NS

Nature Cell and Science 2024;2(3):141-150
https://doi.org/10.61474/ncs.2024.00004

Check for
updates

Gut Microbiome in Autistic Spectrum Disorders

Viktoria Pencheva“®, Ivan Pavlov, Diliyana Dobrikova, Ekaterina Aleksandrova and Aleksandar Kolevski

Central Laboratory of Microbiology, University Hospital “Alexandrovska”, Sofia, Bulgaria

*Correspondence to: Viktoria Pencheva, Central Laboratory of Microbiology, University Hospital “Alexandrovska”, Georgi Sofiiski str. 1431 Sofia, Bul-
garia. ORCID: https://orcid.org/0000-0001-6213-634X. Tel: +359-883-308-873, E-mail: penchevvictoria@gmail.com

Citation of this article: Pencheva V, Pavlov I, Dobrikova D, Aleksandrova E, Kolevski A. Gut Microbiome in Autistic Spectrum Disorders. Nat Cell Sci

2024;2(3):141-150. doi: 10.61474/ncs.2024.00004.

Abstract

The microorganisms that inhabit different parts of the human body are referred to as the microbiota, while the microbi-
ome refers to the genes they carry. The human microbiome is the focus of numerous studies, most of which highlight the
importance of the trillions of bacteria inhabiting various parts of the body in maintaining the health of the macroorganism.
Changes in the microbiome have been observed in various conditions, with particular interest in those associated with
neurological diseases such as Parkinson’s disease, Alzheimer’s disease, and autism. This review examines the role of
the gut microbiome in autism, specifically the currently established differences between individuals with autism and neuro-
typical individuals, the possible mechanisms by which microorganisms may influence neurological function, and potential

therapeutic approaches.
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Introduction

Autism spectrum disorders (ASD) encompass a wide range
of neurodevelopmental conditions characterized by hetero-
geneous cognitive, behavioral, and communication impair-
ments that typically manifest in early childhood.” Common
features of autism include impaired communication skills,
social withdrawal, and a repetitive or restrictive pattern of
behavior, interests, and activities. These diagnostic traits
usually appear early in the development of the patient. Ad-
ditional behaviors often reported include picky eating hab-
its, increased aggression, and anxiety.? Regressive autism
or late-onset autism refers to a subgroup of patients with
initially normal development, who gradually lose acquired
communication or social interaction skills.® The diverse phe-
notypic manifestations of ASD suggest that multiple factors
contribute to its etiology. While both genetic and environ-
mental influences are implicated, most cases of ASD are iso-
lated, with the precise cause remaining unknown. To date,
over 100 genes have been identified as putatively associ-
ated with ASD.* However, many genetic variants are linked
with heterogeneous phenotypes, making it difficult to identify
the molecular mechanisms responsible for specific impair-
ments.5 A notable characteristic of individuals with ASD is
abnormal eating habits, which may lead to vitamin, mineral,
and fatty acid deficiencies.® Additionally, gastrointestinal (GI)
disorders are more commonly observed in autistic children,”
with symptoms such as constipation, diarrhea, or bloating
reported at higher rates compared to neurotypical children.8
These findings suggest a relationship between the Gl tract

and the brain in individuals with ASD. Gut microbiota is
thought to play a key role in this relationship by influencing
the central nervous system through various mechanisms.?
Further evidence supporting the importance of gut micro-
biota in ASD is the observed reduction in behavioral and Gl
symptoms when autistic children are treated with probiotics
and/or antibiotics.’® However, the relationships among the
altered eating habits of these children, more frequent Gl dis-
orders, changes in the gut microbiome, and their correlation
with the severity of autistic manifestations are not yet fully
understood.

This review aims to highlight the main findings regarding
changes in the gut microbiome in ASD, the factors that influ-
ence it, and its potential role in the pathogenesis of ASD.
A better understanding of these mechanisms and how to
modulate them may lead to new approaches for preventing
and treating these conditions.

Factors influencing the microbial composi-
tion in children with autism

According to a meta-analysis, children born by cesarean
section have a 23% higher risk of developing ASD com-
pared to those born via vaginal delivery." Another multina-
tional study, which included 5 million births from Norway,
Sweden, Denmark, Finland, and Western Australia, similarly
reported a higher risk of ASD in children born by cesarean
section. However, this study did not establish a relationship
between the gestational age at the time of delivery and the
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Fig. 1. The impact of the mode of delivery on the gut microbiome in infants

risk of developing ASD."? Premature birth, mode of delivery,
and breastfeeding influence the microbial composition of the
newborn’s gut (Fig. 1). Babies born vaginally and breastfed
tend to have healthier microbiota, with higher levels of ben-
eficial bacteria such as Bifidobacterium, and lower levels of
pathogenic bacteria, including Clostridium difficile and Es-
cherichia coli.'® Vaginally delivered infants have a microbiota
resembling their mother’s vaginal microbiota, dominated by
Lactobacillus, Prevotella and Snethia spp. In contrast, infants
born by cesarean section exhibit a microbiota that resembles
the mother’s skin, with the dominance of Staphylococcus,
Corynebacterium, Propionibacterium spp., Escherichia coli,
and Clostridium difficile.'*

Regardless of the mode of delivery, evidence suggests
that changes in the vaginal microbiome during pregnancy
may contribute to the development of ASD in offspring.'s
One proposed mechanism for this interaction is maternal im-
mune activation, which is thought to affect fetal neurodevel-
opment. Maternal immune activation refers to the activation
of the maternal immune system during pregnancy, leading to
the production of cytokines and other proinflammatory mol-
ecules that can cross the placenta and influence fetal brain
development. Dysbiosis, or an imbalance in the microbiome,
may trigger both local and systemic inflammation or predis-
pose the mother to infections, further stimulating the immune
system.'® In vaginally delivered children, the composition of
the maternal vaginal microbiome is crucial, as it provides the
newborn with its first colonizers. Vaginal dysbiosis, such as
a reduction in Lactobacillus species, may negatively affect
early neurodevelopment. Factors such as maternal stress
or antibiotic use during pregnancy can disrupt the maternal
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vaginal microbiome, leading to dysbiosis and potentially af-
fecting fetal brain development.’”

Another factor contributing to microbial dysbiosis is the
early and excessive use of antibiotics. This can affect the
gut-brain axis by causing epigenetic modifications that im-
pact genes associated with ASD, potentially contributing to
the development of the disorder.'® Madore et al. also ob-
served a higher risk of ASD in children who were born pre-
maturely, with very low birth weight, by cesarean section,
or who experienced prolonged hospitalization. Addition-
ally, children treated with antibiotics for extended periods or
whose mothers had infections during pregnancy were found
to have an increased risk of developing ASD."®

Gl disorders in children with autism

In addition to dysbiosis, Gl symptoms are four times more
prevalent in children with ASD compared to the general
population.2? These children experience a wide range of Gl
symptoms, including constipation, diarrhea, bloating, ab-
dominal pain, reflux, vomiting, meteorism and foul-smelling
stools. Food allergies are also more common in this popula-
tion. Children with autism are less likely to consume foods
high in glutamic acid, serine, choline, phenylalanine, leucine,
tyrosine, valine, and histidine, all of which play a role in neu-
rotransmitter biosynthesis.?’

A study comparing 230 preschool children revealed that
those with autism suffered significantly more from Gl prob-
lems than healthy controls did.2° ASD patients with Gl symp-
toms were reported to experience more anxiety and other
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somatic complaints than those without Gl symptoms. In addi-
tion, Gl disorders in children with autism are associated with
an increase in tantrums, aggressive behavior, and sleep dis-
turbances, which further exacerbate behavioral symptoms
compared to autistic individuals without GI symptoms.?2 A
review by Ding et al. suggested that behaviors such as ag-
gression, self-injury, or sleep disturbances in children with
autism may be manifestations of abdominal discomfort.23

According to Naviaux, children with autism exhibit altered
metabolism and decreased absorption of disaccharides in
the gut epithelium.2* The sodium-dependent glucose co-
transporter (SGLT1) and glucose transporter 2 (GLUT2)
actively transport glucose, galactose, and fructose across
the lumen and basolateral membranes of enterocytes. Chil-
dren with autism have been reported to have significantly
reduced mRNA levels of both hexose transporters (SGLT1
and GLUT2) in the ileum. As a result of malabsorption in
the small intestine, increased amounts of mono- and disac-
charides enter the large intestine, promoting the growth of
bacteria that ferment these sugars, thereby altering the mi-
crobial composition in the Gl tract. The presence of excess
sugars in the colon can lead to osmotic diarrhea or serve
as substrates for gas production, further contributing to Gl
distress.2®

Changes in the microbiome in children with
autism

Significantly increased bacterial species in children with
autism include Akkermansia muciniphila, Anaerofilum,
Barnesiella intestinihominis, Clostridium spp., Dorea spp.,
Enterobacteriaceae, Roseburia spp., Parasutterella excre-
mentihominis, and Turicibacter spp. At the same time, the
abundances of Bifidobacterium, Fusobacterium, Oscillo-
spira, Sporobacter, Streptococcus, and Subdoligranulum
are significantly reduced. The genera Collinsella spp. are
also underrepresented, except for Collinsella aerofaciens,
as well as Enterococcus spp., Lactobacillus, Lactococcus,
and Staphylococcus.® Kang et al.?6 compared the gut flora
of twenty autistic children with Gl problems to that of twenty
neurotypical children. They found significantly lower bacte-
rial diversity in children with autism, which correlated with the
severity of their GI symptoms.

A common observation is that Bifidobacterium spp. are
less prevalent in the intestines of children with autism,
whereas Clostridia spp. are more abundant. A simulation
by Weston et al. revealed a two-way relationship between
the anti-inflammatory genera Bifidobacterium and the pro-
inflammatory Clostridia and Desulfovibrio. Bifidobacterium is
inhibited by lysozyme and the growth of Desulfovibrio.2” To
some extent, Desulfovibrio thrives on metabolites produced
by Bifidobacterium. On the other hand, Clostridia growth is
suppressed by both lysozyme and the presence of Bifido-
bacterium. The authors suggest that an increase in Clostrid-
ia in the gut, especially when Bifidobacterium levels are low,
may be linked to a higher risk of developing ASD.

Other microorganisms reported to be relevant in chil-
dren with autism include Candida spp. Several studies have
shown a higher amount of Candida spp., particularly Can-
dida albicans, in autistic children.28.29 Altered microbial di-
versity in autistic populations may favor fungal growth. For
example, Lactobacillus spp. stimulate the immune system
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to produce IL-22. |L-17 and IL-22 together inhibit the over-
growth of Candida spp. Once Candida spp. become estab-
lished in the gut, they prevent recolonization by commensal
microbes. In a dysbiotic environment—often observed in the
autistic population—Candida proliferates and produces am-
monia and toxins, which are reported to exacerbate autistic
behavior. Candida spp. may also cause malabsorption of
minerals and carbohydrates, potentially playing a role in the
pathophysiology of ASD.

The possible impact of some changes in microbiome
composition is represented in Table 1.313.30-37

Possible mechanisms and the gut-brain axis

The gut-brain axis is defined as the complex bidirectional
communication system between the central nervous system
and the enteric nervous system.3 Research is being con-
ducted on the gut-brain axis (GBA) and its relationship with
various neurological disorders, including autism. Over the
past decade, studies on GBA-modulating factors have re-
vealed the central role of the gut microbiome—the trillions of
microbes that colonize the gut—in regulating neuroimmune
networks, modifying neural networks, and communicating
directly with the brain.3° Alterations in the gut microbiome
and the subsequent dysregulation of the GBA are thought to
contribute to the pathogenesis of neurodevelopmental dis-
orders, including autism. However, the precise mechanisms
and the extent to which the microbiome influences these dy-
namics are still unclear (Fig. 2).

Disturbances in the bidirectional communication between
the gut and the brain can lead to various conditions, such
as inflammatory bowel syndrome, and various chronic neu-
rological conditions, including Parkinson’s disease, ASD,
chronic pain and mood changes.*? The gut microbiome can
affect the central nervous system (CNS) through multiple
mechanisms, primarily by modulating the immune system
through various cytokines and the release of metabolites,
including neurotransmitters, by gut bacteria.'® Children with
autism more frequently exhibit increased intestinal perme-
ability. This may lead to greater interactions between the
mucosal immune system and the lipopolysaccharides (LPS)
of gut bacteria, inducing the production of cytokines such
as IL-1B, IL-6, IL-8, and TNF-a. Elevated levels of immune
modulators in plasma have been associated with neurode-
velopmental disorders in children with autism.*'42 A study
by Zurita et al. demonstrated a correlation between differ-
ences in the gut microbiome of children with autism and neu-
rotypical children, with significantly elevated serum levels of
TGF-B (thrombocyte-growth factor-$). No significant chang-
es in the serum levels of IL-6 were noted.*® The bacterial
genera most strongly associated with differences in cytokine
profiles were Bacteroides, Prevotella, and Bifidobacterium.**
The central role of the immune system in mediating com-
munication between the gut microbiome and the brain, as
well as other peripheral systems, was further highlighted by
Jacobson et al.3?

During their metabolic processes, bacteria can release
various substances that affect the CNS. For example, short
chain fatty acids(SCFAs) such as acetic acid, propionic
acid, and butyric acid are released. In children with autism,
increased levels of acetate and propionate and decreased
levels of butyrate are commonly observed. These changes
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Table 1. Gut microbiome changes in children with autistic spectrum disorders (ASD) and the possible impact.

Change Genus/Species Possible impact References
Increased  Clostridium spp Excess propionic acid production; Toxin production; Altered De Angelis (2013)3;
tryptophan metabolism leading to reduced serotonin levels; Abdelli (2019)30

Dysregulation of dopamine signaling; Disruption in the
secretion of Gamma-Aminobutyric Acid (GABA) and glutamate;
Elevated histamine level; Disruption of blood-brain barrier

Enterobacteriaceae Increased lipopolysaccharides (LPS) production leading Xu (2019)31
to inflammation; Decreased serotonin production

Desulfovibrio spp Increased hydrogen sulfide production which disrupts gut barrier  Finegold (2011)32
function, alters gut motility and may lead to gut inflammation

Candida spp Stimulation of immune system leading to inflammation; Herman (2022)33

Production of toxic metabolites such as ethanol and
acetaldehyde which may increase neuroinflammation

Decreased Bifidobacterium spp Lower levels of neurotransmitters GABA and serotonin; Impaired  Niu (2019)%*; Ha
carbohydrate fermentation; Reduced Treg activity; Deficiency (2021)35; Srikantha

of B-vitamins (2019)13
Bacteroides spp Lower levels of short chain fatty acids (SCFA); Altered Niu (2019)34; Ha
immune function; Reduced synthesis of neurotransmitters (2021)3%; Xu (2019)3"
— serotonin; Impaired carbohydrate metabolism
Lactobacillus spp Immune system dysregulation; Decreased Gamma-Aminobutyric  Taniya (2022)3¢
Acid (GABA); Reduced serotonin levels; Reduced SCFA
Akkermansia Disruption of mucus layer production which can lead to Wang (2011)37
muciniphila increased gut permeability and gut inflammation

Influence on mood, behavior Influence on mood, cognition

Neuroinflammation and anxisty and stress managment

* Directinfluence on the « Interaction with

* Weakened blood-brain barrier brain HPA Axis
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Fig. 2. Gut-brain axis and microbiota interactions. HPA, Hypothalamic-Pituitary-Adrenal; SCFA, short chain fatty acids; GABA, Gamma-
Aminobutyric Acid.
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may be related to neurodevelopment by directly affecting
CNS physiology through increased epigenetic changes
and/or mitochondrial dysfunctions.454¢ Elevated levels of
another metabolic product, p-cresol, primarily released by
Clostridium difficile and Bifidobacterium spp., are also as-
sociated with behavioral deterioration in children with au-
tism.4” By inhibiting dopamine-B-hydroxylase, p-cresol can
influence dopamine metabolism in the brain.*® A simulation
study analyzing enzyme production involved in glutamate
metabolism across different microbiomes revealed that
these enzymes were less represented in the autistic micro-
biome compared to healthy microbiome. Glutamate is an
important metabolite for neurological development. On one
hand, it is a component of the peptide glutathione, which
acts as an antioxidant to reduce oxidative stress in cells. On
the other hand, glutamate is an excitatory neurotransmitter,
and an imbalance in its activation and repression within the
CNS may contribute to the development of ASD.*° The mi-
crobial population in the colon may also be related to other
molecules that serve as neurotransmitters in the CNS. For
instance, Lactobacillus spp. and Bifidobacterium spp. can
produce Gamma-Aminobutyric Acid (GABA), a major inhibi-
tory neurotransmitter which is found in increased concen-
trations in children with autism.50 Particularly important in
the gut-brain axis is the neurotransmitter serotonin. Some
species, such as Escherichia, Enterococcus, and Candida,
can directly synthesize serotonin, while others, such as
Clostridium spp., and Lactobacillus spp., may be involved
in regulating its secretion.595! In children with autism, hy-
perserotoninemia is observed along with reduced levels of
serotonin in the brain.52 Elevated 3-(3-hydroxyphenyl)-3-hy-
droxypropionic acid, 3-hydroxyphenylacetic acid, and 3-hy-
droxyhippuric acid in children with autism suggest disrup-
tions in phenylalanine metabolism. These metabolites are
associated with an abundance of Clostridia spp., which may
exacerbate autistic behavior.53

One of the main pathways for gut-brain interactions is
the vagus nerve (n. vagus). It is composed of approximately
20% efferent fibers, which regulate gastrointestinal, lung,
and heart functions, and approximately 80% afferent fibers,
which are responsible for transmitting visceral and somatic
sensations.?* The vagus nerve has anti-inflammatory func-
tions, interacting with the hypothalamic-pituitary-adrenal
axis, the splenic sympathetic anti-inflammatory pathway,
and the cholinergic anti-inflammatory pathway. These inter-
actions lead to reduced inflammation in the gut and brain,
enhanced immune regulation, stress regulation, neurodevel-
opment, and the maintenance of cognitive functions.% Im-
paired anti-inflammatory functions of the vagus nerve may
contribute to low-grade inflammation in the gut and brain, as
reported in children with ASD.5 In turn, chronic gut inflam-
mation may lead to vagus dysfunctions, such as disruption
of the cholinergic anti-inflammatory pathway, altered vagal
signaling, vagal hypersensitivity, reduced vagal tone, or
neuroinflammation.%® Gut microbiota metabolites, such as
SCFAs, play a key role in maintaining gut barrier function
and possess immune-modulatory activity, which reduces in-
flammation. SCFAs, particularly butyrate, can enhance vagal
tone, thereby reducing symptoms such as anxiety and de-
pression.®” Gut microbiota can also directly affect brain func-
tions, influencing mood and behavior via the vagus nerve,
with microbiota metabolites such as SCFAs and neurotrans-
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mitters such as GABA, serotonin, and dopamine acting as
mediators.%8 Although the direct mechanisms are not yet ful-
ly understood, increasing evidence suggests a link between
dysbiosis, autistic manifestations, and the vagus nerve as a
critical component of these interactions.

Although the mechanisms underlying the gut microbiome-
brain connection and its relevance to autism development
are not yet fully understood, these studies highlight key path-
ways that warrant further exploration in future research.

Modulation of the microbiome by diet, probi-
otics and antibiotics in children with autism

Various factors can influence the formation of the gut micro-
biome, including diet, vitamin and mineral intake, and the
use of prebiotics, probiotics and antibiotics. Following the
discovery of the gut-brain connection, numerous studies
have explored how modulating the microbiome could affect
neurological functions, including in children with autism.

Prebiotics are described as “non-digestible food ingredi-
ents that beneficially affect the host by selectively stimulating
the growth and/or activity of one or a limited number of bac-
teria in the colon, thereby improving host health”.5° In a study
by Grimaldi and colleagues, galactooligosaccharides were
shown to affect the production of SCFAs, lowering propion-
ate and increasing butyrate, which may benefit children with
autism. In addition, this prebiotic can affect brain dysfunction
caused by the overproduction of GABA.4°

Probiotics are defined as “live microorganisms which,
when administered in adequate amounts, confer a health
benefit on the host”.8° Various strains and combinations of
strains are being investigated for their potential beneficial
effects on both Gl symptoms and behavior in children with
autism. In a study by Shaaban and colleagues, 30 autistic
children who consumed probiotics containing Lactobacillus
acidophilus, Lactobacillus rhamnosus and Bifidobacteria
longum were followed for 3 months. The study revealed an
improvement in Gl symptoms and a reduction in the sever-
ity of autistic symptoms.®" Billeci et al. demonstrated an
improvement in the brain function of children with autism
following probiotic intake, as measured by beta- and gam-
ma-wave activity through EEG.%2 A reduction in frontopo-
lar region power was found in the beta and gamma bands,
which are often elevated in autistic children.®? In a case re-
port examining a 12-year-old patient with autism, fewer Gl
complaints, and an improvement in autistic manifestations
were also observed.%*

The number of participants in clinical trials on this subject
is limited, but various studies are being conducted in animal
models to establish the exact mechanisms by which probiot-
ics affect neurodevelopment. The difficulties in studying ASD
patients have led to the development of animal models that
mimic the clinical characteristics of these patients. Depend-
ing on the construction methods, genetic models (Table 2),4”
environment-induced models and idiopathic models (Table
3) are distinguished.*”-6% These models are based on the un-
derstanding that, in addition to genetic factors, environmen-
tal factors may also influence ASD development.5¢ Environ-
mental factors include pesticides, drug consumption, heat,
diet, and pollutants.67-68

In a study by Abuaish et al. using rodent models, altera-
tions in the ratios of Clostridium spp. led to a decrease in
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Table 2. Animal models of Autistic Spectrum Disorders (ASD) — genetic models4’

Model
GENETIC MODELS

Function/Damage Animals

Syndromic ASD genes

MECP2  Starts or inhibits transcription; neuron maturation; regulated by Mouse, Rodent,
development Fish, Invertebrates
FMR1 Involves in translation; affects neuronal proliferation and migration Rodent, Fish,
Invertebrates
SHANK3 Promotes formation, maturation, and stability of dendritic spines Mouse, Rodent,
Fish, Invertebrates
TSC1/2  Regulates mTORC1 pathway, neuronal differentiation, and Purkinje  Rodent
cell excitability
UBE3A  Regulates neuronal homeostatic synaptic plasticity Rodents
Non-syndromic ASD genes
NLGNs  Regulates the formation of hippocampal neurons and Rodents
post-glutamatergic synapse proteins
NRXNs Encodes neuronal transmembrane protein; interacts glial cells Rodents
CHD8 Controls epigenetic and transcript regulation; affects brain phenotype Rodents, Fish
POGz Regulates neuronal development Rodents
ANK2 Affects axonal branching; regulates postnatal development of Rodents
excitatory synapses
MIR137  Regulates neuronal gene expression and neurogenesis Rodents

Table 3. Animal models of Autistic Spectrum Disorders (ASD)-Environmental-induced and idiopathic models*”

Environmental factors

ENVIROMENTAL-
INDUCED MODELS

DRUG-INDUCED MODELS

ENVIRONMENTAL-
INDUCED MODELS

IDIOPATHIC MODELS

VPA (Valproic acid)

PPA (Propionic acid)

BPA (Bisphenol propan)

Sevoflurane

Maternal immune

activation models (MIA)

Borna disease virus
(BDV) models

Gut microbiota models

Repeated cold
temperature stress
(RCS) models

Inbred line

BTBR T+lItpr3tf/J
mouse model

Inbred line BALB/
cByJ mouse model

Affects expression of BDFN
mRNA in brain tissue

Reactive astrocyte keratinization of brain
tissue; microglia are activated; oxidative
stress markers rise; glutathione declines

Changes in number of neurons and glia in the
medial prefrontal lobe

Increases the number of apoptotic cells in
brain; inhibits the axon development of
hippocampal neurons

Abnormal increase of offspring’s brain volume

Abnormal hippocampal and
cerebellar development

Regulation of neuroactive metabolites

Changes in neurotransmitter
and corticosterone levels

Polymorphisms in the Kmo gene, which
encodes urine 3-monooxygenase

Reduced corpus callosum volume

Rodents, Fish

Rodents

Rodents

Rodents

Monkey, Rodents
Rodents
Monkey, Rodents,

Fish, Invertebrates

Rodents
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Clostridium perfringens and an increase in Clostridium clus-
ter 1V, resulting in improved social behavior in these mod-
els when treated with Bifidobacterium longum BB536.5°
In another study on mouse models of ASD supplemented
with Lactobacillus plantarum ST-lll, an increase in benefi-
cial Lachnospiraceae spp. and a decrease in Alistipes spp.
were observed, which also led to improvements in social
behavior.”? In a study by Tabouy et al., mouse models of
ASD treated with Lactobacillus reuteri showed increased
GABA-receptor gene expression and protein levels of GA-
BRA1 in the hippocampus.”! Furthermore, Lactobacillus
reuteri therapy has been found to increase oxytocin levels
in the brain, potentially improving brain function and behav-
ior by stimulating the vagus nerve.”? Ingesting Lactobacillus
rhamnosus in BTBR mouse models of ASD led to increased
levels of beneficial neuroactive compounds such as 5-ami-
novaleric acid and choline.” Despite these promising results
in animal models, further clinical studies are needed to iden-
tify the exact bacterial strains or combinations that can serve
as adjunctive therapies for autism in children.

Another approach to modulating the gut microbiome is
through antibiotics. Oral vancomycin is often discussed due
to its poor absorption in the Gl tract, resulting in minimal
systemic effects, and its action specifically targeting gram-
positive bacteria, including Clostridium spp.” In a study by
Sandler et al.,"" children with ASD who received oral vanco-
mycin therapy were followed up. The results revealed an im-
provement in Gl symptoms and behavior in eight of them.”®
However, the effects of this therapy were short-lived, likely
due to the survival and subsequent proliferation of Clostrid-
ium spp. spores.® The findings of Sandler et al. are being
further explored in animal models, where vancomycin has
also been shown to impact autistic behaviors. The effects
of vancomycin can be explained by its influence on the gut
microbiome, which in turn affects the production of SCFAs
and various bacterial metabolites, impacting the mitochon-
drial dysfunction observed in autism.”® On the other hand,
the changes induced by vancomycin may also lead to altera-
tions in the relationship between the intestinal microbiome
and the immune system.””

Another therapeutic approach of interest in children
with ASD is fecal microbiota transplantation (FMT). FMT
involves the transplantation of fecal matter from healthy
donors to recipients to restore the healthy balance of the
gut microbiota. It is often used to treat conditions related to
gut dysbiosis, such as Clostridium difficile infections. While
more studies have been conducted in animal models, a few
have included FMT in children with ASD. In a systematic
review by Zhang et al., five studies were reviewed: two
prospective open-label studies, two retrospective obser-
vational studies, and a case report. All of them reported
improvements in behavioral symptoms and reductions in
gastrointestinal symptoms.”8 In a clinical trial by Kang et
al., 18 children diagnosed with ASD received fecal matter
transplantation two weeks after antibiotic treatment and
intestinal clearance. Eight weeks after transplantation, im-
provements in both gastrointestinal and behavioral symp-
toms were observed.”® Similar findings were reported in an-
other study involving 8 children with ASD, two years after
FMT.89 The encouraging results from these studies warrant
additional, larger double-blind clinical trials to establish pre-
cise guidelines for this treatment.
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Limitations

This review highlights the influence of the gut microbiome
on the gut-brain axis and its role in ASD, while also present-
ing some potential therapeutic approaches. However, sev-
eral limitations must be acknowledged. The potential thera-
peutic approaches have been studied in different studies
with small sample sizes and short-term observations, which
may not provide a comprehensive understanding of long-
term effects. Larger double-blind placebo-controlled trials
are necessary to confirm the effects of these treatments
and establish exact guidelines. Additionally, studies on
gut microbiome abnormalities have been conducted on a
relatively small number of participants, which may affect
the reliability of their results. When tracking changes in the
microbiome, it is important to consider the specific charac-
teristics of the microbiome in different populations, which
are influenced by geographical location, environmental fac-
tors, local diet, and traditions. To more accurately identify
differences in the microbial profile of children with autism,
studies involving larger participant numbers and focused
on specific populations are needed. Notably, the mecha-
nisms of interaction between the gut microbiome and the
gut-brain axis in ASD are still not fully understood. Our re-
view reflects the main findings to date; however, further re-
search is necessary to clarify these relationships fully and
comprehensively.

Conclusions

The role of the gut microbiome in health and disease is gar-
nering increasing interest, particularly in its impact on neu-
rological disorders such as ASD. ASD is socially significant
because of its chronic nature and the limited number of effec-
tive therapeutic approaches available. Research suggests a
connection between the gastrointestinal tract and neurologi-
cal disorders, with evidence showing more frequent gastro-
intestinal symptoms in children with autism. Advances in
microbiome research have revealed differences in microbial
profiles between children with autism and neurotypical chil-
dren. Factors such as birth method, diet, and the use of an-
tibiotics by either the child or the mother during childbirth or
pregnancy can influence the composition of the microbiome.
Managing these factors may offer preventative benefits and
help reduce the incidence or severity of such conditions in
children. The metabolic byproducts of gut bacteria can affect
the central nervous system directly or by influencing other
metabolic processes, leading to changes at various molecu-
lar levels. Understanding the precise mechanisms by which
the microbiome influences the gut-brain axis through its me-
tabolites is crucial. Positive outcomes from modulating the
gut microbiome via the use of probiotics, antibiotics, or fecal
microbiota transplantation present promising new therapeu-
tic options for addressing neurological and gastrointestinal
disorders. However, this area of research is still developing,
and more studies with larger sample sizes are needed to
establish precise guidelines.
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