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ABSTRACT

The gut and brain form the gut-brain axis through bidirectional nervous,
endocrine, and immune communications. Changes in one of the organs will affect
the other organs. Disorders in the composition and quantity of gut microorganisms
can affect both the enteric nervous system and the central nervous system (CNS),
thereby indicating the existence of a microbiota-gut-brain axis. Due to the intricate
interactions between the gut and the brain, gut symbiotic microorganisms are closely
associated with various CNS diseases, such as Parkinson's disease, Alzheimer's
disease, schizophrenia, and multiple sclerosis. In this paper, we will review the
latest advances of studies on the correlation between gut microorganisms and CNS

functions & diseases.

INTRODUCTION

Gut microorganisms

The human gut contains various microorganisms,
such as bacteria, fungi, parasites, and viruses, and more
than 100 million bacteria reside in human gastrointestinal
tract, which is 10-100 times the number of eukaryotic
cells in our body. After years of common development
with the human body, the gut bacteria have reached
a mutually beneficial symbiotic state with the human
body. The gut bacteria mainly include six major phyla of
Firmicutes, Bacteroidetes, Proteobacteria, Actinomycetes,
Verrucomicrobia, and Fusobacteria, with Bacteroidetes
and Firmicutes being the dominant flora [1].

Gut microorganisms play an important role in
promoting adult development and homeostasis; for
example, they can affect human metabolic functions by
decomposing the complex polysaccharides in food. In
addition, gut microorganisms can regulate gut movement,
the gut barrier system and fat distribution [2]. Gut
microorganisms can affect immune function through the

development of gut-associated lymphoid tissue and by
preventing the colonization of pathogens, and they can
affect the energy metabolism and mitochondrial function
of the host. The intricate relationship governing host
and microorganism interactions suggest that when this
relationship is abnormal, the microorganisms may cause
the pathogenesis of disease or promote the progression
of disease. Therefore, recent research has focused on
determining the diversity of these microorganisms to
clarify the physiological roles they play and eventually
to prevent and treat diseases by controlling the
microorganism species. For example, recent studies
demonstrated that gut bacteria can enhance the efficacy of
commonly used chemotherapy drugs [3].

Age and diet, in particular, can have a significant
impact on gut microbiota [4, 5], and numerous human and
animal studies have demonstrated that different diets can
cause a significant change in the microbiota. For example,
the species of colonized bacteria in the gut of Europeans
significantly differs from that of people from rural Africa
due to the difference in their daily diets [6]. By examining
the stool samples of 98 people, Wu et al. [7] found that
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Bacteroides were mainly associated with a diet that was
high in animal fat and proteins, whereas Prevotella was
mainly associated with a high-carbohydrate diet. Infection
and disease can also have an adverse effect on the normal
gut flora of the host, thereby causing deleterious effects
on the host; for example, disrupting gut microorganisms
in rats will cause long-term visceral pain and stress-
related disorders, such as irritable bowel syndrome [8].
The microbiota organisms, which are symbiotic with
the human body, constitute a complex micro-ecological
system, and a change in the quantity and quality of the
gut microorganism population may affect the gut barrier
function, increase the secretion of toxic substances, and
decrease the secretion of substances that are beneficial to
human body, leading to enteral and external diseases.

There are three main methods for detecting gut
microorganisms: the bacteria culture technique, the
traditional molecular biology technique that is independent
of culture, and high-throughput sequencing technology.
The former is mainly used for stool culture, this method
is time-consuming, and the bacterial species obtained are
limited. The latter two mainly isolate the bacterial DNA
from the stool for the detection, the detection is fast, and
the bacterial species are complete.

Microbiota gut-brain axis

The central nervous system (CNS) is closely
related to the gastrointestinal tract, and the CNS plays an
important role in regulating gut function and homeostasis.
In turn, the gut flora may affect the CNS and nerve cells,
participate in the regulation of nervous system function,
affect the pathogenesis and progression of nervous
system-related diseases. Due to the complex relationship
between the gut microorganism population and the host,
the authors proposed a new concept: the microbiota gut-
brain axis. The microbiota gut-brain axis is the focus of
recent research on the gut microecology. In addition to
studies of the relationship between the gut microecology
and neurological function, recent studies have emphasized
how this relationship affects human health.

The brain and gut can be connected through a
variety of pathways, including the enteric nervous system
(ENS), vagus nerve, the immune system, or the metabolic
processes of gut microorganisms.

The gastrointestinal tract is an organ that is co-
dominated by the CNS, the autonomic nervous system,
and the ENS. Regulation of enteric nerves consists of four
levels of nervous regulation [9]. The first level is the local
regulation by the ENS. The ENS consists of two nerve
plexuses, the myenteric and submucosal plexuses, and the
motor neurons and the sensory neurons of the ENS connect
to each other to perform an independent information
integration and processing function, which is similar to
the situation for the brain and the spinal cord. The second
level is located at the prevertebral ganglia, which receives

information transmitted from both ENS and CNS nerves.
The third level is the CNS. After integrating various pieces
of information from various centers of the brain and
spinal cord when they receive signals regarding internal
or external environmental changes, the CNS transmits
its regulatory information to the ENS or directly acts
on gastrointestinal effector cells through the autonomic
nervous system and the neuroendocrine system to regulate
the smooth muscle, glands and blood vessels. The fourth
level consists of advanced brain centers; information from
the cortex and the subcortical region converges downward
to specific brain stem nuclei from the basal ganglia. This
type of neuroendocrine network, which connects the
gastrointestinal tract with the CNS at different levels, is
the structural basis for the function of the microbiota gut-
brain axis. Disorders of neurological control at any level
will affect the function of the gut and brain. The gut has a
direct neural connection with the brain through the vagus
nerve, and bacteria can stimulate the afferent neurons of
the ENS [10]. Disorders of the microbiota gut-brain axis
are associated with depression, anxiety, irritable bowel
syndrome, inflammatory bowel disease, CNS diseases and
other diseases.

The vagus nerve of the body can control the function
of multiple organs, such as heart rate and gut motility; the
vagus nerve can also transmit peripheral immune signals
to the CNS. The vagus signal from the gut can trigger an
anti-inflammatory response against the sepsis induced by
microorganisms. Gut microorganisms can affect brain
functions through the vagus nerve; after a vagotomy, the
microorganisms will not be able to regulate behaviors [11].
After vagotomy in mice, no behavioral change was found
even for mice that were treated with probiotics. Similarly,
the bifidobacteria treatment, which had been previously
reported to be effective, did not improve the behavior of
vagotomized mice [12].

Because gut microorganisms can directly affect
the immune system, immune activation may be the
pathway for transmitting microbial actions to the CNS
[13]. Microorganisms can also enhance the anti-tumor
immune effect of drugs by promoting T cell accumulation
and transformation [14, 15], and microorganisms are very
important for the immune function of organisms. The
immune system plays an important role in maintaining
health by maintaining gut homeostasis. The elderly have
a decreased immune function, resulting in a change in
the microorganism-brain connection and subsequent
behavioral change. Microglia are immune cells in the
CNS, and studies have found that the metabolism of gut
microorganisms can regulate the maturation and function
of microglia, thereby affecting CNS function [16].

Microorganisms can also cause neurophysiological
changes in the host by producing chemical substances that
bind to the receptors inside and outside of the gut. Bravo
et al. found that mice fed L. rhamnosus (JB-1) probiotics
exhibited fewer anxiety-like and depressive behaviors and

www.impactjournals.com/oncotarget

53830

Oncotarget



a change in the GABA Aa2 mRNA content in the brain
area that controls specific behaviors [11]. Short-chain
fatty acids (SCFAs) are produced from the dictary fibers
fermented by gut microorganisms in the large intestine. In
animal models, SCFAs can improve the neurodevelopment
and cognitive function of animals with neurodegenerative
disorders [17]. However, Macfabe injected a specific type
of SCFA, i.e., propionic acid (PPA), into rats, which then
exhibited autism-related characteristics and neurochemical
changes [18]. These neurochemical changes included
neuroinflammation, increased oxidative stress, and
depletion of antioxidants, thereby leading to mitochondrial
dysfunction. Other microorganism-derived molecules,
such as the neural activation molecules serotonin,
melatonin, histamine, and acetylcholine also have a role
in the microbiota gut-brain axis [19].

In addition, studies have shown that the microbiota
may affect the CNS by altering adult hippocampal
neurogenesis (AHN). The adult hippocampus and
lateral ventricle have the function of generating new
neurons. AHN has a role in learning and memory and
can have affect on the pathogenesis of many neurological
disorder-related diseases and symptoms, such as epilepsy,
depression, Alzheimer’s disease (AD), and Parkinson’s
disease (PD) [20]. In a recent study, Ogbonnaya et al.
found a difference between the hippocampal neurons of
sterile mice and those of normal mice and that microbiota
colonization after weaning did not alter the amount of
AHN, suggesting that early in life, microorganisms play
an important role in AHN [21].

Microorganisms and brain function

The impact of microorganisms on behavior and
cognition has been increasingly recognized. Microbial
signals can regulate important functions of healthy human
bodies, and growing evidence has demonstrated that many
diseases are due to disturbances of gut microorganisms
[22]. Early studies in animals showed that the introduction
of single, unique flora could lead to the development of
anxiety-like behavior, and this change was accompanied
by the activation of neurons in the brain that relied on
the gut information transmitted to the brain via the vagus
nerve [23]. A subsequent study found that colonization
of the fecal microorganisms from the mice of a certain
behavior type into another type of mice could cause the
receptor mice to show behavior similar to that of the donor
mice. When the microorganisms of specific-pathogen-free
(SPF) Swiss mice were transferred to the bodies of sterile
BALB/c mice, the exploration behavior of sterile BALB/c
mice increased; however, when the microorganisms of
SPF BALB/c mice were transferred to the body of sterile
Swiss mice, the exploration behavior of sterile Swiss
mice became lower than that of normal Swiss mice, thus
indicating that behavior type may be directly associated
with microorganisms [24].

In 2004, Sudo et al. were the first to report that
symbiotic gut microorganisms were associated with
the hypothalamic-pituitary-adrenal (HPA) axis [25]. In
response to stress, the levels of corticosteroid hormone
and adrenal hormones were higher in sterile mice than in
mice harboring normal microorganisms. Gut colonization
by Bifidobacterium can attenuate the increased HPA
response; however, this inhibition can only be initiated
in the early stages of life, indicating that the most
primitive exposure to microorganisms is necessary for the
inhibition of neural regulation by the HPA axis. The HPA
axis is very important for learning and memory, and an
HPA disturbance can lead to impairment of hippocampal
memory. The brain-derived neurotrophic factor (BDNF),
N-methyl-D-aspartate (NMDA), c-fos levels are reduced
in sterile mice [26], and these substances have a role in
memory retention, cognitive function, and other brain
functions.

The change in gut microorganisms found in sterile
animals or with the use of probiotics, antibiotics, and
colonization with fecal microorganisms can influence
the cognitive function of the host. For example,
supplementation with probiotics for a week prior to
infection can not only prevent the microorganism
disturbance caused by the infection but also prevent the
changes in cognitive behavior caused by stress [26]. Liang
et al. found that probiotics could significantly improve the
cognitive dysfunction induced by chronic restraint stress
[27]. In a human experiment, fMRI tests found that the
activities in the brain regions that control brain memory
and the processing of sensation were altered after female
volunteers consumed fermented milk that contained
probiotics [28]. The above various studies found that the
stability of the equilibrium state of normal microorganisms
in the gut was closely related to brain development and
function.

Microbiota-gut-brain axis and CNS disorders

Microbiota-gut-brain axis and neuropsychological
disorders

Schizophrenia is a neuropsychological disorder,
and whole-genome analysis suggests that immunity-
related genes may be changed in schizophrenia patients.
Song et al. [29] found that increases in the immune
response and inflammatory state in schizophrenia
patients. Microorganisms can regulate BDNF and
NMDA receptors [25], and these neurotrophic factors
and proteins have a role in brain development and
neural plasticity. The change in BDNF expression leads
to the cognitive dysfunction of schizophrenia patients,
and antagonists of the NMDA receptor can produce
schizophrenia symptoms. When the NMDA receptor
function in a host is enhanced, the patients’ symptoms can
be relieved, and their cognitive ability can be improved
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[30]. Microorganisms and intestinal mucosal cells can
regulate the changes in chemical factors, such as the
proinflammatory interleukin-8 (IL-8) and IL-1 or the anti-
inflammatory IL-10 and transforming growth factor
(TGF). The serum levels of proinflammatory cytokines
in schizophrenia patients are higher than those of normal
controls, and the levels of serum inflammatory markers
are positively correlated with the clinical symptoms of
schizophrenia patients [31]. Additionally, the ratio of T
helper cell type 1 (Thl) to Th2 in schizophrenia patients
is increased, suggesting that the inflammatory response
in the patients is increased; after an effective treatment
with drugs, this ratio will be corrected [32]. After female
rats were fed Zyprexa, a significant change in gut bacteria
was detected, including an increase in Firmicutes and a
decrease in Bacteroidetes [33], and the levels of systemic
inflammatory response markers in these rats, such as
IL-6, IL- 8, tumor necrosis factor-a. (TNF-a) and IL-1,
increased significantly.

Gut bacteria can also produce harmful substances
that damage the intestinal epithelial barrier, causing
neurotoxic bacterial products and proteins to enter the
circulatory system [34]. Severance et al. [35] found that
the concentration of antibodies against saccharomyces
cerevisiae was higher in the body of schizophrenia
patients, and this genus was a marker of gut inflammation.
An increase in the levels of circulating pathogen antigen
can cause the host to respond to its own tissues and cells
through a form of molecular induction [36], and this
response is the central process of autoimmune diseases.
Compared with the normal population, schizophrenia
patients have a higher probability of developing
autoimmune disorders, and specific brain regions
of schizophrenia patients, such as the hippocampus,
amygdala, and frontal cortex, have higher levels of
autoimmune antibodies [37]. Gut symbiotic flora can
cause an immune response that produces more Th17 cells,
leading to the occurrence of an autoimmune response.
Additionally, schizophrenia patients have a higher
proportion of Th17 cells [38]. Krych L et al. [39] found
that rodents that received a long-term treatment with
phencyclidine would show schizophrenia-like behavior,
and this behavior was accompanied by a change in the
core gut microorganisms. When ampicillin was used to
reduce the gut microorganisms, the cognitive behavior of
the animals could be corrected. The above experiments
show the impact of changes in gut microorganisms on
schizophrenia.

Autism spectrum disorder (ASD) is a type of
extensive brain function development disorder that begins
during the early stages of growth (< 36 months), and it
is manifested as different levels of interpersonal barriers,
language development disorders, and stereotyped behavior.
Environmental factors (especially gut dysbacteriosis)
are involved in the development of ASD, and as many
as 70% of autistic patients exhibit gastrointestinal tract-

related symptoms; therefore, it is thought that ASD is
associated with impairment of the gut-brain axis [40].
The majority of autistic patients have diarrhea, abdominal
pain, constipation, gastroesophageal reflux, and other
gastrointestinal symptoms. Mazurek et al. studied 2,973
ASD patients and found that 24% of the patients had at
least one type of gastrointestinal disease [41], and Adams
et al. found that ASD child patients showed significantly
greater occurrence of diarrhea, abdominal distension, and
constipation than normal children, and the gastrointestinal
symptoms were also closely associated with the severity
of ASD [42]. Moreover, ASD patients have a significantly
higher content of the genera Faecalibacterium and
Clostridium in the gut than normal children [43, 44].
Desbonnet et al. placed sterile mice and normal mice in
two separate spaces, and the sterile mice would develop
autistic behavior, whereas recolonization of symbiotic
flora was able to restore the partially defective social
behavior in the mice [45]. Impaired immune function is
a common feature of ASD patients, and the increase in
the genera Faecalibacterium may be the main reason for
immune dysfunction in ASD patients [43].

Obese pregnant mice exhibit changes in social
behavior, oxytocin cells, synaptic plasticity, and the
microorganism composition of the microbiota, but
Lactobacillus reuteri could reverse these changes [46].
Because gut flora imbalance can increase the permeability
of the intestinal mucosa, the metabolic products of gut
microorganisms and certain cytokines can enter the
circulation system and cause damage to the CNS, resulting
in a delay in the early neurological development in child
patients. Christensen used metabolomics to identify
a large number of bacteria-derived metabolites that
might be associated with ASD-related behaviors [47].
Adams found that the levels of SCFAs, which are very
important for the development of neurological functions,
in the stool samples of autistic children were lower than
those of normal children [42]; similarly, the PPA levels
were also reduced. The exposure of pregnant rats to PPA
before giving birth impaired the social behavior of their
newborn and adolescent rats [48]. Moreover, following
PPA injection into the brain ventricles of adult rats, the
rats exhibited a behavioral change similar to that of human
ASD, and the injection also induced changes in ASD-
related genes, including genes for neurotransmitters, nerve
cell adhesion factors, and oxidative stress [18].

The bacterial metabolites, 4-ethyl-phenylsulfate and
3-(3-hydroxy phenyl)-3-hydroxypropionic acid, can cause
mice to develop ASD-like symptoms [49, 50]. In addition,
the serum lipopolysaccharide (LPS, cell wall components
of gram-negative bacteria) levels are significantly higher
in ASD patients than in normal subjects, and LPS has
a clear association with social disorders [51]. Most
children with ASD have a history of infection before
age 2, and the frequency of their use of antibiotics is
also significantly higher than that of normally developed
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children [52]. Antibiotics destroy the physiological
balance of the inherent gut flora, and the newly colonized
microorganisms produce neurotoxins, thereby inducing
chronic diarrhea and ASD. For example, an abnormal
increase in Clostridia and Bacteroidetes in the gut can
promote gastrointestinal symptoms and ASD behaviors
[18]. Therefore, both the imbalance of gut flora and the
entry of excessive amounts of bacterial metabolites into
the brain through the circulation are associated with the
onset of ASD.

Microbiota-gut-brain axis and
neurodegenerative diseases

Multiple sclerosis (MS) is a chronic inflammatory
demyelinating disease of the nervous system, and its
etiology is still unclear. MS is associated with a significant
increase in the number of cells that have immune
response to the patients’ own nervous system because gut
microorganisms play an important role in the development
of the autoimmune system and are associated with a
variety of autoimmune and metabolic diseases. Therefore,
it is speculated that gut symbiotic microorganisms play an
important role in the susceptibility to MS.

Experiments have been performed to study the
role of gut microorganisms in an animal model MS-
experimental allergic encephalomyelitis (EAE). Ochoa-
Reparaz et al. [53] used a mixture of antibiotics to alter gut
microorganisms before inducing EAE in mice, and they
found that treatment with orally administered antibiotics
could significantly reduce fecal and gut microorganisms
and could markedly impair the development of EAE and
mitigate the severity of EAE, compared with those for
the intraperitoneal injection treatment and no treatment.
Other studies showed that when the mice were treated
with orally administered antibiotics, the production of
the anti-inflammatory factor IL-10 was increased, thereby
improving EAE. Sterile mice may be immune to EAE,
and even when they do have EAE, their disease course is
milder [54]. Sterile mice have a relatively lower number
of interferon-y (IFN-y)-producing CD4+ Thl cells and
IL-17A-producing CD4+ Th17 cells in their body, and
these two substances are both very important for the
development of EAE. Re-colonization of segmented
filamentous bacteria into sterile mice can significantly
increase the severity of EAE and increase the number
of Thl and Thl17 cells in the nervous system. When
spontaneous EAE transgenic mice were housed in a sterile
environment, these mice did have EAE, and the number
of Th17 cells in the gut lymph node tissues decreased.
Moreover, the amount of IL-17 and IFN-y produced by
the cells also decreased.

The drug resistance of e-toxin in the plasma of
MS patients is also higher than that of normal people.
Vartanian et al. [55] found the colonization of Clostridium
perfringens type B in patients with recurrent MS, and the

e-toxin produced by this pathogen could cause damage to
the blood-brain barrier (BBB), thereby damaging neurons
and oligodendrocytes [56]. Consequently, Clostridium
perfringens type B is thought to be the initiating factor
for susceptible individuals to experience the pathological
change of autoimmune demyelination in the future. In
addition to the toxic effects, MS patients may have an
imbalance of various bacteria of the Bacillus genus and
species. For example, Jhangi et al. [57] found that MS
patients had an increase in the genus Methanobrevibacter,
whereas the Lachnospiraceae content was reduced.
Tremlett H et al. [58] found that child MS patients had an
increase in Desulfovibrio, whereas the Lachnospiraceae
and rumen bacteria contents were decreased. These results
suggest that gut microorganisms can affect the parenteral
and CNS immune response and self-flora imbalance to
promote the development and progression of EAE.

PD is an extensive neurodegenerative disease,
its pathogenic mechanism is complex, and a change in
a-synuclein is an important pathogenic mechanism of
this disease. Changes in the gut microbial composition
may affect the gut barrier function and gut permeability,
thereby affecting intestinal epithelial cells and the immune
system. The primed immune response initiated by gut
microorganisms can enhance the inflammatory response
to brain amyloid (a-synuclein), thereby causing the
misfolding of a-synuclein [59]. Fireland [60] reported
that bacterial proteins could cause inflammation, oxidative
stress, and cytotoxicity and consequently induce or affect
the progression of PD. The neuroinflammatory response in
PD patients is associated with the upregulation of Toll-like
receptor-2 (TLR2) and the activation of microglia [61].
In animal models of PD, the peripheral inflammatory
response can induce the complement pathway in microglia
and cause damage to dopaminergic neurons [62].

Proinflammatory factors associated with chronic
bowel diseases can induce intracranial inflammation, lead
to the death of dopaminergic neurons, and eventually
cause the development of PD [63]. Scheperjans F et al.
[64] found that PD patients had a decrease in Prevotella.
By comparing the stools of 34 PD patients and 34 normal
controls, Unger MM et al. [65] found that PD patients
had a decrease in Bacteroidetes and Prevotella in their
stool, which was accompanied by a reduction in SCFAs.
As symbiotic gut bacteria, Prevotella are involved in
the mucus formation of the mucosal layer of the gut
and the production of the neuroactive SCFAs through
fiber fermentation. The reduction of Prevotella causes a
decrease in gut mucus and an increase in gut permeability,
increasing local and systemic susceptibility to the influence
of bacterial antigens and endotoxins, thereby inducing the
expression and misfolding of a large amount of a-synuclein.
The inflammatory changes observed in PD patients and
PD animal models are associated with increased gut
permeability [66]. LPS is a gut-derived proinflammatory
bacterial endotoxin that can cause changes in the substantia
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nigra, and it can act as a PD-promoting substance [67].
Similarly, Keshavarzian A et al. [68] used high-throughput
sequencing technology to examine the stool samples from
38 PD patients and 34 healthy individuals, and they found
that the LPS synthesis gene was significantly higher in PD
patients than in normal controls.

AD is a degenerative disease of the CNS, its onset is
recessive, and its disease course is chronically progressive.
The pathological markers of AD include extracellular
B-amyloid (AB) senile plaques and intracellular
neurofibrillary tangles. The number and maturation of
microglial cells in sterile mice are abnormal, resulting
in damage to the immune system and ultimately leading
to the development of neurological diseases, such as AD
[16]. Cognitive behavior impairment is a characteristic
of AD patients, and the influence of gut microorganisms
on cognitive behavioral capability has demonstrated the
role of gut microorganisms in the pathogenesis of AD.
Bruce-Keller fed C57BL/7 mice with a normal diet and
a high-fat diet, and the mice in the high-fat diet group
would show impairment in cognitive behavior. When
the gut microorganisms in the high-fat diet mice were
transferred to the mice who had a normal body weight but
had an antibiotics-induced paucity of microorganisms,
the mice that received the gut microorganisms from the
high-fat diet group mice showed selective impairment
in exploratory behavior, cognitive behavior, and gut
permeability, and their systemic and central inflammatory
responses increased [69]. This finding suggests that the
behavior changes induced by a high-fat diet may be due to
changes in gut microorganisms, and the microorganisms in
turn change the cognitive behavioral capacity.

The integrity of the BBB is important for brain
function and development. The inflammation caused by
the changes in gut microorganisms will lead to changes in
BBB integrity, which in turn affects brain function. Under
normal conditions, LPS cannot enter the bloodstream due
to the tight junction between intestinal epithelial cells.
However, when the tight junction of cells is disrupted
and the permeability is increased, LPS can enter the
bloodstream and induce inflammatory response. Studies
found that the plasma LPS concentration in AD patients
is three times that of normal patients [70]. Furthermore,
intraperitoneal injection of LPS into mice can cause an
AB-protein increase in hippocampus, cognitive defects,
and memory impairment [71]. The increase of the inflow
and the decrease in the outflow of the AP protein in
AD patients cause the aggregation of the AP protein in
AD patients, and this finding suggests a decrease in
the capacity to clear the AP protein and an increase in
BBB permeability in AD patients [72]. The increased
concentration of plasma LPS in AD patients implies an
impairment of the gut barrier function and increased gut
inflammation and permeability, which further suggests that
gut microbiota may participate in the pathophysiological
process of AD.

Gut microorganisms can also affect brain functions
through the synthesis of various substances. Serotonin is
very important for cognitive function, 95% of serotonin
is synthesized in the gut, and gut microorganisms play an
important role in serotonin synthesis. The gut serotonin
level in sterile mice was 60% lower than the normal value
[73]. The use of serotonin reuptake inhibitors can reduce
AP-protein levels in the brain, indicating that serotonin can
reduce the formation of AP plaques, thereby reducing the
risk of AD [74]. In sterile mice, BDNF was significantly
reduced, and this change was accompanied by cognitive
function changes. Similarly, in AD patients, the BDNF
levels in the brain and in the serum were significantly
reduced [75]. The AP production and clearance in the
CNS is a dynamic change, and some bacteria and fungi
can secrete amyloid, resulting in an increase of amyloid
levels in the CNS that disrupts the dynamic balance of the
AP protein, which leads to AB-protein aggregation in the
brain and a high AD risk [76]. Therefore, an imbalance
in gut microbiota may promote the development of AD
by affecting intestinal function and the synthesis and
secretion of substances.

Summary

The interactive relationship between the brain
and the gut includes neurology, metabolism, hormones,
immunity, and other aspects, and changes in any
component may lead to a functional change in the two
interactive systems. The normal ecological balance
of gut microorganisms plays an important role in the
maintenance of this relationship. Microorganisms affect
the development and function of the CNS through the
microbiota-gut-brain axis. The mechanisms of many
CNS diseases are still unclear, and the discovery of this
complex relationship, the microbiota gut-brain axis,
has provided a new research direction for the study
of CNS diseases that do not have a clear pathogenic
mechanism.

ACKNOWLEDGMENTS

This work was supported by the National
Natural Science Foundation of China (No. 30973073,
No. 81172402 and No. 81374014). Zhejiang
Provincial Science and Technology Projects (grants
no. 2015C33264, 2017C33212 and 2017C33213),
Natural Science Foundation of Zhejiang Province (No.
LY17H160065), Research Foundation of Zhejiang
Provincial Administration of Traditional Chinese
Medicine (No. 2016ZB018) and Zhejiang Provincial
Medical and Healthy Science and Technology Projects
(Grants No. 2013KYA228 and 2016KYA180). The
funding body have no role in the design of the study and
collection, analysis, and interpretation of data and in
writing the manuscript.

www.impactjournals.com/oncotarget

Oncotarget



CONFLICTS OF INTEREST

The authors declare that they have no competing

interests.

REFERENCES

10.

I1.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen
L, Sargent M, Gill SR, Nelson KE, Relman DA. Diversity
of the human intestinal microbial flora. Science. 2005;
308:1635-1638.

Bercik P, Collins SM, Verdu EF. Microbes and the gut-brain
axis. Neurogastroenterol Motil. 2012; 24:405-413.

. Daillere R, Vetizou M, Waldschmitt N, Yamazaki T,

Isnard C, Poirier-Colame V, Duong CP, Flament C,
Lepage P, Roberti MP, Routy B, Jacquelot N, Apetoh L,
et al. Enterococcus hirae and Barnesiella intestinihominis
Facilitate Cyclophosphamide-Induced Therapeutic
Immunomodulatory Effects. Immunity. 2016; 45:931-943.
Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-
Bello MG, Contreras M, Magris M, Hidalgo G,
Baldassano RN, Anokhin AP, Heath AC, Warner B,
Reeder J, et al. Human gut microbiome viewed across age
and geography. Nature. 2012; 486:222-227.

. David LA, Maurice CF, Carmody RN, Gootenberg DB,

Button JE, Wolfe BE, Ling AV, Devlin AS, Varma Y,
Fischbach MA, Biddinger SB, Dutton RJ, Turnbaugh PJ.
Diet rapidly and reproducibly alters the human gut
microbiome. Nature. 2014; 505:559-563.

De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M,
Poullet JB, Massart S, Collini S, Pieraccini G, Lionetti P.
Impact of diet in shaping gut microbiota revealed by a
comparative study in children from Europe and rural Africa.
Proc Natl Acad Sci U S A. 2010; 107:14691-14696.

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY,
Keilbaugh SA, Bewtra M, Knights D, Walters WA, Knight R,
Sinha R, Gilroy E, Gupta K, et al. Linking long-term dietary
patterns with gut microbial enterotypes. Science. 2011;
334:105-108.

O'Mahony SM, Felice VD, Nally K, Savignac HM,
Claesson MJ, Scully P, Woznicki J, Hyland NP, Shanahan F,
Quigley EM, Marchesi JR, O'Toole PW, Dinan TG, et al.
Disturbance of the gut microbiota in early-life selectively
affects visceral pain in adulthood without impacting
cognitive or anxiety-related behaviors in male rats.
Neuroscience. 2014; 277:885-901.

Mulak A, Bonaz B. Irritable bowel syndrome: a model of the
brain-gut interactions. Med Sci Monit. 2004; 10:RA55-62.
Forsythe P, Bienenstock J, Kunze WA. Vagal pathways for
microbiome-brain-gut axis communication. Adv Exp Med
Biol. 2014; 817:115-133.

Bravo JA, Forsythe P, Chew MYV, Escaravage E,
Savignac HM, Dinan TG, Bienenstock J, Cryan JF.
Ingestion of Lactobacillus strain regulates emotional
behavior and central GABA receptor expression in a mouse

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

via the vagus nerve. Proc Natl Acad Sci U S A. 2011;
108:16050—16055.

Bercik P, Park AJ, Sinclair D, Khoshdel A, Lu J, Huang X,
Deng Y, Blennerhassett PA, Fahnestock M, Moine D,
Berger B, Huizinga JD, Kunze W, et al. The anxiolytic
effect of Bifidobacterium longum NCC3001 involves vagal
pathways for gut-brain communication. Neurogastroenterol
Motil. 2011; 23:1132—-1139.

Forsythe P, Bienenstock .
commensal and probiotic bacteria. Immunol Invest. 2010;
39:429-448.

Sivan A, Corrales L, Hubert N, Williams JB, Aquino-
Michaels K, Earley ZM, Benyamin FW, Lei YM, Jabri B,
Alegre ML, Chang EB, Gajewski TF. Commensal
Bifidobacterium promotes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science. 2015; 350:1084-1089.
Vetizou M, Pitt JM, Daillere R, Lepage P, Waldschmitt N,
Flament C, Rusakiewicz S, Routy B, Roberti MP,
Duong CP, Poirier-Colame V, Roux A, Becharef S, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on
the gut microbiota. Science. 2015; 350:1079-1084.

Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P,
Staszewski O, David E, Keren-Shaul H, Mahlakoiv T,
Jakobshagen K, Buch T, Schwierzeck V, Utermohlen O,
Chun E, et al. Host microbiota constantly control maturation
and function of microglia in the CNS. Nat Neurosci. 2015;
18:965-977.

Stilling RM, Dinan TG, Cryan JF. Microbial genes, brain &
behaviour - epigenetic regulation of the gut-brain axis.
Genes Brain Behav. 2014; 13:69-86.

Macfabe DF. Short-chain fatty acid fermentation products

Immunomodulation by

of the gut microbiome: implications in autism spectrum
disorders. Microb Ecol Health Dis. 2012; 23.

Barrett E, Ross RP, O'Toole PW, Fitzgerald GF, Stanton C.
gamma-Aminobutyric acid production by culturable bacteria
from the human intestine. J Appl Microbiol. 2012; 113:411-417.
Zhao C, Deng W, Gage FH. Mechanisms and functional
implications of adult neurogenesis. Cell. 2008; 132:645-660.
Ogbonnaya ES, Clarke G, Shanahan F, Dinan TG, Cryan JF,
O'Leary OF. Adult Hippocampal Neurogenesis Is Regulated
by the Microbiome. Biol Psychiatry. 2015; 78:e7-9.
Schroeder BO, Backhed F. Signals from the gut microbiota
to distant organs in physiology and disease. Nat Med. 2016;
22:1079-1089.

Goehler LE, Gaykema RP, Opitz N, Reddaway R,
Badr N, Lyte M. Activation in vagal afferents and central
autonomic pathways: early responses to intestinal infection
with Campylobacter jejuni. Brain Behav Immun. 2005;
19:334-344.

Bercik P, Denou E, Collins J, Jackson W, Lu J, Jury J,
Deng Y, Blennerhassett P, Macri J, McCoy KD, Verdu EF,
Collins SM. The intestinal microbiota affect central levels
of brain-derived neurotropic factor and behavior in mice.
Gastroenterology. 2011; 141:599—609, 609 ¢591-593.

WWW

.impactjournals.com/oncotarget

53835

Oncotarget



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu XN,
Kubo C, Koga Y. Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system for stress
response in mice. J Physiol. 2004; 558:263-275.

Gareau MG, Wine E, Rodrigues DM, Cho JH, Whary MT,
Philpott DJ, Macqueen G, Sherman PM. Bacterial infection
causes stress-induced memory dysfunction in mice. Gut.
2011; 60:307-317.

Liang S, Wang T, Hu X, Luo J, Li W, Wu X, Duan Y, Jin
F. Administration of Lactobacillus helveticus NS8 improves
behavioral, cognitive, and biochemical aberrations caused by
chronic restraint stress. Neuroscience. 2015; 310:561-577.
Tillisch K, Labus J, Kilpatrick L, Jiang Z, Stains J, Ebrat B,
Guyonnet D, Legrain-Raspaud S, Trotin B, Naliboff B,
Mayer EA. Consumption of fermented milk product with
probiotic modulates brain activity. Gastroenterology. 2013;
144:1394-1401, 1401 e¢1391-1394.

Song X, Fan X, Song X, Zhang J, Zhang W, Li X, Gao J,
Harrington A, Ziedonis D, Lv L. Elevated levels of
adiponectin and other cytokines in drug naive, first episode
schizophrenia patients with normal weight. Schizophr Res.
2013; 150:269-273.

Coyle JT. NMDA receptor and schizophrenia: a brief
history. Schizophr Bull. 2012; 38:920-926.

Hope S, Ueland T, Steen NE, Dieset I, Lorentzen S,
Berg AO, Agartz I, Aukrust P, Andreassen OA. Interleukin
1 receptor antagonist and soluble tumor necrosis factor
receptor 1 are associated with general severity and
psychotic symptoms in schizophrenia and bipolar disorder.
Schizophr Res. 2013; 145:36-42.

Kim YK, Myint AM, Lee BH, Han CS, Lee HJ, Kim DJ,
Leonard BE. Thl, Th2 and Th3 cytokine alteration
in schizophrenia. Prog Neuropsychopharmacol Biol
Psychiatry. 2004; 28:1129-1134.

Davey KJ, O'Mahony SM, Schellekens H, O'Sullivan O,
Bienenstock J, Cotter PD, Dinan TG, Cryan JF. Gender-
dependent consequences of chronic olanzapine in the rat:
effects on body weight, inflammatory, metabolic and microbiota
parameters. Psychopharmacology (Berl). 2012; 221:155-169.
Hornig M. The role of microbes and autoimmunity in
the pathogenesis of neuropsychiatric illness. Curr Opin
Rheumatol. 2013; 25:488-795.

Severance EG, Alaedini A, Yang S, Halling M, Gressitt
KL, Stallings CR, Origoni AE, Vaughan C, Khushalani S,
Leweke FM, Dickerson FB, Yolken RH. Gastrointestinal
inflammation and associated immune activation in
schizophrenia. Schizophr Res. 2012; 138:48-53.

Fetissov SO, Dechelotte P. The new link between gut-brain
axis and neuropsychiatric disorders. Curr Opin Clin Nutr
Metab Care. 2011; 14:477-482.

Strous RD, Shoenfeld Y. Schizophrenia, autoimmunity and
immune system dysregulation: a comprehensive model
updated and revisited. J Autoimmun. 2006; 27:71-80.
Ding M, Song X, Zhao J, Gao J, Li X, Yang G, Wang X,
Harrington A, Fan X, Lv L. Activation of Thl7

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

cells in drug naive, first episode schizophrenia. Prog
Neuropsychopharmacol Biol Psychiatry. 2014; 51:78-82.

Pyndt Jorgensen B, Krych L, Pedersen TB, Plath N,
Redrobe JP, Hansen AK, Nielsen DS, Pedersen CS,
Larsen C, Sorensen DB. Investigating the long-term effect
of subchronic phencyclidine-treatment on novel object
recognition and the association between the gut microbiota
and behavior in the animal model of schizophrenia. Physiol
Behav. 2015; 141:32-39.

Mayer EA, Padua D, Tillisch K. Altered brain-gut axis in
autism: comorbidity or causative mechanisms? Bioessays.
2014; 36:933-939.

Mazurek MO, Vasa RA, Kalb LG, Kanne SM, Rosenberg D,
Keefer A, Murray DS, Freedman B, Lowery LA. Anxiety,
sensory over-responsivity, and gastrointestinal problems in
children with autism spectrum disorders. J Abnorm Child
Psychol. 2013; 41:165-176.

Adams JB, Johansen LJ, Powell LD, Quig D, Rubin RA.
Gastrointestinal flora and gastrointestinal status in children
with autism--comparisons to typical children and correlation
with autism severity. BMC Gastroenterol. 2011; 11:22.

Inoue R, Sakaue Y, Sawai C, Sawai T, Ozeki M, Romero-
Perez GA, Tsukahara T. A preliminary investigation on the
relationship between gut microbiota and gene expressions in
peripheral mononuclear cells of infants with autism spectrum
disorders. Biosci Biotechnol Biochem. 2016; 80:2450-2458.

Song Y, Liu C, Finegold SM. Real-time PCR quantitation
of clostridia in feces of autistic children. Appl Environ
Microbiol. 2004; 70:6459—-6465.

Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF.
Microbiota is essential for social development in the mouse.
Mol Psychiatry. 2014; 19:146—-148.

Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ,
Petrosino JF, Costa-Mattioli M. Microbial Reconstitution
Reverses Maternal Diet-Induced Social and Synaptic
Deficits in Offspring. Cell. 2016; 165:1762—-1775.

Smith V, Brown N. Prenatal valproate exposure and risk of
autism spectrum disorders and childhood autism. Arch Dis
Child Educ Pract Ed. 2014; 99:198.

Foley KA, MacFabe DF, Vaz A, Ossenkopp KP,
Kavaliers M. Sexually dimorphic effects of prenatal
exposure to propionic acid and lipopolysaccharide on social
behavior in neonatal, adolescent, and adult rats: implications
for autism spectrum disorders. Int J Dev Neurosci. 2014;
39:68-78.

Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER,
McCue T, Codelli JA, Chow J, Reisman SE, Petrosino JF,
Patterson PH, Mazmanian SK. Microbiota modulate
behavioral and physiological abnormalities associated with
neurodevelopmental disorders. Cell. 2013; 155:1451-1463.

Kesli R, Gokcen C, Bulug U, Terzi Y. Investigation of
the relation between anaerobic bacteria genus clostridium
and late-onset autism etiology in children. J Immunoassay
Immunochem. 2014; 35:101-109.

WWW

.impactjournals.com/oncotarget

53836

Oncotarget



S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Emanuele E, Orsi P, Boso M, Broglia D, Brondino N, Barale F,
di Nemi SU, Politi P. Low-grade endotoxemia in patients with
severe autism. Neurosci Lett. 2010; 471:162—165.

Niehus R, Lord C. Early medical history of children with
autism spectrum disorders. J Dev Behav Pediatr. 2006;
27:5120-127.

Ochoa-Reparaz J, Mielcarz DW, Ditrio LE, Burroughs AR,
Foureau DM, Haque-Begum S, Kasper LH. Role of gut
commensal microflora in the development of experimental
2009;

autoimmune encephalomyelitis. J Immunol.

183:6041-6050.

Lee YK, Menezes JS, Umesaki Y, Mazmanian SK.
Proinflammatory T-cell responses to gut microbiota promote
experimental autoimmune encephalomyelitis. Proc Natl
Acad Sci U S A. 2011; 108:4615-4622.

Rumah KR, Linden J, Fischetti VA, Vartanian T. Isolation
of Clostridium perfringens type B in an individual at first
clinical presentation of multiple sclerosis provides clues
for environmental triggers of the disease. PLoS One. 2013;
8:€76359.

Mete A, Garcia J, Ortega J, Lane M, Scholes S, Uzal FA.
Brain lesions associated with clostridium perfringens type
D epsilon toxin in a Holstein heifer calf. Vet Pathol. 2013;
50:765-768.

Jhangi S, Gandhi R, Glanz B, Cook S, Nejad P, Ward
D, Li N, Gerber G, Bry L, Weiner H. Increased Archaca
Species and Changes with Therapy in Gut Microbiome of
Multiple Sclerosis Subjects (S24.001). Neurology. 2014.

Tremlett H, Fadrosh DW, Faruqi AA, Hart J, Roalstad S,
Graves J, Spencer CM, Lynch SV, Zamvil SS, Waubant E,
US Network of Pediatric MS Centers. Associations between
the gut microbiota and host immune markers in pediatric
multiple sclerosis and controls. BMC Neurol. 2016; 16:182.

Devos D, Lebouvier T, Lardeux B, Biraud M, Rouaud T,
Pouclet H, Coron E, Bruley des Varannes S, Naveilhan P,
Nguyen JM, Neunlist M, Derkinderen P. Colonic
inflammation in Parkinson's disease. Neurobiol Dis. 2013;
50:42-48.

Friedland RP. Mechanisms of molecular mimicry involving
the microbiota in neurodegeneration. J Alzheimers Dis.
2015; 45:349-362.

Beraud D, Maguire-Zeiss KA. Misfolded alpha-synuclein and
Toll-like receptors: therapeutic targets for Parkinson's disease.
Parkinsonism Relat Disord. 2012; 18:S17-20.

Bodea LG, Wang Y, Linnartz-Gerlach B, Kopatz J,
Sinkkonen L, Musgrove R, Kaoma T, Muller A, Vallar L,
Di Monte DA, Balling R, Neumann H. Neurodegeneration
by activation of the microglial complement-phagosome
pathway. J Neurosci. 2014; 34:8546-8556.

Villaran RF, Espinosa-Oliva AM, Sarmiento M, De Pablos
RM, Arguelles S, Delgado-Cortes MJ, Sobrino V, Van
Rooijen N, Venero JL, Herrera AJ, Cano J, Machado A.
Ulcerative colitis exacerbates lipopolysaccharide-induced
damage to the nigral dopaminergic system: potential

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

risk factor in Parkinson's disease. J Neurochem. 2010;
114:1687-1700.

Scheperjans F, Aho V, Pereira PA, Koskinen K, Paulin L,
Pekkonen E, Haapaniemi E, Kaakkola S, Eerola-Rautio J,
Pohja M, Kinnunen E, Murros K, Auvinen P. Gut microbiota
are related to Parkinson's disease and clinical phenotype.
Mov Disord. 2015; 30:350-358.

Unger MM, Spiegel J, Dillmann KU, Grundmann D,
Philippeit H, Burmann J, Fassbender K, Schwiertz A,
Schafer KH. Short chain fatty acids and gut microbiota differ
between patients with Parkinson's disease and age-matched
controls. Parkinsonism Relat Disord. 2016; 32:66-72.
Forsyth CB, Shannon KM, Kordower JH, Voigt RM, Shaikh M,
Jaglin JA, Estes JD, Dodiya HB, Keshavarzian A. Increased
intestinal permeability correlates with sigmoid mucosa alpha-
synuclein staining and endotoxin exposure markers in early
Parkinson's disease. PLoS One. 2011; 6:¢28032.

Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS,
Knapp DJ, Crews FT. Systemic LPS causes chronic
neuroinflammation and progressive neurodegeneration.
Glia. 2007; 55:453-462.

Keshavarzian A, Green SJ, Engen PA, Voigt RM, Naqib A,
Forsyth CB, Mutlu E, Shannon KM. Colonic bacterial
composition in Parkinson's disease. Mov Disord. 2015;
30:1351-1360.

Bruce-Keller AJ, Salbaum JM, Luo M, Blanchard Et, Taylor
CM, Welsh DA, Berthoud HR. Obese-type gut microbiota
induce neurobehavioral changes in the absence of obesity.
Biol Psychiatry. 2015; 77:607-615.

Zhang R, Miller RG, Gascon R, Champion S, Katz J,
Lancero M, Narvaez A, Honrada R, Ruvalcaba D, McGrath
MS. Circulating endotoxin and systemic immune activation
in sporadic amyotrophic lateral sclerosis (sALS). J
Neuroimmunol. 2009; 206:121-124.

Kahn MS, Kranjac D, Alonzo CA, Haase JH, Cedillos
RO, McLinden KA, Bochm GW, Chumley MJ. Prolonged
elevation in hippocampal Abeta and cognitive deficits
following repeated endotoxin exposure in the mouse. Behav
Brain Res. 2012; 229:176-184.

LaRue B, Hogg E, Sagare A, Jovanovic S, Maness L,
Maurer C, Deane R, Zlokovic BV. Method for measurement
of the blood-brain barrier permeability in the perfused
mouse brain: application to amyloid-beta peptide in wild
type and Alzheimer's Tg2576 mice. J Neurosci Methods.
2004; 138:233-242.

Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L,
Nagler CR, Ismagilov RF, Mazmanian SK, Hsiao EY.
Indigenous bacteria from the gut microbiota regulate host
serotonin biosynthesis. Cell. 2015; 161:264-276.

Cirrito JR, Disabato BM, Restivo JL, Verges DK,
Goebel WD, Sathyan A, Hayreh D, D'Angelo G,
Benzinger T, Yoon H, Kim J, Morris JC, Mintun MA, Sheline
Y1. Serotonin signaling is associated with lower amyloid-
beta levels and plaques in transgenic mice and humans. Proc
Natl Acad Sci U S A. 2011; 108:14968-14973.

WWW

.impactjournals.com/oncotarget

53837

Oncotarget



75. Carlino D, De Vanna M, Tongiorgi E. Is altered BDNF 76. Hill JM, Lukiw WIJ. Microbial-generated amyloids and
biosynthesis a general feature in patients with cognitive Alzheimer's disease (AD). Front Aging Neurosci. 2015; 7:9.
dysfunctions? Neuroscientist. 2013; 19:345-353.

www.impactjournals.com/oncotarget 53838 Oncotarget



