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A B S T R A C T

Autism spectrum disorder (ASD) is a severely neurodevelopmental disorder that impairs a child's ability to
communicate and interact with others. Children with neurodevelopmental disorder, including ASD, are regularly
affected by gastrointestinal problems and dysbiosis of gut microbiota. On the other hand, humans live in a co-
evolutionary association with plenty of microorganisms that resident on the exposed and internal surfaces of our
bodies. The microbiome, refers to the collection of microbes and their genetic material, confers a variety of
physiologic benefits to the host in many key aspects of life as well as being responsible for some diseases. A large
body of preclinical literature indicates that gut microbiome plays an important role in the bidirectional gut-brain
axis that communicates between the gut and central nervous system. Moreover, accumulating evidences suggest
that the gut microbiome is involved in the pathogenesis of ASD. The present review introduces the increasing
evidence suggesting the reciprocal interaction network among microbiome, gut and brain. It also discusses the
possible mechanisms by which gut microbiome influences the etiology of ASD via altering gut-brain axis. Most
importantly, it highlights the new findings of targeting gut microbiome, including probiotic treatment and fecal
microbiota transplant, as novel and potential therapeutics for ASD diseases.

1. Introduction

Neurodevelopmental disorders are characterized by disturbances of
the growth and development of the brain or central nervous system
(CNS). Autism spectrum disorder (ASD) is a severely neurodevelop-
mental disorder that impairs a child's ability to communicate and in-
teract with others [1]. The core symptoms also include restricted re-
petitive patterns of behaviors, interests and activities. In addition to the
core symptoms of ASD, related conditions and behaviors have been
reported recently, including abnormalities in sensory processing (hypo
or hypersensitivity), gastrointestinal (GI) symptoms or even self-in-
jurious behaviors [2]. The reported prevalence of ASD has increased
dramatically in recent years. Based on the extensive surveys conducted
by the Centers for Disease Control and Prevention, the incidence of ASD
from 1 in 150 children in 2000 increased to 1 in 68 in 2012 in the
United States (https://www.cdc.gov/ncbddd/autism/data.html). In
spite of the extensive efforts, the exact mechanisms of ASD have not
been clearly elucidated. Recently, emerging works suggested that var-
ious environmental factors (including chemical exposures, viral infec-
tions, and metabolic imbalances) have been implicated in the etiology
and pathogenesis of ASD [3,4]. However, due to the lack of consensus
on the causes of ASD, there have been no widely accepted and efficient
therapies for such disorder.

A large body of recent studies elucidated the crucial roles of gut
microbiome in the functions of CNS, neuroendocrine and neuroimmune
systems [5,6]. The altered bidirectional neurohumoral communication
system between gut and brain – known as the gut-brain axis – may
cause a series of diseases, such as autoimmune and CNS disorders [6].
GI distress, which affects millions of people worldwide, is a most
common syndrome among several comorbidities in ASD patients.
Morover, a recent multi-case analysis of about 15,000 ASD patients
indicated that almost 12% of ASD individuals had comorbidity with
bowel disorders [7]. Based on a great many previous studies, dysbiosis
of the gut microbiome was implicated in the etiology of several dis-
eases, including inflammatory bowel disease (IBD), obesity, and car-
diovascular disorders, in both human and animal models [8,9]. In ad-
dition, increasing evidences revealed that the compositions of gut
microbiota in ASD patients were largely different compared with the
healthy control individuals [10–13]. Taken together, we speculate that
gut microbiome, acting singly or in interaction with other factors, may
be associated with the pathogenesis of ASD.

This review hopes to provide a better understanding of the gut
microbiome as a potential therapy for ASD and its role with respect to
neurodevelopmental disorders (e.g., ASD). Then the possible and un-
derlying mechanisms by which the gut microbiome interacts with ASD
are fully analyzed. Most importantly, the very recent and compelling
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studies that suggested probiotic and fecal microbiota transplant treat-
ments (FMT) can help to improve GI- and ASD-related behavioral
symptoms are summarized.

2. Overview of gut microbiome

Human beings, including other mammals, live in a co-evolutionary
association with huge numbers of microorganisms that resident on the
exposed and internal surfaces of their bodies. The collection of microbes
and their genetic material is termed microbiome. The human GI tract
contains approximately 1014 bacteria belonging to approximately 1000
species [14]. It is estimated that commensal microbiome outnumbers at
least 100-folds more than the human somatic genome [15]. The healthy
adult GI tract is most dominated by Bacteroidetes and Firmicutes phyla
(both account for up to 70–90% of total bacteria), followed by Actino-
bacteria, Proteobacteria, and Verrucomicrobia [16]. These symbiotic mi-
crobiota dwelling in the gut have long been appreciated for the various
beneficial effects they offered to the host including providing essential
nutrients by metabolizing indigestible dietary compounds, defending
against opportunistic pathogen colonization by nutrient competition
and antimicrobial substance production, and contributing to intestinal
epithelial barrier [17]. Moreover, the studies on the immune defects in
germ-free (GF) mice have suggested that gut microbiome was essential
to the host immune system [18,19]. A recent review also indicated that
gut bacterial colonization could drive maturation and functionality of
the host adaptive immune system [17].

The beneficial partnership between gut microbiome and the host
immune system contributes greatly to the normal host homeostasis
during life. Disruption of a balanced composition of gut microbiome
can cause immunological dysregulation that may underlie several in-
flammatory disorders, such as irritable bowel syndrome (IBS) and IBD
or even several kinds of cancer [17]. Moreover, altered gut microbiome
also affects microbiota-derived products and metabolites, including
pro- and anti-inflammatory materials, which in turn can influence de-
velopment or composition of the gut microbiome [20]. However, some
probiotics, such as Bifidobacteria and Lactobacillus, may re-establish the
composition of the gut microbiome and exert benefits to gut microbial
communities, leading to amelioration or prevention of gut inflamma-
tion and other intestinal or systemic diseases [21].

3. Communications among microbiome, gut and brain

Ever since the term of gut-brain axis was proposed and the first
publication of preclinical studies that revealed the communication
among gut microbiome, gut and brain, there are fast-growing studies
focusing on this field and further deepening our understanding of those
correlations [22]. The gut-brain axis refers to the bidirectional bio-
chemical communications between the GI tract and the nervous system
[6]. The reciprocal interaction network consists of CNS, the autonomic
nervous system (ANS), the enteric nervous system (ENS), hypothalamic
pituitary adrenal (HPA) axis, gut microbiome, as well as the vagus
nerve that is the major pathway in the connection between the viscera
and CNS [6,23].

In the past several years, many efforts exploring the roles of gut
microbiome in modulating brain functions have been performed mainly
on animals. Studies conducted on the GF animals demonstrated that
bacterial colonization of the gut was vitally significant to the devel-
opment and maturation of both CNS and ENS [24,25]. Based on the
previous publications [6,23,26], we summarized the major categories
of mechanisms by which the gut microbiome regulates the brain
functions. First, the gut microbiome could influence the production,
expression and turnover of neurotransmitters, such as serotonin and
gamma-aminobutyric acid (GABA), and brain-derived neurotrophic
factor (BDNF), which are an important factor to memory. Second, the
gut microbiome contributed to the intestinal barrier and tight junction
integrity, and thus attenuated HPA axis and ANS functions. Third, some

species of probiotics modulated enteric sensory afferents and ENS ac-
tivity. Fourth, the gut microbiome could exert effects on the brain
through bacteria-derived and/or co-metabolites, including short-chain
fatty acids (SCFAs), serotonin and kynurenine productions. Finally,
immunological pathways (systemic and mucosal immune) also played a
significant role in the regulation of the gut-brain axis by the gut mi-
crobiome.

Evidence from animal research have shown that several types of
social stressors had an influence on mucus secretion, and the compo-
sition as well as total biomass of gut microbiota [27,28]. The fact
suggests that brain functions play an important role in the regulation of
brain-gut-microbiome signaling. The CNS directly exerts control over
the gut microbiota composition via peptides which are sent upon sa-
tiation and thus influence nutrient availability. The release of signaling
molecules by neurons, immune and enterocromaffin cells under con-
trols of the brain may directly affect the gut microbiome [23]. More-
over, brain can modulate gut functions, including motility, secretion of
acid and mucins, and handling of intestinal fluid, all crucial for the
maintenance of the mucosal biofilms where bacteria grow in a multi-
plicity of microenvironment [29]. Furthermore, gut microbiota com-
position and function may be regulated by the brain via alteration of
intestinal permeability, leaving some pathogens across the epithelium
and activating the immune response in the mucosa [23]. There is even
evidence from rat models that stress in mothers during prenatal de-
velopment can induce long-term alterations in the gut microbiota, and
impact upon other major physiological systems in their offspring [30].
This research implies that a propensity to heightened social stress may
also be transmitted biologically via the microbiota through vaginal
delivery. Last but not least, HPA regulates cortisol secretion, and cor-
tisol can affect immune function. Cortisol also can influence gut per-
meability and barrier function, as well as change gut microbiota com-
position. For instance, a recent study on mice indicated that olfactory
bulbectomy induced chronic depression elevated corticotropin-re-
leasing hormone expression and serotonin levels, associated with al-
teration of motor activity and the microbial profile in the colon likely
via activation of the HPA [31].

4. Underlying mechanisms by which gut microbiome is involved
in ASD

Despite numerous studies focused on the possible pathogenesis of
ASD, the exact causes of this disease have not been clearly stated and
the current theory points that ASD should be a result of combinations
including several genetic and environmental risk factors. Particularly,
accumulating studies underlined the potential roles of environmental
risk factors and associated comorbidities in the contribution to core
neurobehavioral symptoms of ASD. The microbiome habituating in the
body is well known for its functions of interaction between genes and
environment. With the increasing knowledge of microbiome, it is be-
lieved that ASD-associated alterations of gut microbiome and its me-
tabolites can directly and indirectly modulate corresponding immune
and GI disorders, and may play a possible role in the etiology of ASD
(see Fig. 1).

4.1. Microbiome-associated maternal risk factors

There are strong evidences from many epidemiological, clinical, and
animal studies that showed that maternal infections as primarily in-
fluencing the development of ASD symptoms [32–35]. For decades,
fetuses were thought to be born germ-free, but recent researches using
meconium samples from healthy babies suggested that fetuses were
already exposed to maternal bacteria in utero [36,37]. Subsequently,
the microbial colonization performed in the infants during vaginal de-
livery was largely different from that of microbiome acquired in the
newborns by cesarean section [38,39]. Therefore, microbial dysbiosis in
the maternal microbiome in response to environmental risk exposure or
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genetic risk heritance may be passed onto the offspring at birth. Con-
sistent with this concept, increasing evidences from human epide-
miology and animal studies suggested that maternal high-fat diet and
several metabolic conditions exposure could increase the risk of de-
veloping neurodevelopmental and behavioral disorders in offspring
[40–42]. Moreover, animal data indicated that microbiome alterations
induced by maternal stress were passed onto the offspring at birth,
causing lasting microbial dysbiosis and other long-term consequences
for the offspring [30,43].

Maternal immune activation (MIA) is a useful model to investigate
the effects of maternal infection influence on the offspring in the pa-
thogenesis of neurodevelopmental diseases, including ASD. The find-
ings from animal models suggested prenatal exposure to poly (I:C)-in-
duced MIA could cause offspring lifelong neuropathology and altered
behaviors through changing the composition of gut microbiome and
altering other transcriptional pathways in the offspring [44–46]. ASD-
associated maternal risk factors increase the possibility of ASD-like
behaviors in the offspring may through several other potential path-
ways, including altered modulation of placenta, epigenetic modifica-
tion, as well as immune dysregulation [47–49]. Future studies will re-
quire cautious consideration of study subjects in order to address the
specific roles of these prenatal risk factors.

4.2. ASD-associated gut microbiome alterations

ASD patients were noticed for alterations in the composition of gut
microbiome as compared with healthy control subjects. By pyr-
osequencing gut microbiome from fecal DNA samples, Kang et al. [12]
found that distinct and less diverse gut microbial compositions and
decreased levels of several genera in the children with ASD, including
Prevotella, Corprococcus, and Veilonellaceae, which were responsible for
carbohydrate ingestion and fermentation. At the phylum level, analysis
of fecal microflora from children with regressive autism reported an
elevated abundance of Firmicutes, and relative lower abundances of
other phyla, including Bacteroidetes, Actinobacteria and Proteobacteria
[50]. ASD children also showed increased Firmicutes/Bactteroidetes
ratio, as well as higher levels of Lactobacillus and Desulfovibrio species
[13,51]. Of particular interest was that Desulfovibrio abundance

positively related to the severity of ASD [13]. The genus Sutterella, as-
sociated with mucosal metabolism, was found at elevated abundance in
biopsies taken from the GI tract of ASD patients with GI disturbance
relative to control subjects with GI disturbance [52]. Additionally, a
study performed by Wang et al. [53] revealed that increased numbers of
Sutterella, as well as mucosa-associated Ruminococcus torques, in the
stools from ASD patients compared with community controls, further
confirmed and supplemented this conclusion.

Clostridium, a common bacterium in GI, is well-documented and the
most possible cause for certain cases of ASD [54,55]. Several studies
have demonstrated a significantly higher prevalence of genus Clos-
tridium in ASD patients [50,56,57]. According to the extremely close
association of ASD symptoms and chronic tetanus infection of GI, Bolte
[58] has proposed the hypothesized role of Clostridium in the etiology of
ASD. Clostridium tetani, an ubiquitous anaerobic bacillus, produces a
potent neurotoxin which inhibited neurotransmitter release, and was
thought to be related to behavioral disruptions of ASD [58]. Clostridia
contained a heterogeneous group of spore-forming and gram-positive
bacilli, with some species belonged to this genus were believed to have
profitable effects on the host, such as Faecalibacterium prausnitzii and
Ruminococcus. However, several Clostridium species, including C. per-
fringens, C. difficile, and C. botulinum, produced numerous toxins and
subsequently causing GI disorders or other toxin-mediated diseases
[59,60]. Increasing evidences from analyses of fecal specimens from
both ASD and control healthy children, indicated greater abundances in
Clostridium clusters I and XI (which contain toxin-producing C. per-
fringens and C. difficile), with reduced level of cluster XIVab (considered
to be beneficial bacteria) [50,56]. Additionally, a similar study con-
ducted by Parracho et al. [57] found a higher incidence of the C. his-
tolyticum group (Clostridium clusters I and II) in ASD children than in
healthy controls, and an intermediate level in their siblings. Some lit-
eratures suggested that Clostridium acted as a pivotal factor in the
etiology of ASD because ASD children exhibited ameliorated behavior,
communication, and social skills in the GI manifestations of their dis-
eases after oral vancomycin treatment, an antibiotic well known mainly
against clostridia [58,61]. However, the GI disorders and the core be-
havioral symptoms relapsed again after the discontinuation of vanco-
mycin administration. This relapse might be due to the fact that spores

Fig. 1. The potential mechanisms by which the
gut microbiome is involved in ASD. The maternal
influence, like maternal bacterial dysbiosis, is
believed the first reason to cause the composi-
tional and functional changes of gut microbiota
in the offspring. The altered gut microbiome and
their subsequently aberrant metabolites are able
to cause GI problems in the gut, as well as in-
fluence the brain function via endocrine and
immune signaling pathways. The altered micro-
biome related signaling to the brain may play a
role in the possible pathogenesis of ASD.
Conversely, the brain mainly affects GI functions,
including motility, intestinal barriers, and gut
epithelial integrity, through ANS pathway.
Additionally, the brain is likely to have a major
impact on the composition and function of the
gut microbiota by modulation of the HPA axis.
ASD, autism spectrum disorder; ANS, autonomic
nervous system; GI, gastrointestinal; HPA, hy-
pothalamic pituitary adrenal; P-cresol, para-
cresol.
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of Clostridium, which were difficult to be killed by antibiotics, could
grow into infective forms later [58]. Consistent with this concept, Fi-
negold et al. [50] reported larger numbers of non-spore-forming
anaerobes and microaerophilic bacteria from children with ASD, but no
such bacteria were found in healthy children.

Although many studies reported changes of the gut microbiome in
ASD patients, there is still little consensus on specific bacterial species
that were similarly changed among independent researches. To date,
the physiological functions of numerous of bacterial species are not
fully understood. Several factors, including dietary lifestyles, microbial
infection, and xenobiotics, could influence the normal microflora pro-
file and then cause functional alterations [62]. Therefore, not only the
alterations of bacterial abundance can be estimated, but also the
changes of bacterial functions interacting with other risk factors, may
contribute to the pathogenesis of certain ASD.

4.3. ASD-associated microbial metabolites

With the emergence of the effective measurement technique, such as
metabolomics, liquid chromatography-mass spectrometry (LC-MS) and
gas chromatography–mass spectrometry (GS-MS), it is possible and ef-
ficient to analysis the alterations of various metabolites in ASD patients.
Increasing evidence revealed that abnormalities of microbial metabo-
lites, such as excessive production of SCFAs, para-cresol (p-cresol) and
ammonia, were found inside the bodies responding to abnormal gut
microbiome by analyses of urinary, serum and fecal samples from ASD
children [63,64]. As some metabolites generated by gut microbiome
play an important role in health and diseases, they are considered
possible pathways to trigger the etiology of ASD.

The overproduction of SCFAs detected in feces from ASD patients
was reported by several recent studies [64,65]. A recent review con-
cluded that enteric SCFAs, existed in diet and also produced by gut
microbiome following fermentation of dietary carbohydrates, might be
environmental triggers of ASD [66]. Propionic acid is a major SCFAs
produced by ASD-associated gut bacteria, such as Clostridium, Bacter-
oides, and Desulfovibrio, in GI and also used as a common preservative in
traditional food industry. Several studies performed in rodent animals
showed that rats treated with propionic acid displayed restricted be-
havioral interest, impaired social behaviors and cognition, as well as an
induced innate neuroinflammatory response [67–69]. The underlying
mechanisms of influences by SCFAs in the pathogenesis of ASD were
considered through the altered mitochondrial functions via the citric
acid cycle and carnitine metabolism, or the epigenetic modulation of
ASD-associated genes [66].

Another microbial metabolite p-cresol and its conjugated derivative
p-cresylsulfate, elevated in the urinary samples of ASD children below
8 years of age, were suggested as biomarkers of ASD in small children,
especially females and more severely affected males [63,70]. It is
common that the skin, GI and respiratory systems absorb p-cresol into
bodies when exposed to some environment. However, the most wide-
spread source of this compound produced by some gut bacteria which
expresses p-cresol synthesizing enzymes have not been found in human
cells [71]. The gut- or environmentally-derived p-cresol is potentially
able to worsen ASD severity and gut function, but the precise me-
chanisms are still poorly understood [71].

There was a study using urinary metabolic phenotyping in ASD
children that indicated abnormal levels of mammalian-microbial
common metabolites, including dimethylamine, hippuric and pheny-
lacetylglutamine [72]. Another urinary metabolomic research demon-
strated that ASD children and healthy children displayed larger differ-
ence with the tryptophan and purine metabolic pathways associated
with gut microbiome [73]. There was also a discovery with the meta-
bolomic analysis of serum that identified 11 metabolites consistently
different in 2 independent cohorts of patients with ASD and controls.
Among these metabolites, sphingosine 1-phosphate and docosahex-
aenoic acid were consistently replicated in a multiple logistic regression

model [74]. Different kinds of abnormal ASD-associated metabolites
were reported by many studies which suggested that the intricate and
mutable metabolism existed in ASD patients. Future research is needed
to reduce the confounding factors in metabolic analyses, such as eth-
nics, sex, and lifestyles, as well as the widespread and representative
biomarkers that should be established for ASD.

4.4. Gut microbiome-associated immune deregulation

Accumulating evidences indicated that immune dysregulation in-
creased the risk, and contributed to the pathophysiology, of ASD in
human and animal models. Extensive immune aberration have been
described in ASD individuals, including ongoing inflammation in brain
specimens, elevated pro-inflammatory cytokine profiles in the cere-
brospinal fluid and blood, increased presence of brain-specific auto-
antibodies and raised immune cell dysfunction [75]. The ongoing
neuroinflammation, observed in postmortem brain specimens from ASD
individuals, which was marked by excess microglia activation and, in-
creased inflammatory cytokine and chemokine production, including
interferon (IFN)-γ, IL-1β, IL-6, IL-12p40, tumor necrosis factor (TNF)-α
and chemokine C-C motif ligand (CCL)-2 [76,77]. Furthermore, ele-
vated levels of these inflammatory cytokines in the circulating system
were found to be associated with a regressive form of ASD and more
impaired stereotypical behaviors, and increased levels of chemokines
CCL-2 and CCL-5 in ASD patients were associated with higher aberrant
behavioral scores and more impaired development [78]. Additionally,
increasing evidence showed impaired immune cell function and re-
sponsiveness following immune challenge in ASD patients, including
defective natural killer cells, and abnormal monocytes that exhibited
impaired responses to challenge with ligands for Toll-like receptor 4
[79,80].

Commensal microbiome is considered to play important roles in
regulation of nervous-immune-endocrine system. The initially micro-
bial colonization, dominated by maternal microbiome during vaginal
delivery, assists in priming the developing immune system and reg-
ulates immune homeostasis [81,82]. A variety of immune dysregulation
observed in ASD patients may be associated with gut microbiome. For
example, some species of gut bacteria modulate differentiation of T
lymphocyte subtypes. Intestinal colonization by segmented filamentous
bacteria could promote pro-inflammatory IL-17 production in the gut,
and subsequently trigger symptoms of autoimmune disease in mouse
models [83]. Inversely, Bacteroides fragilis colonization could improve
symptoms of intestinal disease and multiple sclerosis in animal models
by restraining T helper 17 cell responses and enhancing levels of IL-10-
producing T regulatory cells [84,85]. Despite many studies that have
reported that impaired immune system seen in ASD that may be asso-
ciated with gut microbiome, the precise mechanisms of how and
whether gut microbiome alterations in ASD can cause immune ab-
normalities observed in the disorder are not currently understood.

5. Novel therapeutic approaches targeting gut microbiome for
ASD

Since a large number of publications have proved that gut micro-
biota played critical roles in the pathogenesis of ASD, we can naturally
think targeting gut microbiome may be an effective therapeutic ap-
proach for such disorder. Diet and particular macronutrients are one of
the main factors that affect the composition of gut microbiota. Western-
style diet patterns could negatively influence anxiety-like behavior and
memory, depending on inflammatory state [86]. In contrast, high levels
of polyunsaturated fatty acid administration could alleviate depression
in rat models [87]. Prebiotics, defined as selectively fermented in-
gredient that allows specific changes, both in the composition and/or
activity of the gut microflora conferring benefits upon host well-being
and health, are mainly inulin, fructo-oligosaccharides and galacto-oli-
gosaccharides, and lactulose [88]. Savignac et al. [89] have
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demonstrated that oligosaccharides induced the growth of indigenous
beneficial gut bacteria such as Lactobacilli and Bifidobacteria, and ex-
hibited neurotropic effects in rat models. The same group also con-
firmed that Bimuno®-galactooligosaccharides supplement suppressed
the neuroendocrine stress response and increased the processing of
positive versus negative attentional vigilance in healthy human [90].
Together, these data suggested that prebiotics can maintain brain
health, may be through modulating gut microbiome, and possibly
useful as adjunctive treatment of neuropsychiatric disorders.

Another charming area of the therapeutics showing renewed in-
terest in recent years is probiotics, which have the ability to confer
beneficial effects upon the host. A special focus has been placed on their
ability to affect neural and endocrine systems and behavioral pheno-
types [91]. The emerging evidence demonstrated that probiotics ad-
ministration is able to improve and ameliorate behavioral and neuro-
physiological conditions associated with ASD in animal models and
human studies (see Table 1). Particularly, some most distinguished
studies confirmed the beneficial roles of probiotics for ASD-related
symptoms in mouse model, which will be discussed in the following
section.

5.1. Probiotics administration

A recently notable study by Hsiao et al. [44] demonstrated that the
vital roles of a probiotic, Bacteroides. fragilis, in the improvement of
ASD-associated behaviors as well as modulation of several metabolites.
In this study, the authors made a mouse model of MIA to evaluate the
influence of gut microbiome on ASD-like behaviors [44]. MIA offspring
exhibited disruption of GI barrier integrity and functional defects in
intestinal permeability, as well as microbial alterations. Moreover, MIA
offspring displayed stereotypic ASD-like behaviors, and differences in
serum metabolomic profile. Interestingly, administration of the pro-
biotic B. fragilis corrected the intestinal permeability in MIA offspring.
Despite treatment with this probiotic the microbial composition was not
restored completely, but recovered the relative abundance of specific
species. Remarkably, B. fragilis treatment dramatically ameliorated
some behavioral defects, including communicative deficits, stereotypic,
anxiety-like and sensorimotor behaviors [44].

B. fragilis has been shown to modulate the development and func-
tion of the host immune system by producing purified capsular poly-
saccharide A (PSA) in the intestine [106,107]. However, the authors
likely have not checked whether PSA was associated in the mediation of
the probiotic effect on ASD-behavioral alterations [44]. Instead, several
kinds of serum metabolites, involved in ASD-like behaviors, altered in
MIA offspring were corrected to normal levels. Intriguingly, a specific
serum metabolite, 4-ethyphenyl sulfate (4EPS) which was elevated in
mice with behavioral defects, was sufficient to induce ASD-like beha-
viors [44]. As 4EPS was considered to be a microbial product, the result
further demonstrated that gut microbiome played vital roles in the
pathogenesis of ASD.

Increasing epidemiological evidences suggested that maternal obe-
sity and diabetes have been shown to be associated with ASD in the
offspring [108,109]. In order to investigate the neurobiological me-
chanisms by which maternal obesity affects offspring behaviors and
brain functions, a recent study performed by Buffington et al. [96] used
a maternal high-fat diet (MHFD) in mice to induce impaired social
behavior in the offspring. In this study, MHFD caused dysbiosis of gut
microbiome and social behavioral deficits in the offspring. In addition,
MHFD-induced alterations in gut microbiome of the offspring blocked
neural adaption in the mesolimbic dopamine reward system [96]. No-
tably, co-housing control mice with MHFD offspring restored both so-
cial dysfunction and microbial profile of MHFD offspring, indicating a
key role for gut microbiome in mediating mouse social behaviors [96].
Furthermore, administration of gut bacterium Lactobacillus. reuteri
alone, but not other species, could restore oxytocin levels, mesolimbic
dopamine reward system, and social behaviors in MHFD offspring,

demonstrating specificity of social behavioral regulation to a particular
bacterial species [96]. However, repetitive behaviors were not reversed
by the gut microbiome manipulation, and L. reuteri treatment had no
effect on anxiety, suggesting the limitation of the specific-gut micro-
biota effects on behavioral modulation [96].

L. reuteri is a gram-positive bacterium that naturally inhabits GI of
mammals. The probiotics L. reuteri benefits its host in a variety of ways,
particularly by fighting against harmful infections and mediating the
host's immune system [110,111]. One of the most well-documented
effects of L. reuteri is in the treatment of diarrheal diseases in children,
where it has been shown to markedly reduce the duration of symptoms
[112]. L. reuteri has been indicated to increase oxytocin levels, a key
hormone that plays a role in regulation of social behaviors [113]. In-
terestingly, direct treatment of oxytocin in MHFD offspring also re-
versed the behavioral and electrophysiological deficits, which was si-
milar with that of L. reuteri treatment [96].

5.2. Fecal microbiota transplant

Comparing with probiotics which contain several bacterial species,
FMT contains about a thousand bacterial species native to the GI and is
well studied for treating recurrent Clostridium difficile infection and
other GI disorders [114,115]. Since ASD patients often have unusual
bacterial profiles and GI problems, it is not difficult to consider FMT has
a promising potential for treatment of such disorder through rebalan-
cing gut microbiota. To confirm this hypothesis, a most recent open-
label study by Kang et al. [105] investigated the safety, tolerability, and
efficacy of FMT for GI and behavior symptoms in ASD children. In this
study, 8-week FMT treatment significantly improved both GI- and ASD-
related symptoms in 16 out of 18 ASD children, even if the improve-
ments were sustained at least 8 weeks after the treatment [105]. The
engraftment of both microbiota and phage in the recipients from the
donors, toward that of neurotypical children, was considered re-
sponsible for these clinical improvements [105]. This study is the first
clinical trial to apply FMT treatment in ASD disorder in humans and
sheds light on the potential of targeting gut microbiome for ASD
treatment [105]. However, the adverse effects were observed in FMT
treatment in this study and previous study [105,116], therefore, a large
number size will be essential to clarify long-term safety and tolerability
of FMT treatment in ASD patients. Furthermore, the composition of
standardized human gut microbiota used in the study was largely de-
pendent on the donor conditions. It is vital to determinate which bac-
terial specie(s) is/are responsible for the improvement of both GI- and
ASD-related symptoms in the future study.

6. Conclusion

Significant advances have been achieved recently in recognizing the
importance of gut microbiome in the regulation of brain function. Key
findings introduced in this review showed that alterations of the gut
microbiome might promote the symptoms of ASD through microbial
metabolites, immune regulation and direct interaction with the brain.
Accumulating information of animal and human research have de-
monstrated the beneficial effects of probiotics treatment in the im-
provement of comorbid symptoms seen in ASD, providing an insight
that targeting gut microbiome may be useful as a potential treatment
for patients suffering such disorder.

However, the detailed roles of gut microbiome in the pathology of
ASD are still unclear, and thus studies investigating mechanisms, such
as the contributions of immune, neural, and endocrine pathways in
microbiome-brain communications, are significant. Moreover, the dis-
puted microbial alterations seen in ASD patients need to be examined
deeply. Additionally, caution should be taken in using the probiotics
applied in animal models into human clinics. Finally, the effects of a
large number of symbiotic species and their metabolites in the body of
hosts remain unknown, and they may act as carriers for therapeutic
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substances. It is therefore crucial to elucidate their functions in the
future.
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