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Abstract

In the last decade, it has become increasingly recognized that a balanced gut microbiota plays an important role in maintainingb
health of the host. Numerous clinical and preclinical studies have shown that changes in gut microbiota composition are associated
with a variety of neurological diseases, e.g., Parkinson’s disease, Alzheimer’s disease, and myasthenia gravis. However, the
underlying molecular mechanisms are complex and remain unclear. Behavioral phenotypes can be transmitted from humans to
animals through gut microbiota transplantation, indicating that the gut microbiota may be an important regulator of neurological
diseases. However, further research is required to determine whether animal-based findings can be extended to humans and to
elucidate the relevant potential mechanisms by which the gut microbiota regulates neurological diseases. Such investigations may
aid in the development of new microbiota-based strategies for diagnosis and treatment and improve the clinical management of
neurological disorders. In this review, we describe the dysbiosis of gut microbiota and the corresponding mechanisms in common
neurological diseases, and discuss the potential roles that the intestinal microbiome may play in the diagnosis and treatment of
neurological disorders.
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Introduction

The gastrointestinal tract is the most complex micro-
ecosystem in the human body. It consists of approximately
10 times more bacterial cells than human cells in the body,
and 150 times more bacterial genes than human genes.
The gut microbiome is increasingly recognized as the
“second genome” that contributes to exogenous biotrans-
formation in the host. The gut microbiota is composed
mainly of bacteria, with smaller proportions of fungi,
viruses, archaea, and protozoa. Complex and active
interactions exist between these gut microorganisms,
which jointly affect the balance of gut microecology.
The gut microbiota has a variety of biological functions,
such as xenobiotic metabolism, fermentation of dietary
fiber, vitamin synthesis, pathogen defense, and immune
regulation.!?! Although the gut microbial community
will remain relatively stable over time, many factors may
influence the composition and relative abundance of
different microbes, including genetics, age, regions, life-
styles, drugs, infections, and diet, among which diet is the
most influential and modifiable factor."*! For example, a
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fiber-deprived diet reduces the diversity of the microbiota
in the colon and disrupts longitudinal and lateral gradients
in microbiotic composition, which is characterized by the
loss of distal colon microbiota and a reduction in the
adjacent mucosal community.'*! Long term high-fat diets
can reduce or eliminate the number of beneficial bacteria
in the gut, such as Alistipes and Bacteroides spp., while
increasing the number of harmful bacteria, including
Faecalibacterium spp. Dietary fat may induce disturbances
in the arachidonic acid and lipopolysaccharide (LPS)
biosynthesis pathways, and in addition elevate inflamma-
tory responses."*! Thus, the gut microbiota—host symbiotic
relationship plays an important role in maintaining
human health.

The gut microbiota has an important impact on the
function of the host’s intestinal mucosa. Communication
between the gut microbiome and mucosa promotes
immune system maturation and forms a key immunologi-
cal barrier to defend against pathogens. Dysbiosis of the
gut microbiota can induce intestinal inflammatory
responses and the occurrence of various intestinal
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diseases. In the past, it was believed that the brain
was less affected by gut microorganisms because of
physical distance and the existence of the blood-brain
barrier (BBB). However, the human body is a unified
whole; therefore, in addition to the proximal effect on the
gut, the question remained whether the gut microbiota
had an 1mpact on the function of distal organs. In 2011,
Neufeld et all® were the first to report a reduction in
anxiety-like behavior and changes in central neuro-
chemicals in gut microbiota—absent mice, suggesting a
potential role for gut microbiota in brain function and
behavior. At present, with the advancement of the
Human Microbiome Project, it has become clear that
there is a close connection between the brain and
peripheral systems. An increasing number of studies
have found that the gut microbiota affects brain function
and may be involved in the regulation of various brain
diseases, which brings us new and significant oppor-
tunities to study neurological diseases. In 2012, the
concept of a mlcroblota —gut-brain (MGB) axis was
formally proposed,!”! which revealed pathways by which
the gastrointestinal tract affects the brain and demon-
strated that the gastrointestinal tract is closely connected
with the brain via gut microbial carriers. More recently,
studies have been focused on the regulation of brain
function by the gut microbiota and how the microbiome
influences neurological diseases. These studies provide
new insight into the diagnosis and treatment of
neurological diseases.
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MGB axis

Accumulating data have confirmed bidirectional commu-
nication and regulation between the gut microbiome and
brain through the MGB axis. However, what are the exact
pathways through which pathogenic factors within the gut
microbiota affect brain function? Current studies have
identified the following five communication pathways
[Figure 1]:

(1) The first is the neural pathway. There are neuroana-
tomical structures between the brain and gut, and many
intestinal nerves are distributed in the intestinal wall.
Intestinal information can be transmitted to the brain
through the intestinal nerves and the vagus nerve.'**' In
turn, the brain, as the center of the body, can also
regulate intestinal functions through the descending
vagus nerve. The vagus nerve is an important part of the
MGB axis and a key node for information transmission
between the gut and the brain.

(2) The neuroendocrine pathway consists of the hypotha-
lamic—pituitary—adrenal (HPA) axis and is an impor-
tant component of the neuroendocrine system and also
a major pathway in gut-brain communication. 101
Stress leads to changes in gut microbial composmon
and functions via activation of the HPA axis.''"
Dysfunction of the HPA axis plays a pivotal role in the
pathogenesis of neuropsychiatric diseases.

(3) The third is the inflammatory signaling pathway. Gut-
derived inflammatory factors, such as tumor necrosis
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Figure 1: The MGB axis. 5-HT: 5-hydroxytryptophan; ACTH: Adrenocorticotrophin; CRH: Corticotropin releasing hormone; GABA: y-aminobutyric acid; MGB: Microbiota—gut-brain; SCFAs:

Short chain fatty acids.
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factor-a (TNF-a), interferon-y (IFN-v), and interleukin
(IL)-6, can disrupt BBB integrity and participate in the
development of brain diseases after entering into
systemic circulation via a damaged gut mucosal
barrier.!"?! Inflammation-induced activity of the HPA
axis promotes the secretion of glucocorticoids, which in
turn leads to activation of intestinal function and
increased production of pro-inflammatory factors.
Moreover, activated enteric immune cells, including
T helper 17 (Th17) and natural killer cells, can
translocate into the brain and induce neuroinflamma-
tion. Stress response to neuroinflammation changes the
gut microbial composition, which then stimulates
enteric immune cells, and microbiota-derived metabo-
lites act as regulators in this bidirectional relay of
inflammatory signals. In addition, intestinal inflamma-
tory information triggers brain functions through the
afferent vagus nerve, while efferent vagus nerve
signaling to enteric immune cells suppresses intestinal
inflammation.!'®! These inflammatory signaling routes
across the MGB axis play an important roles in
regulating gut microbiota-related brain diseases.

(4) Microbial-derived metabolites can regulate host brain
function in a variety of ways.!'* Short chain fatty acids
(SCFAs), such as acetate, propionate, and butyrate, are
the most frequently assessed metabolites in microbe-host
interactions and play an important role in regulating host
immunity and metabolism. Gut-derived SCFAs can
influence intestinal barrier integrity, regulate enteric
immunity, and enter systemic circulation to modulate
peripheral inflammatory responses, neuroinflammation,
and HPA axis activity, and protect the BBB. These routes
may be involved in the mechanisms by which SCFAs
directly or indirectly regulate brain structure and
function.'"! Tryptophan is the most studied amino acid,
and its downstream metabolites (e.g., indole, 5-hydrox-
ytryptophan [5-HT], and kynurenine) have extensive
effects on host function. Bile acids are modified by the gut
microbiota and participate in the regulation of various
aspects of host function. Microbiota-modified bile acids
may induce intestinal inflammation potentially through
bile acid-activated receptors,!'® which contribute to
brain disease-related neuroinflammation. Neurotrans-
mitters (e.g., serotonin, y-aminobutyric acid [GABA],
and catecholamines) produced in the gut are key
modulators of gut microbiota~host interactions.

(5) The gut mucosal barrier and BBB are natural barriers
in the MGB axis. The gut mucosal barrier is composed
of multiple layers that contain the commensal micro-
biota and gut mucosal immune system, and acts as the
physical and functional interaction zone between the
gut microbiota and host.!'”) The BBB plays a key role
in maintaining brain homeostasis. The gut microbiota
and their derived metabolites have important effects
on BBB integrity and brain function.!'® Certain
physical and chemical factors or stress can damage
barrier functions and increase permeability, which
then allows harmful factors to enter the brain and
eventually promote disease development.!'”!

The interactions between the gut microbiota and host
remain unclear. The development of animal models and
new technologies provide important research tools for an
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in-depth understanding of the role of the MGB axis in
disease. At present, gut microbiota research mainly includes
the use of germ-free (GF) animals (usually rodents),
antibiotic-treated animals, or fecal microbiota transplanta-
tion (FMT) into animals. First, the GF animal is a very
important model organism for understanding gut micro-
biota—host relationships.*®! GF animals are not exposed
to any microbes after birth, and this model provides a
valuable tool for an in-depth understanding of the
function of microorganisms in shaping the behavior,
physiology, and neurobiology of the host. By comparing
GF animals with specific-pathogen free (SPF) animals, we
can evaluate how gut microbiota influences brain function
and behaviors from “none of microbiota” and “full of
microbiota” perspectives. Second, the antibiotic-treated
animal model is an effective pharmacological tool that can
be used to study the effects of gut microbiota dysbiosis on
brain functions and behaviors. Antibiotic treatment can be
carried out at any stage of life, thus providing greater
temporal flexibility and microbial specificity compared with
the GF animal model. Another advantage of antibiotic
treatment is that it can better mimic human clinical
conditions. The flexibility and specificity of antibiotic
treatment make this model an important tool for evaluating
the function of the MGB axis and a key element for future
research in this field. Third, the FMT animal model is
established by transplanting the fecal microbiota from one
individual into another by oral gavage. In preclinical
studies, FMT has been successfully used to construct animal
models of brain diseases, including schizophrenia,*'-**!
major depressive disorder (MDD),[****! and autism
spectrum disorder (ASD).?>! Therefore, FMT provides a
good tool for a further understanding of how the gut
microbiota affects host functions.

Currently, a variety of techniques are available to detect
the gut microbiota and these include fluorescence-based
quantitative polymerase chain reaction, 16S ribosomal
RNA amplicon sequencing, metagenomics, metatran-
scriptomics, metaproteomics, and microbial microarrays.
Although the composition and potential of the gut
microbiota can be revealed by the above methods, the
in situ functions of the microbiota remain unclear.
Approximately 70% of gut microorganisms are difficult
to culture iz vitro, resulting in a limited understanding of
their microbiology. The fluorescent—amino acid labeling
strategy is a novel in vivo labeling method for microbiota,
which allows the in situ visualization of spatial distribu-
tions of the gut microbiota that cannot be cultured in vitro
and identifies the internal and external factors affecting
metabolic activities.?®! This quantitative three-dimen-
sional imaging strategy for native gut microbiota will
enable further understanding of host-microbiota inter-
actions. Additionally, gut-on-a-chip models, which are
based on microfluidic technology, can be used to simulate
the three-dimensional structure of the gut,'*”! reveal the in
situ function of gut microbiota, and provide new insight
into how the gut microbiota affects host function.

Gut microbiota and neurodevelopment

In humans, the brain develops rapidly during the first 3
years after birth. Development includes neuronal migra-
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tion, axonal growth, synaptogenesis, and myelination,
which are necessary to establish neural networks that act
as the morphological basis of brain function. Of interest,
the development of the éut microbiota parallels the
development of the brain,*® which suggests a possible
relationship between gut microbiota and neurodevelop-
ment. Neonatal antibiotics have been shown to induce
dysbiosis of gut microbial development, which subse-
quently impaired myelination in the prefrontal cortex
region and contributed to cognitive developmental
disability.!**! The gut microbiota influences the neuro-
development at an early sta?e of life and this influence
continues into adulthood.*°! Previous findings indicated
that gut microbial signals can be transmitted to the central
nervous system to influence neurodevelopment (e.g., BBB
formation, microglial maturation) by activating the vagus
nerve, producing and releasing microbiota-derived me-
tabolites into the circulatory system, and affecting the
immune system and hormone release.*®*" A previous
study that included 89 infants found that cognitive
development at 2 years of age, which was assessed using
the Mullen Scales of Early Learning, was significantly
related to the gut microbial composition, and lower
Mullen scores were assoc1ated with higher a-diversity of
the gut microbiota.*?! Resting-state functional magnetic
resonance imaging of 39 1-year-old human infants
indicated that amygdala-mid/forebrain, anterior cingu-
late-insular, and sensorimotor-parietal functional connec-
tivity were srgmﬁcantly associated with a-diversity of the
gut microbiota. Multrple studies have examined the
role of the MGB axis in neurodevelopmental processes.
High-fat diets in early life lead to impaired hippocampal
development and cognitive deficits in mice by depleting the
gut commensal bacterium Akkermansia muciniphila.!

GF animals provide the strongest model for understanding
the effects of gut microbiota on neurodevelopment.
Absence of the gut microbiome in GF mice results in
increased hippocampal volume and neurogenesis, in-
creased myelination and myelin gene expression in the
prefrontal cortex, and altered microglia maturation and
activity.?*! Furthermore, increased permeability of the
BBB was observed in GF mice,*®! and loss of integrity of
the BBB allowed immune cells and many bacterial
components to migrate to the brain, which subsequently
caused neuroinflammation. These neurobiological
changes are relevant to various neurological diseases.

Gut microbiota and neurological diseases

As shown in [Table 1], dysbiosis of the gut microbiota has
been shown to participate in the pathogenesis of multiple
major neurological diseases,””" including migraine, cere-
brovascular disease, Alzheimer’s disease (AD), Parkin-
son’s disease (PD), multiple sclerosis (MS), neuromyelitis
optica spectrum disorders (NMOSD), myasthenia gravis
(MG), epilepsy, ASD, and MDD.

Gut microbiota and migraine

Migraine is a common disabling neurological headache
disorder. Epidemiological studies have shown that
migraines occur more frequently in patients with gastro-
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intestinal disorders, including those with Helicobacter
pylori infection, celiac disease, irritable bowel syndrome,
gastroparesis, and hg?atobiliary disease, than in the
general population.*”'H. pylori infection is strongly
associated with the severity of migraines. Nitrates are
identified as common triggers for migraine headaches. A
higher abundance of nitrate-, nitrite-, and nitric oxide-
reducing bacterial taxa (Haemophilus parainfluenzae and
Rothia mucilaginosa) were identified in the oral and fecal
samples of migraineurs than in those of non-migrai-
neurs.*! A metagenome-wide association study identified
a decrease in the a-diversity of gut microbiota in
migraineurs at both the genus and species levels, and
Clostridium spp. were enriched in migraineurs, while
beneficial species, including Bifidobacterium adolescentis,
Faecalibacterium prausnitzii, and Methanobrevibacter
smithii, were enriched in non-migraineurs.”*” In addition,
both gut microbiota deprivation in GF mice and gut
microbiota dysbiosis in broad-spectrum antibiotic-treated
mice srgnlﬁcantly prolonged nrtroglycerm induced mi-
graine-like pain compared with that in control mice,*!
suggesting a potential role for gut microbiota in “the
pathogenesis of migraine. Moreover, significant nitroglyc-
erin-induced hyperalgesia was observed in GF mice
colonized with gut microbiota from SPF mice. More
severe hyperalgesia was also identified in mice trans-
planted with gut microbiota from migraine patients than
in mice receiving microbiota from non-migrainous,
healthy controls. These results highlight the involvement
of the gut microbiota in the normal mechamcal pain
sensation and pathogenesis of migraine.[*!! A randomized
double-blind clinical trial found that the probiotic
bacterium Lactobacillus casei Shirota signiﬁcantly allevi-
ated symptoms of vestibular mrgrame at a 4-month
follow-up compared with placebo.l**) After a 12-week
treatment with a probiotic containing multiple species
belonging to Bifidobacterium and Lactobacillus genera,
the frequency and intensrly of episodic migraines were
reduced in clinical patients."*3! Similar therapeutic efficacy
of a probiotic containing 14 bacterial strains, such as
Bifidobacterium infantis Protexin (PXN) 27, Lactobacil-
lus rhamnosus PXN 54, Bacillus subtilis PXN 21, and
Streptococcus thermophilus PXN 66, was shown for both
episodic and chronic migraine interventions.!**!

Gut microbiota and cerebrovascular disease

Cerebrovascular diseases are the most common neurolog-
ical diseases, among which intracerebral hemorrhage
(ICH) is the most serious type with a mortality rate of 40%
to 60%. Hematoma expansion is the key cause of death in
ICH; thus, early identification and intervention are
important to reduce the incidence of death. A previous
study demonstrated that gut microbiota dysbiosis dam-
aged the gut structure and barrier function in ICH
patients, resulting in the migration of T cells from the gut
to the brain via the MGB axis; infiltration of T cells in the
area surrounding the cerebral hematoma played a key role
in ICH-induced hyperactlvated inflammatory responses
and oxidative stress,!*>*®! which may be associated with
hematoma expansion in ICH patients.!*”>**! It remains to
be determined whether we can intervene in the process of
early hematoma expansion by regulating the structure and
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function of gut microbiota. Compared with that in healthy
controls, the relative abundance of Bacteroides, Acid-
aminococcus, and Bacteroidesovatus spp. and Bacteroides
fragilis was increased in ICH patients, while the
abundance of Verrucomicrobia, Prevotella, Akkermansia,
and Blautia spp. and Prevotella copri, Akkermansia
muciniphila, and Ruminococcus callidus was de-
creased.[*” Cavernous angioma (CA) is a rare genetic
neurovascular disease that causes cerebral hemorrhage. In
2020, researchers found that patients with CA had
increased abundance of the Gram-negative bacterium
Odoribacter splanchnicus and decreased abundance of
Gram-positive Bifidobacterium adolescentis and Faecali-
bacterium prausnitzii. The combination of these three
species provided good sensitivity (92%) and specificity
(67%) in CA diagnosis based on the receiver operating
characteristic (ROC) curves.®®! Such imbalances of gut
microbiota in CA patients suggested increased production
of LPS, which can enter the brain, act on blood vessel
walls, and promote progression of disease.>”!

Cerebral infarction, also known as cerebral ischemic
stroke, is a common type of cerebrovascular disease. Brain
ischemia has been reported to rapidly impair intestinal
barrier function and lead to gut dysbiosis with overgrowth
of Enterobacteriaceae spp., resulting in activation of
systemic inﬂammation, which in return exacerbated
cerebral infarction.®!! Previously, a prospective case-
control study showed a decrease in obligate anaerobic gut
bacteria in stroke patients (e.g., Anaerostipes and
Subdoligranulum spp.), as well as an enrichment of
trimethylamine- producmg bacteria and a loss of butyrate-
producing bacteria.®* Persistent gut microbiota dysbio-
sis; intestinal mucosa impairment; and increased plasma
levels of LPS, TNF-a, IFN-v, and IL-6 were observed after
cerebral infarction in cynomolgus monkeys. SCFAs are
important microbial-derived immune modulators and can
inhibit LPS-induced inflammatory responses; SCFAs levels
were significantly decreased at 6 and 12 months after
cerebral infarction in these monkeys.!*3! A previous study
showed that administration of non-absorbable antibiotics
led to reduced cerebral infarct volume and neurological
impairment by altering the composition of the gut
microbiota.’* Transplantation of SCFA-rich fecal micro-
biota and butyric acid supplementation were effective
treatments for cerebral ischemic stroke.**! Interestingly,
aged post-stroke mice that received fecal samples from
young mice (2-3 months old) showed significant behav-
ioral recovery and reduced brain/intestinal inflammation,
which was because of the higher levels of SCFAs in the
feces of the younger mice. Furthermore, neurological
deficit scores in post-stroke mice were significantly
improved after treating with a prebiotic and a cocktail
of four SCFA-producing bacteria, which included Lacto-
bacillus fermentum, Clostridium symbiosum, Faecalibac-
terium prausnitzii, and Bifidobacterium longum .

Gut microbiota and AD

AD is a neurodegenerative disease characterized by
progressive cognitive and behavioral impairment. AD is
the most common type of dementia in aged adults. Clinical
studies have identified a decrease in anti-inflammatory

WWW.CImj.org

Eubacterium rectale and Bacteroides fragilis and an
increase in pro-inflammatory Escherichia/Shigella spp.
in older patients with cognitive impairment and brain
amyloidosis.*®*”! AD-related alterations in gut micro-
biota have been observed in patients with mild cognitive
impairment (MCI), which is a predementia state,
suggesting that changes occur in the gut microbiota
before the onset of AD. A diagnostic model based on
differential gut microbiota composition at the genus level
was able to distinguish between patients Wlth MCI and
controls with a 93% (28/30) sensitivity rate.°®! Compared
Wlth healthy controls, patients with MCI showed different
“gut microbiota— 1ntr1nSic brain activity-cognitive func-
tion interaction” patterns.””! In AD patients, the
a-diversity of gut microbiota was significantly decreased.
The abundance of butyrate-producing genera, e.g.,
Faecalibacterium, was significantly decreased, which
was positively correlated with the severity of AD
symptoms. In contrast, the abundance of lactate-produc-
ing genera, e.g., Bzﬁdobactermm was increased, which
was negatively correlated with clinical symptoms. This gut
microbiota dysbiosis in AD patients alters fatty acid
metabolism and folate biosynthesis pathwa ays, which then
promote immunomodulatory dysfunction.°®! In addition,
the gut microbiota is associated with pathological changes
in amyloid B-protein (AB) in AD. A recent study found an
increase in AR plaques in 3-month-old APPSWE/PS1AE9
mice (model for AR amyloidosis) that received gut
microbiota from 16-month-old APPSWE/PST1AE9 mice,
while such pathological changes were not observed in
wild-type mice. These findings suggested that although gut
microbiota dysbiosis itself cannot induce AB plaques, it
can promote the development of AD in a genetically
predisposed AD background.!®’! Treatment with a
Bifidobacterium spp. probiotic formulation (SLABS51) in
mice alleviated the progression of AD by changing the gut
microbiota composition and its metabolites; restoring
impaired neuronal proteolytic pathways, such as autoph-
agy and the ubiqéuitin proteasome system; and reducing
AB aggregation.!®! In a clinical trial, administration of
fermented milk containing Bifidobacterium and Lactoba-
cillus spp. significantly improved the CO%HI'EIVC, sensory,
and emotional functions of AD patients.'°”! In addition,
specific strains of Faecalibacterium prausnitzii improved
cognitive impairment in an AD mouse model through
mechanisms related to oxidative stress and mitochondrial
function, suggesting that F. prausnitzii may be used for
microbiota- targeted therapy in patients with AD.!®

Gut microbiota and PD

PD is a common neurodegenerative disease in the elderly.
The increase in life expectancy worldwide is accompanied
by a significant increase in the incidence of PD. Previous
data showed changes in the composition of the gut
microbiota of patients with PD, including a lower relative
abundance of Lachnospiraceae spp. The decreased
abundance of Lachnospiraceae spp. and increased
abundance of Lactobacillaceae and Christensenellaceae
spp. were related to the severity of clinical symptoms, ie,
postural 1nstability, gait disturbances, and cognitive
impairment.!®’ These microbial changes in PD may be
used as early biomarkers for PD.1°®! The aggregation of
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a-synuclein (a-Syn) plays a key role in the pathogenesis of
PD. Gastrointestinally injected pathological a-Syn fibrils
can be widely spread to the brain through the vagus nerve
and induce PD-like symptoms in mice, suggesting an
important role for the MGB axis in the pathogenesis of
PD.!*”! After transplanting the fecal microbiota from PD
patients into Thyl-a-Syn (a-Syn overexpressing) trans-
genic mice, motor symptoms were aggravated, suggesting
that a-Syn overexpression (genetics) and gut microbiota
dysbiosis (environment) jointly influence disease out-
come.l®® Tt has been demonstrated that §-secretase is
involved in the cleavage of a-Syn and Tau proteins and
mediates their fibrillization and retrograde transmission
from the gut to the brain. The activation of 3-secretase
promotes the formation of a-Syn/Tau complexes and
elicits apoptosis in nigral dopaminergic neurons, which
are associated with motor dysfunction and cognitive
impairment in PD.!®”! Recent studies have found that gut
microbiome-derived epitope peptides were significantly
different between PD patients and healthy controls and
were related to abnormal inflammatory responses and
biosynthesis of glutamate and propionate. Changes in
these epitope peptides aggravated the lfathology of PD and
may be potential biomarkers for PD.!”")

Gut microbiota and MS

MS is an autoimmune disease triggered by environment—
gene interactions. The pathology of MS is mainly
characterized by glial reaction, inflammation, and demye-
lination.”!!" Increasing evidence indicates that the gut
microbiota can play both a protective and pathogenic role
in the progression of MS. A previous study based on the 16S
ribosomal RNA sequencing found that the relative
abundance of butyrate-producing bacteria (Ruminococca-
ceae and Lachnospiraceae spp.) was decreased in pediatric
MS patients compared with that in healthy controls, while
levels of Christensenellaceae, Bilophilia, Bifidobacterium,
and Desulfovibrio spp. were increased, suggesting a_pro-
inflammatory milieu in the gut of children with MS."”*! In
addition, significant increases in Methanobrevibacter,
Akkermansia, Blautia, and Dorea genera and decreases in
Butyricimonas, Parabacteroides, and Prevotella genera
were also observed in MS patients compared with those
in controls.”>”*" Immunomodulatory therapy increased
Prevotella and Sutterella spp. and reduced Sarcina spp.l”>! A
similar decrease in the relative abundance of Prevotella was
observed in a separate study.”>! Treatment of MS patients
with a probiotic containing strains of Lactobacillus,
Bifidobacterium, and Streptococcus spp. changed the
structure and composition of the gut microbiota, enhanced
antioxidant capacity, and induced an anti-inflammatory
response in the periphery that was characterized by a
reduced proportion of CD14"#"/CD16'°" monocytes; these
changes improved the patients’ psychological status and
clinical symptoms.[”®””! Treatment of experimental auto-
immune encephalomyelitis in mice with a mixture of 17
strains of Clostridium spp. derived from human fecal
microbiota increased the level of butyrate in the sera,
reduced demyelination and astrocyte/microglial reactivity,
inhibited axonal damage, and improved outcomes.!”®! The
level of microbiota-derived propionic acid (PA) was reduced
in the serum and feces of patients with MS.I”! Oral
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supplementation of PA significantly increased the propor-
tion of functionally competent regulatory T cells and the
level of anti-inflammatory cytokines (e.g., IL-10) and
decreased pro-inflammatory T helper 1 and 17 cells in
MS patients, thus preventing disease progression and
suggesting a potential immunomodulatory treatment role
for PA in MS.!”?!

Gut microbiota and NMOSD

NMOSD represent a group of autoimmune demyelinating
diseases of the central nervous system that mainly involve
the optic nerve and spinal cord. Emerging evidence has
suggested an important role for gut microbiota in the
pathogenesis of NMOSD. Previous studies have identified
an increased abundance of Flavonifractor and Streptococ-
cus spp. and a decreased abundance of several butyrate-
producing bacteria, including Faecalibacterium, Copro-
coccus, and Prevotella spp., in NMOSD patients com-
pared with that of healthy controls. The combination of
seven candidate microbial markers differentiated between
NMOSD patients and healthy controls with a sensitivity
rate of 93%.%" In addition, the abundance of Strepto-
coccus spp. was positively correlated with NMOSD
severity, while the levels of microbiota-produced SCFAs
were significantly decreased in NMOSD patients and
negatively correlated with disease severity, especially for
acetate and butyrate.l®!) A higher level of Clostridium
bolteae was identified in aquaporin 4 (AQP4)-
IgG + NMOSD patients compared with that in AQP4-
IgG- patients, suggesting that this microorganism may be
causally related to the immunopathogenesis of NMOSD
in susceptible individuals.®?! Specific novel microbial
biomarkers for predicting AQP4-IgG+ and AQP4-IgG—
NMOSD patients have been identified in disease-specific
parameters.!®¥ In addition, a study of sigmoid mucosal
biopsies from NMOSD patients proposed that mucosal
microbiota imbalance and inflammatory cell activation
allowed pathogens to cross the damaged intestinal barrier
and participate in the pathogenesis of NMOSD.!5
Variations of several gut microorganisms, especially
Vagococcus and Amnaerobiospirillum spp., and their
metabolites (e.g., bile acids), correlated with NMOSD
recurrence through CXCL13-induced activation of the
CXCR5+ CD4+ follicular T helper cell pathway.!®*!

Gut microbiota and MG

MG is an autoimmune disease involving neuromuscular
junctions and is characterized by systemic skeletal muscle
weakness. The gut microbiota is the central regulator of
the host immune system, and its dysbiosis may be involved
in the pathogenesis of central and peripheral autoimmune
diseases.®®! Previous studies have found a reduction in the
a-diversity of gut microbiota in patients with MG. The
abundance of Bacteroidaceae, Veillonellaceae, and Pre-
votellaceae spp. was increased, and Ruminococcaceae,
Erysipelotrichaceae, Peptostreptococcaceae, Clostridia-
ceae, and Clostridium spp. and Fusobacterium prausnitzii
were decreased in MG patients compared with those in
healthy controls; changes in the abundance of Lachno-
spiraceae spp. and fecal metabolites were also observed,
which were mainly related to disturbances in amino acid,
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nucleotide, and microbial metabolic pathways.[37-88 A
previous study identified a marker panel that was
composed of four genera (Clostridiaceae, Lachnospira-
ceae, Erysipelotrichaceae, and Bacteroidaceae) and six
significantly related fecal metabolites (leucine, cytosine,
oxalic acid, N-acetyltryptophan, Dp-glyceric acid, and
xanthine). This panel was able to discriminate between
MG patients and healthy controls with 100% accuracy,
which was more accurate than microbial or metabolic
markers alone.!®”! Another metagenome-wide association
study built a microbial panel composed of five species
(Fusobacterium mortiferum, Prevotella stercorea, Prevo-
tella copri, Megamonas funiformis, and Megamonas
hypermegale).!®*" This panel gained an area under the
curve of 94% in the discovery cohort and 84% in the
validation cohort. Dysbiosis of the gut microbiota in MG
reduces SCFA production, which suggests that altered gut
microbiota may play a vital role in the pathogenesis of MG
by reducing SCFAs.!®?! Treatment with Bifidobacterium
and Lactobacillus spp. can alleviate MG-associated
symptoms by increasing the serum levels of transforming
growth factor-B and the percentages of regulatory T cells
in peripheral blood."””!

Gut microbiota and epilepsy

Epilepsy is a common chronic neurological disease
characterized by recurrent, episodic, and transient brain
dysfunction caused by excessive synchronous neuronal
discharge. The gut microbiota may regulate the etiology of
epilepsy. Compared with those in healthy controls, the
genera Delftia, Lautropia, Campylobacter, Haemophilus,
and Neisseria were increased in patients with epilepsy,
while Blautia, Faecalibacterium, Parabacteroides, and
Bifidobacterium spp. were decreased.”! Various antiepi-
leptic drugs, such as valproate and clobazam, have been
found to influence the composition of the gut microbiota
in animal models and vice versa.??! The ketogenic diet (KD)
is a high-fat, low-carbohydrate diet, which is an auxiliary
therapeutic diet for epilepsy patients. Based on a mouse
model of refractory epilepsy, Olson et all>! found that the
KD significantly suppressed seizures and rapidly changed
the composition of the gut microbiota in mice within 4 days,
and this change was characterized by an increase in the
abundance of Akkermansia muciniphila and Parabacter-
oides sp. The anti-epileptic effects of the KD were not
observed in GF and antibiotic-treated SPF mice; however,
after co-administration of Akkermansia muciniphila
and Parabacteroides sp., anti-seizure effects of the KD
were restored in antibiotic-treated mice, suggesting a
modulatory role for the gut microbiota in KD treatment
for epilepsy.l”®! Results of 16S rDNA sequencing of
fecal samples from 14 epileptic and 30 healthy infants
found that, compared with that in healthy controls, the
abundance of Proteobacteria spp. was significantly in-
creased in epileptic infants,'”* and the KD relieved epilepsy
symptoms by decreasing Proteobacteria and Firmicutes
spp. and increasin% Bacteroides, Bifidobacterium, and
Prevotella spp.”*?T In addition, Lindefeldt ez al'”®! found
that the relative abundance of Bifidobacterium sp.,
Eubacterium rectale, and Dialister sp. were decreased in
fecal samples from children with severe epilepsy after 3
months of KD treatment, while Escherichia coli was
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increased. Reconstructing the gut microbiota of epilepsy
patients by transplanting fecal microbiota from healthy
volunteers prevented the relapse of seizures.

Gut microbiota and ASD

ASD is a complex neurodevelopmental disorder, which is
mainly characterized by dysfunction of social communi-
cation and repetitive stereotypical behaviors. The inci-
dence of ASD has been gradually increasing over recent
decades. There is a sex difference in ASD incidence, with a
male-to-female ratio of approximately 4.5:1. Gastrointes-
tinal diseases are present in 30% to 70% of children with
ASD and represent the most common comorbidity. A
previous study that focused on the changes in the gut
microbiota composition of ASD patients found that the
proportion of Bacteroidetes/Firmicutes spp. and the
relative abundance of Sutterella, Odoribacter, and
Butyricimonas spp. were significantly increased, while
the relative abundance of Veillonella and Streptococcus
spp. was significantly decreased. Further functional
analysis showed that the abundance of butyrate- and
lactate-producing bacteria was reduced in ASD patients
compared with that in healthy controls, which may lead to
an increase in intestinal permeability. In addition, the
activation of arginine—ornithine and ether lipid metabo-
lism and the inhibition of steroid hormone biosynthesis,
glycosaminoglycan degradation, and lipoic acid metabo-
lism may participate in the pathogenesis of ASD.!”®!
Moreover, Kim et al'®! found that maternal intestinal
bacteria from mice that promoted Th17 cell differentia-
tion and IL-17A release subsequentl¥ induced autism in
offspring. Recently, Sharon et al'**! transplanted fecal
microbiota from ASD patients into GF mice and
demonstrated that the adult offspring of these mice
displayed hallmark autistic behaviors, including decreased
locomotion and communication and repetitive behavior.
Changes in the gut microbiome of ASD mice were
vertically and stably transmitted to offspring. In addition,
upregulated and extensive alternative splicing of ASD-
related genes in the brains of the offspring was observed,
and decreased microbial-related small molecules, such as
taurine and 5-aminovaleric acid, in the colon contents
were also identified. Administration of taurine and 5-
aminovaleric acid significantly improved the ASD-like
behaviors in these mice. A recent study found a decrease in
the relative abundance of intestinal protective bacteria in
ASD patients, which led to decreased expression of ASD-
associated detoxifying enzymes, deficiency in microbial
detoxification, glutathione depletion, mitochondrial dys-
function, and ultimately the onset of ASD.!'® These
differentially expressed, microbial-related detoxifying
enzymes have demonstrated good diagnostic efficiency
for ASD with an area under the ROC curve of 0.88.11°°! In
addition, the level of the gut microbial metabolite p-cresol
is increased in ASD patients.['" Mice exposed to p-cresol
presented with ASD core behavioral symptoms, such as
stereotypical and impaired social behaviors, and decreased
activity of dopaminergic neurons in the ventral tegmental
area.l"?! Additionally, transplantation of fecal micro-
biota from healthy humans to ASD patients significantly
improved ASD symptoms by altering the gut microbiota
and serum levels of neurotransmitters, and this study also


http://www.cmj.org

Chinese Medical Journal 2023;136(11)

indicated that Eubacterium coprostanoligenes may be a
potential regulator of FMT treatment response in children
with ASD.!"!

Gut microbiota and MDD

MDD is a severe mental disorder with a high prevalence
and suicide rate, which seriously endangers a patient’s
daily life and creates a heavy burden on the patient’s
family and society. Accumulating studies have demon-
strated a close relationship between gut microbiota
dysbiosis and the onset of MDD. Although the composi-
tion of the gut microbiota in MDD is inconsistent across
studies,**1%4111 3 higher abundance of bacteria from the
phylum Actinobacteria and Eggerthella spp. and a lower
abundance of Bacteroidetes, Prevotellaceae, Coprococcus,
Faecalibacterium, and Sutterella spp. are the most
consistent findings in MDD patients compared with those
in healthy controls.""'?! The most recent studies found
specific changes in Bacteroidetes in MDD patients!' 3! that
were characterized by an increase in nine Bacteroidetes
strains and a decrease in five Brucella strains,"'*! which
provided a foundation for the development of microbial-
based MDD diagnostic strategy. After transplanting fecal
microbiota from MDD patients into GF mice, the
remodeled mice displayed significant depressive-like
behaviors, such as an increase in immotility time in the
forced swimming and tail suspension tests. The gut
microbiota composition in the mice was consistent with
that in the MDD patients who provided the fecal
microbiota.** Similar findings were reported by Kelly
who found that antibiotic-treated rats showed
anhedonia after receiving fecal microbiota from MDD
patients. These findings confirmed that gut microbiota
dysbiosis plays a causal role in the onset of MDD.
Etiology-based intervention is an effective method to
promote the prevention and treatment of diseases. Oral
administration of Lactobacillus plantarum PS128 led to a
significant remission in depressive symptoms of MDD
patients.'''*"11¢] Furthermore, the encapsulated microbial
therapeutic MET-2, which contains 40 strains of bacteria,
was effective in reducing the mean Montgomery—Asberg
Depression Rating Scale and Generalized Anxiety Disor-
der-7 scores in MDD patients.!'!”]

Previous studies have found that gut microbiota dysbiosis
may participate in the pathogenesis of MDD by regulating
multiple molecular metabolic pathways, ¢Bes carbohydrate,
GABA, phenylalanine, and tryptophan.**'*! Clinically-
based findings provide good evidence for MDD analysis;
however, clinical samples are susceptible to confounding
factors, such as drugs, diet, and geography. Compared with
that in rodents, the gut microbiome composition in non-
human primates has greater similarity with humans and is
less affected by these confounding factors, which are
difficult to exclude clinically. Based on a naturally-
occurring depression in monkeys, it was discovered that
gut microbiota dysbiosis induced glycerophospholipid and
sphingolipid metabolic alterations in the gut-brain axis,
which mediated the depressive-like behaviors.''8! In
addition, the gut microbiota dysbiosis regulated the
depressive-like behaviors by disrupting the cAMP-response
element binding protein (CREB) and Ras/mitogen-
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activated Brotein kinase (MAPK) signaling path-
ways.''?122] Another study reported that gut microbiota
dysbiosis induced depressive-like behaviors by decreasing
the endocannabinoid signaling pathway, and selectively
enhancing the central endocannabinoid alleviated the
depressive-like behaviors.['23]

Diagnosis and treatment of neurological diseases based on
gut microbiota

The gut microbiota is a dynamic sensor iz vivo that can
monitor minuscule changes in the human body and
accurately reflect human health status. Because gut
microbiota dysbiosis and derived markers correlate with
disease severity, studies based on gut microecology may
provide new insight into the diagnosis and treatment of
neurological diseases. A growing number of studies have
constructed prediction and diagnosis models of diseases
based on gut microbiotic dysbiosis and derived molecular
changes. However, diagnostic strategies based on the gut
microbiota require further optimization to standardize the
processes and reduce the differences between laboratories.
In addition, the validation of microbial-derived markers
based on the large clinical cohorts, optimization of
analysis and processing of microbiome data, and further
understanding of specific microbial-related gut—brain
molecular mechanisms in different disease states are
crucial for developing diagnostic strategies for diseases
related to the gut microbiota and its derived metabolites.
In-depth studies of the MGB axis facilitate the identifica-
tion of new intervention targets for the treatment of brain
diseases, the recognition of “gut treatment of brain
disease,” selection of personalized treatments depending
on the specific changes in gut microbiota, and use of
probiotics, prebiotics, and microbial drugs to regulate the
balance of gut microbiota and promote accurate clinical
transformation. At present, three main methods are used
to regulate gut microbiota, which are outlined below.

The first method is FMT. FMT refers to the transplanta-
tion of fecal microbiota from healthy individuals into the
gut of patients to reconstruct the overall gut microecology
and provide disease treatment. FMT has been used to treat
various clinical conditions, including recurrent Clostri-
dioides difficile infection, ulcerative colitis, Crohn’s
disease, hepatic encephalopathy, and autism. More than
70 hospitals in China have carried out FMT to treat
various diseases. Zhang et al'**! developed the washed
microbiota transplantation (WMT) modification based on
an intelligent fecal microbiota separation system and strict
quality control. The WMT protocol provides better
quality control, microbiota enrichment precision, and
clinical treatment safety than traditional FMT.

The second method is the use of probiotics and prebiotics.
Probiotics are living microorganisms that are beneficial to
the host when a suitable amount is ingested. The first
generation of probiotics was developed from a limited
number of species of which the most common belonged to
Lactobacillus and Bifidobacterium spp. At present, pro-
biotics are mainly used as dietary supplements in food to
regulate the gut microbiota and improve intestinal
function and have not been developed strictly in
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accordance with the standards of drug development.
Prebiotics are the “food” that promote the growth of
probiotics in the gut. Probiotics and prebiotics would be
included in the “do not harm, may be helpful” category
and are intended to act as a supplementary tool for
improving human health.

The third method is the use of live biotherapeutic
products, which are products containing live micro-
organisms (e.g., bacteria) that can be used to prevent and
treat human diseases and indications and are also known
as second-generation probiotics. In clinical practice, live
biotherapeutic products are used as drugs and must have a
clear clinical indication. At present, clinically approved
live biotherapeutic products are limited and include
Mutaflor, which was approved in Germany as a mainte-
nance therapy during remission of ulcerative colitis.
MIYAIRI 588 was approved in Japan to improve
symptoms caused by gut microbiotic dysbiosis. SKO8
viable powder containing Bacteroides fragilis was ap-
proved in China for treatment of irritable bowel syndrome
and ulcerative colitis. In a phase three clinical trial, oral
administration of SER-109, which is composed of purified
Firmicutes spores, was superior to placebo in reducing the
risk of recurrent C. difficile infection.!'**! A similar effect
was observed with the microbiota-based investigational
therapeutic RBX2660 for C. difficile infection.!'?¢!
Additionally, EXE-346, which is composed of eight live
strains of probiotics with fixed proportions, has been
approved as an orphan drug by the US Food and Drug
Administration. These live biotherapeutic products will
provide new clinical options for disease treatment.

Future prospects

In this review, we evaluated a large number of preclinical
and clinical studies that have confirmed the involvement
of gut microbiota dysbiosis in the pathogenesis of
neurological diseases and carried out a prehmmary
exploration of the underlying molecular mechanisms in
the MGB axis. Animal models provide useful tools to
explore the role of gut microbiota in the onset of
neurological disease. However, extending these findings
to the diagnosis and treatment of neurological diseases in
humans is still a substantial challenge. The obvious
biological differences between animals and humans and
the complexity, individuality, and dynamics of gut
microbiota in humans aggravate this challenge. The
gut is estimated to contain approx1mately 1x10"
bacteria. Only 1500 bacterial species have been isolated
thus far, which indicates that our research in the gut
microbial field is still in its infancy. Clarification of gut
microbiota composition and the effects of various
confounders on microbial characteristics under healthy
conditions is the first step to determine whether gut
microbiota dysbiosis plays a pathogenic role in the onset
of disease. Future investigations must consider the

confounding factors that influence gut microbial com-
position and function as well as the bidirectionality of gut
microbiota—host interactions under healthy and diseased
states. Examination of key gut microbiota components
and their derived markers and revealing the underlying
gut—brain molecular mechanisms will be essential in the
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development of gut microbiota-based diagnosis and
treatment strategies for neurological diseases. Beginning
with the discovery of gut microbiota, the recognition of
gut microbiota~host interactions and the use of gut
microbiota as treatments are promising approaches to
promote human health. However, the clinical applica-
tion of gut microbiota-based diagnostic and treatment
strategies for diseases will require rigorous evaluation
that will provide guidance for future research.
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