]. Long-term treat-
ment of propionic acid in germ-free rats lowered in vivo lev-
els of GABA, serotonin, and dopamine [49]. Microbial-
derived SCFAs are therefore involved in a neural circuit that
can affect physiology and behavior. Propionate generated by
gut microbiota activated intestinal gluconeogenesis gene
expression through a gut-brain circuit involving the fatty
acid receptor FFAR3 [50].

SCFAs formed by gut microbiota appear to affect the
CNS by acting on glial cells including microglial cells and
astrocytes, but the specific effect depends on the type of
SCFA and the target cell. It has been reported that an anti-
inflammatory action of LPS-induced microglial cells in rats
was induced by butyric acid [51]. Erny et al. reported that
SCFA-treated germ-free mice showed restoration of micro-
glial malformation and immaturity following activation of
FFAR2 [52]. In rat experiments, propionic acid affected cy-
toskeletal integration and increased glial fibrillary acidic
protein (GFAP) in cultured astrocytes [53]. When bacteria-
derived propionic acid was injected into rats, cognitive and
sensorimotor impairment were induced [54].

3.2.2.5. Microbial Neural Substrates

Bacteria have the ability to produce diverse neurotrans-
mitters or similar substances. Some strains of gut bacteria
can locally produce and release neurotransmitters, including
GABA, serotonin, catecholamine, and histamine. These
bacteria-derived neurotransmitters can deliver signals to
the CNS through enterochromaffin cells and enteric nerve
receptors.

GABA, a major inhibitory neurotransmitter in the CNS
whose dysfunction is associated with depression, anxiety,
autism, and schizophrenia, is efficiently produced by Lacto-
bacillus brevis and Bifidobacterium dentium in human intes-
tines [55]. Takanaga et al. suggested in their animal study
that GABA produced by intestinal bacteria crosses the
blood-brain barrier (BBB) and enters the CNS [56]. Lacto-
bacillus rhamnosus has been found to reduce anxiety and
depression-related behaviors in mice and to increase GABA
concentration in the hippocampus [57, 58]. Considering that
such effects manifest only when the vagus nerve is intact, it
is possible that intestinal microorganisms indirectly regulate
GABA signaling through the vagus nerve.

Dopamine and noradrenaline are neurotransmitters that
act on the CNS and are produced by GI microorganisms. The
fact that germ-free mice have markedly lower levels of
noradrenaline and dopamine in the cecum than do SPF mice
implies that gut microbiota can possibly supply catechola-
mine [59]. Some bacterial species have a gene for a tran-
script with a similar sequence to that of tyrosine hydroxy-
lase, the rate-limiting enzyme of noradrenaline and dopa-
mine synthesis [60]. Lactobacillus bacteria are known to
synthesize dopamine during culture [61]. However, evidence
that catecholamines produced by microorganisms influence
the CNS is still lacking, as dopamine synthesized in the pe-
riphery cannot cross the BBB. Nevertheless, germ-free mice
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show lower tyrosine (the rate-limiting substrate of
noradrenaline and dopamine synthesis) levels compared to
those in ex-germ-free mice, which implies that gut microbi-
ota elevate dopamine levels in the brains of germ-free mice
[62]. Such a notion is supported by a study that compared
ex-germ-free mice and germ-free mice and found that
catecholamine levels were elevated in the brains of germ-
free mice, but restoring the gut microbiota modulated
catecholamine levels via dopamine and noradrenaline turn-
over in the brain [63].

Histamine, an immunomodulator and neurotransmitter, is
involved in the regulatory processes of important functions
such as waking, cognition, circadian rhythm, and neuroendo-
crine regulation [64]. Some gut microbiota can synthesize
histamine. Lactobacillus reuteri expresses a gene for his-
tidine decarboxylase and synthesizes histamine [65]. Adding
histidine to Lactobacillus reuteri cultures not only leads to
histidine decarboxylase expression, but also increases hista-
mine production. Moreover, Lactobacillus reuteri inhibits
the proinflammatory cytokine TNF-a in myeloid progenitor
cells by producing histamine. Such an immunomodulatory
role of histamine has also been observed in intestinal lym-
phoid organs, where it regulates Yersinia enterocolitica in-
fection [2]. In addition, it has been revealed that an H2 re-
ceptor blockade reduces mucus secretion and intensifies im-
pairment of the intestinal barrier, which in turn might con-
tribute to translocation of bacteria in the intestinal lumen
through the circulatory system [66].

4. PATHOPHYSIOLOGY OF THE MICROBIOTA-
GUT-BRAIN AXIS IN NEUROPSYCHIATRIC
ILLNESSES

4.1. Stress and Anxiety

Anxiety is an emotional state that develops via neural,
endocrine, and immunologic mechanisms. Exposure to stress
(including biological, environmental, or psychological stim-
uli) can provoke anxiety responses involving activation of
the HPA axis or the immune response [67, 68]. The coexis-
tence of anxiety and acute or mild intestinal dysfunction has
been documented extensively, and the role of gut-brain sig-
nals, such as neurotransmitters and immunologic factors, has
been emphasized [69-71].

Germ-free mice show increased motor activity and lower
anxiety compared to SPF mice with normal microbiota. A
reduction of anxiety behaviors in the GF condition is associ-
ated with elevated 5-HT and tryptophan metabolism and
with long-lasting modulation of synaptic transmission by
reducing PSD-95 and synaptophysin expression [67]. These
findings imply that gut microbiota regulate the degree of the
HPA axis response.

Dysbiosis caused by pathogenic bacteria in the intestine
can induce and exacerbate anxiety via immunologic and
metabolic pathways of the MGB axis. C. jejuni infection
increased behaviors such as anxiety by activating c-Fos pro-
teins, markers of neuronal activation, without elevating
proinflammatory cytokine levels [72]. In the previously men-
tioned study by Goehler et al., anxiety increased during
Campylobacter jejuni infection, with c-Fos protein induction
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[40]. Citrobacter rodentium infection led to an increase of
anxiety, presumably mediated by the vagal sensory neurons,
but without an increase of inflammatory factors [73].
Trichuris muris infection increased anxiety via immunologic
and metabolic mechanisms [74].

In contrast, probiotics might ameliorate anxiety. Some
species of Lactobacillus and Bifidobacterium have anxiety-
relieving effects. Probiotic treatment involving specific
strains of B. longum, B. infantis, L. helveticus, or L. rhamno-
sus alone or in combination normalized behavioral pheno-
types in animal anxiety models via correction of immu-
nologic factors and regulation of GABA receptors [7, 74-76].

4.2. Depression

Depression is a mood disorder associated with imbalance
of the HPA axis, dysregulation of the immune system, and
deficiency of tryptophan metabolism [77-79]. Although it is
not known whether an imbalance of intestinal microorgan-
isms is the cause or the effect of depression, several observa-
tional studies show a bidirectional interaction between de-
pression and the gut microbiome.

Depression is associated with dysregulation of the HPA
axis [80]. Profound changes in gut commensals were ob-
served in mice that experienced maternal separation [81, 82].
De Palma et al. reported behavioral despair with changes in
the HPA axis in maternal-separated rats [83]. A direct asso-
ciation between microbes and the HPA axis can be seen by
the increased corticosterone and adrenocorticotropin re-
sponses to restraint stress in germ-free (GF) mice compared
to specific pathogen-free (SPF) mice [84].

In the past few decades of observational studies, the con-
tribution of low-grade inflammation to depression has been
consistently demonstrated, but its source has not been clearly
elucidated [85, 86]. The observation that a malfunctioning
intestinal wall or a leaky gut causes inflammation due to
microorganisms has been reported [87, 88]. Under normal
conditions, immune cells are separated from intestinal gram-
negative bacteria. However, when intestinal permeability
changes and barrier integrity is disrupted, certain gram-
negative bacteria such as Enterobacteriaceae are translo-
cated across the barrier, and the inflammatory process is ac-
tivated [89]. Such translocation can result in immunoglobu-
lin (IgA and IgM)-mediated immune responses to the LPS of
gram-negative bacteria, which can secondarily lead to de-
pression [90]. Patients with depression had significantly
higher TLR-4 expression compared to a control group,
which might be related to bacterial translocation [91].

In another recent study, transplantation of fecal microbi-
ota from depressed patients to microbiota-depleted rats al-
tered tryptophan metabolism, leading to anhedonia and anxi-
ety-like behavior in recipient animals. This was the first ex-
perimental study to demonstrate that the gut microbiota can
play a causal role in the development of depression [92].

4.3. Cognitive Decline

Recent studies have shown a clear link between micro-
bial changes and cognition. Intestinal dysbiosis has been
shown to affect cognitive behavior, including learning and
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memory, in GF mice with intestinal pathogenic bacterial
infections and probiotic administration.

GF mice exhibit defective memory and cognitive abili-
ties, with or without exposure to stress [93]. In the same
study, learning ability decreased in mice infected with
pathogenic C. rodentium, and this cognitive decline was re-
stored by probiotics. This study suggests that the HPA axis,
which is not exposed to stress under GF conditions, com-
prises a neuroendocrine system vulnerable to external
threats.

Hepatic encephalopathy (HE) in patients with liver cir-
rhosis is associated with alteration of the gut microbiota
when intestinal barrier dysfunction is present. Dysbiosis with
an increase in microbiota such as Porphyromonadaceae and
Alcaligenaceae correlated with HE and decreased cognitive
function [94]. Antibiotic-induced dysbiosis impaired cogni-
tive performance, including novel object recognition, which
is associated with BDNF, N-methyl-d-aspartate receptor
subunit 2B, serotonin transporter, and neuropeptide Y [95].

Tests of cognitive function in animals treated with probi-
otics have repeatedly shown probiotics to be beneficial to
memory function. Lactobacillus helveticus improved the
stress response and cognitive dysfunction induced by chronic
restraint stress in rats [96]. In the hyperammonemia state
characteristic of the rat hepatic encephalopathy model, Lac-
tobacillus helveticus led to improvement in both spatial
memory and anxiety-like symptoms [97]. Bifidobacterium
strains were also effective in improving spatial and non-
spatial memory [98, 99].

Increased permeability of the intestine induced by micro-
bial dysbiosis might directly or indirectly affect neurodegen-
erative disorders, including Alzheimer's disease (AD). In
addition, bacteria in the gut can secrete large amounts of
amyloid and lipopolysaccharide, which can contribute to the
regulation of signaling pathways and the production of
proinflammatory cytokines associated with AD. Also, an
imbalance of the gut microbiota is closely related to other
factors involved in the pathogenesis of AD, such as obesity
and type 2 diabetes.

Although the gut microbiome is not known to affect age-
related cognitive decline, it might play a role in the vulner-
ability associated with the aging process. Bacteroidetes and
Firmicutes, both dominant phyla, appear increasingly promi-
nent with age. There is potential for an increase of patho-
genic bacteria at the expense of beneficial bacteria with age,
which could manifest as an increase in the relative abun-
dance of Proteobacteria and a decrease in Bifidobacterium
species. This might cause chronic low-grade inflammation,
although there is no conclusive evidence for this hypothesis.
In mice fed a mixture of Lactobacillus plantarum and Lacto-
bacillus curvatus, age-dependent memory deficits improved
through inhibition of NF-«xB activation [100].

4.4. Schizophrenia and Bipolar Disorder

Schizophrenia is a severe mental disease in which pa-
tients present with delusions, hallucinations, disorganized
thoughts and speech, abnormal motor behavior (catatonia or
stereotyped movements), and negative symptoms. Previous
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studies have shown that schizophrenia is associated with
various gastrointestinal comorbidities, such as IBS, IBD and
celiac disease [101-103]. These findings suggest that gut and
microbiota may be involved in patients with schizophrenia.

Chronic inflammation is reportedly involved in the onset
and progression of schizophrenia [104, 105]. Structural dam-
age to the intestine can lead to chronic inflammation cause
by gut microbiota. An autopsy study of patients with schizo-
phrenia revealed various inflammatory bowel conditions that
could lead to instability in the intestinal wall structure [106].
Severance et al. reported that the presence of soluble CD14,
a surrogate marker of bacterial translocation in patients with
schizophrenia, increased the risk of schizophrenia by 3-fold.
However, it was not associated with LPS binding protein,
suggesting that gut microbiota components other than LPS
may stimulate immune responses [107]. Infection of the GI
tract with Toxoplasma gondii changes the commensal bacte-
ria in the intestinal lumen, resulting in dysbiosis of gut mi-
crobiota [108]. A cohort-based, case-control study suggested
that infection by 7. gondii was a risk factor for early-onset
schizophrenia [109]. Bacteriophages have also been associ-
ated with schizophrenia, as they can alter the metabolism of
bacteria and microbial community composition [110]. An
increased load of the Lactobacillus bacteriophage has been
detected in the oropharyngeal lumen of patients with schizo-
phrenia.

Although inflammation can contribute to bipolar disor-
der, the role of gut microbiota is unclear [111]. However,
several observational studies support the concept that bipolar
disorder is associated with gut microbiota. As in schizophre-
nia, increases in IgM antibodies, suggesting an infection by
T. gondii, have been observed in patients with manic epi-
sodes [112]. Antibodies to commensal microorganisms are
increased in patients with bipolar disorder, which can induce
gastrointestinal inflammation, resulting in translocation of
gut microbiota [113]. A problem with the brain-gut axis was
suspected in a patient without a previous psychiatric history
who had a manic episode following total gastrectomy [114].
Treatment with charcoal, a non-psychotropic medication,
improves the level of inflammation and limits manic symp-
toms.

4.5. Autism Spectrum Disorder

Autism spectrum disorder (ASD) describes a set of neu-
rodevelopmental disorders characterized by defects in social
interaction, communication, and repetitive stereotyped be-
haviors. The relationship of ASD to the gut microbiota began
with a consideration of Clostridium and a hypothesis that the
neurotoxic effects of Clostridium were involved in the onset
of ASD [115]. Two human gut microbiome studies showed
that the number of species belonging to the genus Clostrid-
ium was greater in fecal specimens of autistic children [116,
117]. This was supported by studies demonstrating the ap-
parent benefits of oral vancomycin administration in ASD
[118].

It has been hypothesized that dysbiosis of the gut micro-
biota is involved in the late onset of autism spectrum disor-
der accompanied by gastrointestinal symptoms, including
distention, abdominal discomfort, and changes in bowel hab-
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its. A metagenomics analysis of gut bacteria in late-onset
autism patients showed a marked decrease in Bacteroidetes
(in contrast to an abundance of Bacteroidetes in the control
group) and an increase in Sutterella species [119].

This difference in microbial composition was associated
with a decrease in gray matter transcription of disacchari-
dases and hexose transporters, a condition under which car-
bohydrate malabsorption occurs [120]. Malabsorption of
carbohydrates is thought to result from changes in the nutri-
tional resources available to the intestinal bacteria, which in
turn causes a change in the microbial composition and dys-
biosis.

Subsequent molecular-based studies have found larger
numbers of microorganisms that are altered in autistic chil-
dren. Altered levels of Bifidobacterium, Lactobacillus, Sut-
terella, Prevotella, Ruminococcus, and Alcaligenaceae have
been associated with autism [119, 121, 122].

4.6. Obesity

Food intake and obesity are complex processes involving
both the peripheral and central nervous systems [123]. GF
rats showed lower total body fat than naturally-fed rats and
were resistant to diet-induced obesity [124]. Several human
studies have found causal relationships between gut micro-
biota and obesity. Roux-en-Y gastric bypass surgery has
altered fat metabolism by altering the gut microbiota, result-
ing in a much larger body mass index reduction than ex-
pected [125, 126].

Most studies investigating the potential role of gut mi-
crobiota in obesity have focused on peripheral control of
food intake. The contribution of gut dysbiosis to the patho-
physiology of obesity is based on an increased ability to har-
vest energy in the diet, an altered regulation of lipid and glu-
cose metabolism in the periphery, systemic low-grade in-
flammation against LPS, and an ability to increase insulin
resistance [127-129]. However, it is unclear whether gut mi-
crobiota can also directly affect the central regulation of food
intake.

Obesity might be an adverse effect of psychotropic drugs
(including atypical antipsychotics) acting on the central
nervous system. Whether intestinal microbes mediate this
effect is under investigation. These questions are based on
recent results showing that gut microbiota composition
changed after treatment with olanzapine in rats [130].
Morgan et al. showed that olanzapine induces subtle changes
in the composition of the gut microbiota, beyond the effects
of high-fat diet therapy [131].

5. TREATMENTS TARGETING THE GUT MICRO-
BIOTA FOR NEUROPSYCHIATRIC ILLNESSES

5.1. Probiotics
5.1.1. Overview

Probiotics are defined as live microorganisms that pro-
vide health benefits to humans or animals when consumed
[132]. Lactobacillus and Bifidobacterium species account for
most probiotics. Animal studies on probiotic involvement in
various neurological diseases have been performed, and
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many promising results have been reported. There are many
studies on probiotics, but only studies reporting changes in
neuropsychiatric symptoms in healthy subjects or in subjects
with neuropsychiatric illness will be described in this review.
Most of these are studies on cognition, autism spectrum dis-
order, or anxiety and depressive-like behavior (Table 1).

Studies on probiotics with positive results have shown
that low-grade inflammation is reduced, neurotrophic factors
such as BDNF are modulated, gut permeability is restored,
and the composition of the gut microbiome changes.

5.1.2. Clinical Studies

Studies administering probiotics to humans are relatively
rare. Usually, questionnaires are used to examine the overall
mental status of healthy populations. Many studies have
been conducted on healthy participants, rather than on pa-
tients with a specific diagnosis, to assess behavioral and psy-
chological symptoms (e.g., anxiety, depression, stress, and
behavioral problems).

In these studies, concentrations of the probiotic strains
administered ranged from 107 to 10'® CFU/ml, and their us-
age by recipients varied. The strains were administered alone
or as mixed strains.

5.1.2.1. Studies on Healthy Populations

Benton ef al. conducted the first study of probiotics, us-
ing L. casei Shirota-containing milk in depressed and healthy
subjects [133]. The main findings were that probiotics im-
proved mood in the bottom third of the depressed group and
memory in all of the subjects. In a six-week clinical trial
with petrochemical workers, groups receiving a probiotic
capsule (containing L. casei, L. acidophilus, L. rhamnosus,
L. bulgaricus, B. breve, B. longum, and Streptococcus ther-
mophiles) or probiotic yogurt (containing B. lactis and L.
acidophilus) showed alleviated anxiety and depression com-
pared to groups receiving a placebo capsule or conventional
yogurt [134].

According to two studies conducted by Messaoudi et al.,
a probiotic formulation of B. longum and L. helveticus also
improved both anxiety and depression [135].

A study using L. casei Shirota showed a decrease in sali-
vary cortisol levels in college students in response to stress,
but there was no change in the average State-Trait Anxiety
Inventory score [136].

5.1.2.2. Chronic Fatigue Syndrome

In a study of patients with chronic fatigue syndrome, L.
casei Shirota was used, and anxiety levels decreased after
treatment [137].

5.1.2.3. Schizophrenia

In a clinical study of 65 patients with asthma, PANSS
scores did not change after four weeks of administration of
L. rhamnosus GG (ATCC 53103) and B. animalis subsp.
lactis Bb12, but bowel function was improved [138].

5.1.2.4. Autism Spectrum Disorder

Studies investigating the effects of probiotics in children
with autism spectrum disorder are limited. There is one
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Table 1.  Clinical evidences of gut-microbiota targeting treatments.
Clinical Target Treatment Evaluation Tool Behavioral and Biological Refs.
Concern Population Psychological Outcomes Outcome
Prebiotics
Anxiety and Healthy B-GOS Emotional Increased vigilance Decreased waking | Schmidt et al.
cognition volunteers processing tasks attention cortisol level
Attentional
dot-probe task
Facial expression
recognition task
Emotional categorisa-
tion and memory
Probiotics
Anxiety and 124 Healthy Lactobacillus casei POMS Improvement of mood NA Benton et al.
Depression volunteers Shirota Wechsler Memory of those who initially
Scale poor
Retrieval from long- Better retrieval of long-
term memory term memory in placebo
Verbal fluency
Eating-associated
behavior
NART
Anxiety and 55 Healthy L. helveticus, B. longum | HSCL-90, HADS, PSS Improvement of Decreased urinary Messaoudi et
Depression volunteers anxiety and depression free cortisol al.
Anxiety and 70 healthy L. acidophilus, L. casei, GHQ, DASS Improvement of No changes in Mohammadi
Depression petrochemi- L. rhamnosus, anxiety and depression HPA axis activity etal.
cal workers L. bulgaricus, B. lactis,
B. breve, B. longum, S.
thermophilus
Cognitive 40 healthy B. bifidum, B. lactis, LEIDS-r, BDI, BAI Improvement of total NA Steenbergen
reactivity to sad volunteers L. acidophilus, score and rumination etal.
mood, anxiety L. brevis, L. casei, item of LEIDS-r, No
and depression L. salivarius, changes in BDI and
Lactococcus lactis BAI scores
IBS severity 50 IBS L. casei HADS No change in HADS IBS severity de- Dapoigny et
patients creased in only al.
subgroup with
predominance of
diarrhea
IBS severity 74 1BS L. bulgaricus, HADS No change in HADS IBS severity was Simren et al.
patients S. thermophiles, similarly improved
L. paracasei, between treatment
L. acidophilus and control groups
Stress and 140 Healthy L. casei Shirota STAI No change in self- Decreased salivary | Takada et al.
anxiety medical reported anxiety cortisol level
students
Anxiety and 35 Chronic L. casei Shirota BDI, BAI Decreased anxiety Microbiota com- Rao et al.
Depression fatigue syn- symptoms position change
drome pa-
tients

(Table 1) contd....
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Clinical Target Population Treatment Evaluation Behavioral and Biological Refs.
Concern Tool Psychological Outcomes Outcome
Probiotics

Autism 15 ASD children L. plantarum DBC No change in DBC score Change in stool Parracho

symptoms Consistency, change of etal.
fecal microbiota

Schizophrenia 65 Schizophrenia | L. rhamnosus, PANSS No difference of PANSS Bowel movement im- Dickerson

patients B. animalis provement etal.
Fecal Microbiota Transplantation

Autism Autism patients Human fecal CARS, ABC, ASD and GI symptoms Microbiota composition Kang
symptoms extract SRS improvement change etal.

POMS, Profile of mood states; NART, National Adult Reading Test; NA, not applicable; HADS, Hospital anxiety and depression scale; HSCL-90, Hopkins symptoms checklist;
PSS, Perceived stress scale; GHQ, General Health Questionnaire; DASS, Depression Anxiety Stress Scales; LEIDS-r, Leiden Index of Depression Sensitivity; BDI, Beck depression
inventory; BAI, Beck anxiety inventory; IBS, Irritable bowel syndrome; STAI, State-Trait Anxiety Inventory; PANSS, Positive and Negative Syndrome Scale; DBC, Development
Behavior Checklist; CARS, Childhood Autism Rating Scale; ABC, Aberrant Behavior Checklist, SRS, The Social Responsiveness Scale.

longitudinal study of probiotics that considers certain autistic
symptoms as the primary outcome. In this study, after two
months of receiving probiotics capsules containing Lactoba-
cillus acidophilus, the ability to concentrate and follow
commands improved for the study subjects [139].

Recently, intriguing research has suggested that the ad-
ministration of probiotics might have a preventive effect on
ASD. In a study of Lactobacillus rhamnosus given at early
postnatal times and followed for 13 years, the group receiv-
ing no probiotics was more affected by Asperger syndrome
and attention-deficit hyperactivity disorder than the group
receiving the probiotics, which was not prone to develop
those disorders [140].

5.1.2.5. Cognitive Function

In human studies, intestinal microorganisms have been
shown to have different effects on both cognitive function
and intestinal disease, including IBD and IBS, diabetes, and
hepatic encephalopathy.

Benton et al. reported that, in a placebo-controlled study
with milk containing L. casei Shirota in healthy subjects,
episodic memory and verbal fluency were not better in the
probiotics group [141]. Sharma et al. reported improved psy-
chomotor, attention, and visuo-constructive abilities after
administration of probiotics (a mixture of Lactobacillus and
Bifidobacterium) to subjects with minimal hepatic encepha-
lopathy symptoms [142].

Clinical evidence of improvement of age-related cogni-
tive decline or Alzheimer's disease with probiotics use is still
lacking, despite the fact that probiotic supplements are
commonly used by the elderly. In a recent, randomized, dou-
ble-blind trial, a significant increase in MMSE scores was
reported for patients with Alzheimer's disease after they re-
ceived daily doses of probiotics for 12 weeks [143].

5.1.2.6. Obesity

Altering obesity through probiotics is an attractive con-
cept. To date, studies have shown that probiotic effects vary
greatly depending on the probiotic strain(s) administered.
Diet-induced obese mice treated with L. curvatus and L.

plantarum showed marked weight loss and down-regulation
of inflammation-inducing genes (TNF-a, IL-6, IL-1B, and
MCP) in adipose and liver tissue [144]. Administration of
fermented milk containing Lactobacillus gasseri in two hu-
man clinical trials was also associated with a decrease in
BMI, indicative of beneficial and sustained energy expendi-
ture [145, 146].

5.2. Prebiotics and Diet

The term prebiotics refers to non-digestible fibers that are
selectively metabolized in the small intestine and promote
the growth of beneficial gut microbiota such as Lactobacillus
and Bifidobacterium.

Major prebiotics include galacto-oligosaccharide (GOS)
and fructo-oligosaccharide (FOS), inulins, and oligofructose.
These prebiotics increase the level of Bifidobacterium in the
intestinal tract, benefiting the microbial-gut-brain axis [147].
This bifidogenic effect of prebiotics seems to normalize the
composition of Lactobacillus, Bacteroides, and Bifidobacte-
rium [143, 148]. GOS and FOS further augment the produc-
tion of SCFAs as a result of the normalized gut microbiota
composition [149]. In both animal and human studies, prebi-
otics have been reported to improve inflammatory profiles
and to alleviate psychological distress [150].

Clinical studies on the effects of prebiotics on behavior
are very limited. In a recent study, healthy volunteers con-
sumed Bimuno®-galactooligosaccharides (B-GOS), FOS, or
placebo for three weeks. Researchers measured the waking
cortisol response to assess stress levels and performed neu-
ropsychological tests to evaluate attentional vigilance and
emotional processes. The subjects who ingested B-GOS had
significantly lower waking cortisol levels and greater atten-
tional vigilance [151]. Another recent study on wheat dextrin
in overweight adults demonstrated a progressive and signifi-
cant increase in satiety and a decrease in hunger feelings
[152].

5.3. Fecal Microbiota Transplantation

Fecal Microbiota Transplantation (FMT) refers to trans-
plantation of healthy human feces to a suspected gut dysbio-
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sis patient to regulate the intestinal microbiota. When the
normal gut microbiota are destroyed by antibiotic treatment
and C. difficile enteritis occurs, the recovery of normal bacte-
rial flora by FMT can be outstanding [153]. As a result, in-
terest in FMT has begun to increase.

FMT can also be an effective treatment for IBS. IBS
showed a remission rate of 36-89% after FMT treatment
[154]. Recently, Kang et al. published the first FMT trial in a
neuropsychiatric area. In this eight-week, open-label clinical
trial to evaluate the impact of FMT on GI and ASD symp-
toms, both were significantly reduced. Improvements in GI
and ASD symptoms persisted eight weeks after treatment
[155].

CONCLUSION

Many recent studies over the last decade have played an
important role in recognizing the importance of gut microbi-
ota in brain function. The results of major studies show that
the bidirectional interaction between microorganisms and the
brain affects various CNS activities (such as stress response,
behavior, and mood) through immune and neuroendocrine
system pathways. It is now clear that the gut microbiota di-
rectly or indirectly affect neuropsychiatric illness. Whether
microbial dysbiosis is the cause or a complication of illness
must be further investigated.

It might be premature to discuss the therapeutic potential
of probiotics at this point. Several preclinical trials have
shown that administering probiotics in animal subjects posi-
tively alleviates psychological symptoms. In a summary of
studies to date, B. longum, B. breve, B. infantis, L. helveti-
cus, L. rhamnosus, L. plantarum, and L. casei are presumed
to be the most effective in ameliorating CNS functions re-
lated to mental disorders (anxiety, depression, mood disor-
ders, and stress responses). Although a few promising clini-
cal results of prebiotics and FMT have been reported, the
number of clinical studies is still small.

Additional studies are required to substantiate the clinical
use of probiotics, prebiotics and FMT. First, probiotic or
prebiotic-induced endocrine, immune, neurochemical, and
metabolic changes at the physiological level must be ob-
served in humans. There have been too few controlled trials
of probiotics, prebiotics and FMT based on precise neuro-
psychiatric diagnoses. Further investments into large-scale
clinical trials by food and pharmaceutical companies are
needed to shed light on the efficacy of probiotics and prebi-
otics for conditions such as depression, anxiety, and autism.

LIST OF ABBREVIATIONS

IBD = Irritable Bowel Disease

CNS = Central Nervous System

IBS = Irritable Bowel Syndrome

HPA = Hypothalamic-Pituitary-Adrenal
GF = Germ Free

SPF = Specific Pathogen Free

MGB = Microbiota-Gut-Brain
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SCFA = Short Chain Fatty Acid

GABA = Gamma Aminobutyric Acid
ASD = Autism Spectrum Disorder

FMT = Fecal Microbiota Transplantation
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