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Abstract

Background/Objectives: Autism Spectrum Disorder (ASD) is a neurodevelopmental condi-
tion often accompanied by gastrointestinal (GI) symptoms and gut microbiota imbalances.
The microbiota–gut–brain (MGB) axis is a bidirectional communication network linking
gut microbes, the GI system, and the central nervous system (CNS). This narrative review
explores the role of the MGB axis in ASD pathophysiology, focusing on communication
pathways, neurodevelopmental implications, gut microbiota alteration, GI dysfunction,
and emerging therapeutics. Methods: A narrative review methodology was employed.
We searched major scientific databases including PubMed, Scopus, and Google Scholar
for research on MGB axis mechanisms, gut microbiota composition in ASD, dysbiosis,
leaky gut, immune activation, GI disorders, and intervention (probiotics, prebiotics, fecal
microbiota transplantation (FMT), antibiotics and diet). Key findings from recent human,
animal and in vitro studies were synthesized thematically, emphasizing mechanistic in-
sights and therapeutic outcomes. Original references from the initial manuscript draft
were retained and supplemented for comprehensiveness and accuracy. Results: The MGB
axis involves neuroanatomical, neuroendocrine, immunological, and metabolic pathways
that enable microbes to influence brain development and function. Individuals with ASD
commonly exhibit gut dysbiosis characterized by reduced microbial diversity (notably
lower Bifidobacterium and Firmicutes) and overpresentation of potentially pathogenic taxa
(e.g., Clostridia, Desulfovibrio, Enterobacteriaceae). Dysbiosis is associated with increased
intestinal permeability (“leaky gut”) and newly activated and altered microbial metabolite
profiles, such as short-chain fatty acids (SCFAs) and lipopolysaccharides (LPSs). Functional
gastrointestinal disorders (FGIDs) are prevalent in ASD, linking gut–brain axis dysfunc-
tion to behavioral severity. Therapeutically, probiotics and prebiotics can restore eubiosis,
fortify the gut barrier, and reduce neuroinflammation, showing modest improvements in
GI and behavioral symptoms. FMT and Microbiota Transfer Therapy (MTT) have yielded
promising results in open label trials, improving GI function and some ASD behaviors.
Antibiotic interventions (e.g., vancomycin) have been found to temporarily alleviate ASD
symptoms associated with Clostridiales overgrowth, while nutritional strategies (high-fiber,
gluten-free, or ketogenic diets) may modulate the microbiome and influence outcomes.
Conclusions: Accumulating evidence implicates the MGB axis in ASD pathogenesis. Gut
microbiota dysbiosis and the related GI pathology may exacerbate neurodevelopmental
and behavioral symptoms via immune, endocrine and neural routes. Interventions tar-
geting the gut ecosystem, through diet modification, probiotics, symbiotics, or microbiota
transplants, offer therapeutic promise. However, heterogeneity in findings underscores the
need for rigorous, large-scale studies to clarify causal relationships and evaluate long-term

Nutrients 2025, 17, 2984 https://doi.org/10.3390/nu17182984

https://doi.org/10.3390/nu17182984
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0009-0001-8902-4775
https://orcid.org/0000-0002-8299-9035
https://orcid.org/0000-0002-7869-6824
https://orcid.org/0000-0002-2010-2544
https://doi.org/10.3390/nu17182984
https://www.mdpi.com/article/10.3390/nu17182984?type=check_update&version=2


Nutrients 2025, 17, 2984 2 of 26

efficacy and safety. Understanding MGB axis mechanisms in ASD could pave the way for
novel adjunctive treatments to improve the quality of life for individuals with ASD.

Keywords: autism spectrum disorder; microbiota gut–brain axis; dysbiosis; gut permeability;
functional gastrointestinal disorders; probiotics; diet

1. Introduction
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized

by deficits in social communication and interaction, alongside restricted or repetitive
behaviors and interests [1]. Beyond its core behavioral symptoms, a high prevalence of
gastrointestinal (GI) disturbances in ASD suggests a link between the gut environment
and neurobehavioral manifestations [2]. The microbiota–gut–brain (MGB) axis represents
a complex network of bidirectional communication between the gut microbiome, the GI
tract, and the central nervous system (CNS) [3]. This axis includes neural (autonomic and
enteric nervous systems, vagus nerve), endocrine (e.g., the hypothalamic–pituitary–adrenal
(HPA) axis), immune, and metabolic pathways that enable gut microbes to influence brain
function and vice versa [4]. Disruptions in the gut microbial population (dysbiosis) can
affect the MGB axis, affecting brain development, behavior, and cognition [5].

Recent research highlights that children with ASD often harbor distinct gut microbiota
profiles and metabolic signatures compared to neurotypical peers [6]. Such differences
have been linked to increased intestinal permeability (“leaky gut”), immune dysregula-
tion, and abnormal production of microbial metabolites that may influence the CNS [7].
Consequently, the gut microbiome has emerged as a potential factor in ASD etiology and
symptom severity, as well as a target for novel interventions [8].

This narrative review provides a comprehensive overview of the MGB axis in the con-
text of ASD, outlining key communication pathways and mechanisms, examining evidence
of gut microbiota alteration in ASD, exploring associated GI pathology (dysbiosis, leaky
gut, immune activation, functional GI disorders), and discussing current and prospective
therapeutic approaches (probiotics, prebiotics, fecal microbiota transplantation, antibiotics,
and nutritional interventions). By integrating findings across these domains, we aim to
clarify how gut–brain interactions may contribute to ASD pathophysiology and identify
how modulating the gut ecosystem could mitigate ASD-related symptoms.

2. Review Protocol
A narrative review approach was adopted due to the broad, interdisciplinary scope

of the topic, encompassing microbiology, neuroscience, gastroenterology, and clinical
psychology. A comprehensive literature search was conducted on PubMed, Web of Science,
and Scopus databases, including publications up to April 2025. The searches included
combinations of: “autism” or “ASD” with “microbiota gut–brain axis”, “gut microbiota”,
“dysbiosis”, “intestinal permeability”, “leaky gut”, “short-chain fatty acids”, “gut–brain
axis”, “probiotics”, “prebiotics”, “fecal microbiota transplant”, “antibiotics”, “diet”, and
“functional gastrointestinal disorders” as key words. Boolean operators were used to refine
the searches. The reference lists of the included articles were also screened to identify
additional relevant studies.

The inclusion criteria were peer-reviewed English publications focusing on (i) the role
of gut the microbiota or MGB axis in ASD or related new developmental outcomes, (ii) GI
abnormalities and immune features in ASD, (iii) interventions targeting the gut microbiota
in ASD or animal models of ASD, and (iv) relevant reviews or meta-analyses providing
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comprehensive backgrounds. Both clinical and epidemiological human studies, as well as
mechanistic animal and in vitro studies were considered.

Relevant data were extracted and thematically categorized into six major topics:
(1) MBX pathways and mechanisms, (2) the gut microbiota’s role in neurodevelopment
and homeostasis, (3) microbiota composition differences in ASD, (4) dysbiosis and gut
permeability in ASD, (5) functional GI disorders in ASD, and (6) therapeutic interventions
targeting the MGB axis in ASD.

Given the narrative nature of this review, no formal quality appraisal of the included
studies was conducted. However, studies with high levels of evidence (e.g., meta-analyses,
controlled trials) were prioritized, and consensuses or recurring findings were emphasized.
Seminal older studies were also included to provide historical context where appropriate.

3. The Microbiota Gut–Brain Axis: Pathways and Communication
Mechanisms

The MGB axis is fundamentally a bidirectional communication pathway linking the
gut and the brain through neurological, hormonal, immunological, and metabolic sig-
nals [3]. Neuroanatomical, neuroendocrine, immunological, metabolic, and microbial
metabolite pathways are key components [9]. Neuroanatomical pathways facilitate rapid
communication between the gut and the brain through direct connections, primarily via
the vagus nerve and spinal pathways [10]. The central nervous system (CNS), through its
autonomic outputs, can influence gut function, while visceral signals from the gut such as
those triggered by the presence of nutrients-are relayed back to the brain [11]. The enteric
nervous system (ENS), often referred to as “the second brain”, operates semi-autonomously
but is modulated by both central inputs and local gut stimuli [12].

Neuroendocrine pathways play a central role in stress integration, primarily through
the hypothalamic–pituitary–adrenal (HPA) axis [13]. The brain releases corticotropin-
releasing hormone (CRH), which stimulates the adrenal glands to release cortisol, a stress
hormone that can alter intestinal barrier function and modulate gut microbiota compo-
sition [14]. Gut microorganisms, in turn, produce metabolites that influence endocrine
cells. For instance, enteroendocrine cells release hormones, like serotonin and ghrelin, in re-
sponse to microbial signals. These hormones regulate appetite, mood, and gastrointestinal
motility [15].

The microbiota and the gut mucosal immune system constantly communicate, main-
taining immune tolerance under healthy conditions [16]. However, microbial imbalance
(dysbiosis) can induce the production of pro-inflammatory cytokines including interleukin-
6 (IL-6) and tumor necrosis factor-alpha (TNF-α). These cytokines may enter the blood-
stream, cross the blood–brain barrier when elevated, and influence CNS immune cells like
microglia [17]. Microglia are highly responsive to microbial signals, including components
such as LPSs, and when they are overactive, they may trigger neuroinflammation [18].

Microbial products acting as signaling molecules are often used to communicate
through metabolic and microbial metabolite pathways. Short chain fatty acids (SCFAs),
such as acetate, propionate, and butyrate, are some of the most extensively studied. They
are generated when dietary fibers are fermented. These SCFAs provide energy to colono-
cytes, strengthen gut barrier integrity, modulate immunological responses both locally and
systemically, and even influence gene expression in the brain [19]. Tryptophan metabolites
from gut bacteria or the host’s kynurenine pathway produce neuroactive compounds that
alter serotonergic transmission, while gut-derived tryptophan is involved in processes that
change neural circuits and influence brain function and behavior [20]. Additionally, gut
microbes modify bile acids and synthesize important vitamins, notably B-vitamins, which
have anti-inflammatory effects on the nervous system [21]. On the other hand, microbial
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LPSs, if allowed to translocate into circulation due to compromised gut permeability, can
trigger systemic inflammation and activate microglia, contributing to neuroinflammatory
processes [22].

The MGB axis links emotional and cognitive centers of the brain with peripheral
intestinal function [23]. External factors such as stress can disturb this axis, by releasing
cortisol, which affects gut permeability and alters the gut microbiota composition. Diet and
antibiotic usage can also change the microbial community, leading to the transmission of
abnormal signals back to the brain [4]. The MBG axis plays a crucial role in maintaining
physiological homeostasis. Dysregulation of this system has been associated with a range
of conditions, including anxiety, depression, and functional gastrointestinal disorders [24].

The MGB axis mainly communicates directly and indirectly [25]. The direct route
involves gut-to-brain signaling via the vagus nerve and spinal afferents. For instance,
some gut bacteria, such as Lactobacillus rhamnosus, can activate vagal pathways, which
influence the release of neurotransmitters in the brain and change behavior. The indirect
route operates through enteric nervous system (ENS) to CNS communication, mediated
by intermediate endocrine or immune signals [26]. In this case, gut inflammation may not
directly influence the brain, but the release of pro-inflammatory cytokines and stress-related
hormones like corticotropin-releasing hormone (CRH) can elicit CNS responses, which may
affect mood and behavior [27].

Researchers have identified that an imbalance in the microbes of the GI system may
affect brain function. This is important for the study of ASD, which has both GI symptoms
and neurodevelopmental dysfunction [28].

4. Role of Gut Microbiota in Neurodevelopment and Homeostasis
The gut microbiota starts to form during the prenatal period and plays a crucial role

in shaping early brain development [29]. The mode of delivery significantly influences
an infant’s initial microbial colonization; vaginal birth exposes the newborn to maternal
vaginal and gut flora, such as Lactobacillus, whereas cesarean section results in colonization
by skin and environmental microbes, often with lower initial microbial diversity [30]. The
microbiota varies considerably during infancy. It starts with low diversity and gradually
matures to an adult-like composition by around three years of age [30]. This microbial de-
velopment coincides with critical windows of brain maturation. Disruptions to microbiota
during this sensitive period, such as those caused by antibiotic exposure or formula feed-
ing can have long-term consequences on both behavioral outcomes and immune system
development [31]. One study demonstrated that the absence of a normal microbiota leads
to exaggerated stress responses and social impairments, which can be partially reversed by
introducing a conventional microbiota [32].

Microbes contribute to neurodevelopment by educating the immune system (estab-
lishing tolerance vs. inflammation) and producing metabolites that influence neuronal
proliferation, BBB formation, and myelination [33]. Braniste et al. [34] demonstrated that the
gut microbiota affects BBB permeability. Germ-free mice had a leakier BBB that normalized
upon microbiota colonization. Also, microbial SCFAs in early life can induce microglial
maturation and modulate neuroinflammation risk [34].

4.1. Homeostasis in Adulthood

In healthy states, the gut microbiota and host exist in mutualistic harmony. The
microbiota improves digestion by breaking down complex polysaccharides, synthesizing
vitamins (K, B12, folate), and training immune responses. The host, in return, provides
nutrients and a stable environment. Eubiosis, the term for this equilibrium, is associated
with normal neurochemicals levels and the integrity of the barrier [35].
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The gut microbiome also modulates central neurotransmitter levels by changing the
availability of their precursors, that is, the dietary and endogenous molecules required
for neurotransmitter biosynthesis. For example, certain gut bacteria can produce GABA,
an inhibitory neurotransmitter, or impact the levels of glutamate and serotonin in circu-
lation [36]. A balanced microbiome supports normal levels of these neurotransmitters,
whereas dysbiosis may skew the excitatory/inhibitory balance implicated in ASD [37].
Studies report that germ-free animals exhibit altered serotonin turnover and heightened
HPA-axis activity (related to anxiety-like behavior), underscoring the microbiota’s role in
stress regulation [19].

4.2. Microbiota in Immune Homeostasis

A healthy gut flora maintains a baseline of low-grade immune activation (some-
times called physiological inflammation) that fortifies gut barrier defenses without pathol-
ogy [38]. Beneficial bacteria (like Bifidobacterium and Lactobacillus) induce anti-inflammatory
molecules (IL-10, T regulatory cells) and enhance mucus production. This mitigates the risk
of pathogenic invasion and excessive immune reactions. Notably disruptions to this bal-
ance have been connected to neurodevelopmental disorders [39]. Onore et al. highlighted
immune dysfunction in ASD, including microglial activation and cytokine imbalances [40].
Chronic low-grade inflammation due to a dysbiotic microbiome could potentially influence
brain development and behavior-a hypothesis that has been explored in ASD research [41].

4.3. Gut Microbiota as the “Second Brain”

The GI tract, often referred to as the “second brain” due to its extensive enteric
nervous system, closely interacts with the gut microbiota to influence mood and behavior.
For example, the microbiota can produce or stimulate the production of neurotransmitters.
Lactobacillus and Bifidobacterium species can secrete GABA; gut microbes can convert dietary
tryptophan to serotonin, which modulates mood [12].

The gut microbiota is integral to normal new developments and systemic homeosta-
sis. It shapes immune and endocrine set-points, affects nutrient metabolism, and even
modulates synaptic connectivity via neuroactive compounds. Disruption to this micro-
bial signal during critical developmental periods could lead to lasting neurobehavioral
changes, providing a plausible connection to conditions like ASD, where such processes
are atypical [42].

5. Alterations in Gut Microbiota Composition in ASD
Numerous studies have compared the gut microbiota of individuals with ASD to that

of neurotypical controls [43]. While results vary, certain patterns emerge. A consistent
finding is reduced overall microbial diversity in ASD gut communities. This includes
lower richness of beneficial bacteria (e.g., Bifidobacterium, some Firmicutes genera) and
sometimes an overrepresentation of specific opportunistic microbes [44]. For instance,
many ASD cohorts show Bacteroidetes/Firmicutes ratio imbalances and fewer Bifidobacteria,
which are important for gut health [45]. Table 1 summarizes key studies on gut microbiota
differences in ASD, highlighting the taxa reported as increased or decreased in ASD relative
to controls.
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Table 1. Selected key studies reporting gut microbiota alterations in ASD.

Study (Year) Population/Sample Key Findings on Gut Microbiota in ASD

De Angelis et al. (2013, cross
sectional) [46]

Children with ASD
vs. TD controls

↑ Clostridium, Desulfovibrio, and Barnesiella
intestinihominis; ↓ Bifidobacterium and Akkermansia;

altered fecal metabolomic profile.

Kang et al. (2013, cross
sectional) [8]

Children with ASD
vs. TD controls

↓ Prevotella, Coprococcus, and overall microbial diversity;
changes associated with gastrointestinal

symptom severity.

Tomova et al. (2015, cross
sectional) [47]

Children with ASD
vs. TD controls

↑ Lactobacillus spp. and Desulfovibrio; ↓ Bifidobacterium;
significant differences in metabolic profiles.

Son et al. (2015, cross
sectional) [48]

Children with ASD
vs. sibling controls

↑ Sutterella and Ruminococcus in ASD; distinct gut
microbial community structure observed.

Sharon et al. (2019, preclinical
animal study) [32]

FMT from
ASD donors to
germ-free mice

Mice receiving ASD donor microbiota displayed
autism-like behaviors; ↑ Clostridiaceae, Bacteroides and

Lactobacillales, and ↓ microbial diversity.

Iglesias-Vázquez et al.
(2020) [49]

Meta-analysis of
18 studies (children

with ASD vs. controls)

↓ Bifidobacterium and Firmicutes; ↑ Lactobacillus and some
Clostridia in ASD; significant heterogeneity noted.

Sivamaruthi et al. (2020) [50] Narrative review
Common features in ASD: ↑ Akkermansia, Clostridium,

Desulfovibrio, Sutterella and Faecalibacterium;
↓ Bifidobacterium, Prevotella, and overall Firmicutes.

Note: ASD = Autism Spectrum Disorder, TD = Typically Developing, ↑ = increased, ↓ = decreased, FMT = fecal
microbiota transplantation.

Several genera stand out in ASD microbiomes. Prevotella, a fiber-fermenting genus
abundant in neurotypical children, tends to be reduced in ASD, possibly due to restrictive
diets low in fiber [8]. Bifidobacterium, crucial for fermenting milk oligosaccharides and main-
taining gut barrier health, is frequently decreased in ASD. A low bacteria abundance may
contribute to reduced SCFA production and diminished protection against pathogens [50].
Conversely, Clostridiales (which include Clostridium and Desulfovibrio) are often reported
at higher levels [51]. Some Clostridia produce propionate and other metabolites that can
affect behavior. In fact, Ossenkopp et al. showed that propionic acid administration in rats
induced autism like behaviors [52]. Desulfovibrio, a sulfate-reducing bacterium, produces
hydrogen sulfide, which can damage the gut epithelium and is more abundant in some
ASD subjects [53].

Notably, Sutterella (a genus of unclear pathogenic potential) was detected in intestinal
biopsies of a subset of children with ASD but not in controls. The significance of Sutterella
is under investigation, but it may relate to gut mucosal immune interactions [53].

However, not all of these align perfectly. Some studies report increases in Bacteoidetes in
ASD, while others report decreases; similarly, results were reported for Firmicutes [54]. This
disparity may stem from factors like varied diets, ages, antibiotic exposures, or microbiomes
in various parts of the world. It remains unclear whether changes in microbiota are a cause
or consequence of ASD (or behaviors connected to it, such as a limited diet or anxiety that
affects gut motility), underscoring the need for longitudinal and mechanistic studies to
establish directionality [55].

Inconsistencies in reported microbiota alterations, such as differences in the Bac-
teroidetes/Firmicutes ratio, may stem from multiple factors. Geographic variation can
influence microbial profiles through differences in environmental exposures and cultural
dietary practices [56]. Dietary patterns, including macronutrient composition and food pro-
cessing, are known to shape the gut microbiota and may differ substantially between study
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populations [57]. Methodological factors, such as DNA extraction protocols, sequencing
platforms and bioinformatic pipelines can also affect taxonomic results [58]. In addition,
microbiota composition changes naturally with age, and many studies include participants
with a wide age range, which may confound results [59]. Medications exposure, particu-
larly antibiotics, probiotics and psychotropic drugs, can alter microbial communities and
is not consistently controlled [60]. In addition, perinatal and maternal influences such as
mode of delivery, feeding type and maternal health conditions (e.g., stress, diet, gestational
diabetes), play a role in early microbiota development [29].

6. Functional Implications of Dysbiosis in ASD
Regardless of precise taxonomic shifts, the collective picture is one of imbalance.

Reduced diversity may result in an ecosystem less resilient to stressors, with fewer beneficial
byproducts (e.g., SFCAs) and less competitive exclusion of pathogens [56]. Increased
pathobionts could drive chronic low-grade inflammation or produce toxins. For example,
certain Clostridia produce p-cresol, a toxin that can impair neurotransmitter systems, which
has been found at higher levels in ASD urine [61].

Importantly, a study by Sharon et al. provided evidence of causality: when gut
microbiota samples from human ASD donors were transplanted into germ-free mice, those
mice developed behavioral traits analogous to ASD (repetitive behaviors, social deficits [32].
Germ-free mice that received microbiota from neurotypical donors, on the other hand, did
not exhibit these behaviors. This suggests that certain characteristics of the ASD microbial
community may contribute to features that are similar to those of ASD, although the specific
microbes and mechanisms are still being investigated [62].

Future research with multi-omics (integrating metagenomics, metabolomics, and
immunophenotyping) is needed to pinpoint how specific microbial changes translate to
neurological impacts. Nonetheless, current evidence strongly supports that ASD is often
accompanied by distinct gut microbiota alterations, forming a cornerstone of the MGB axis
involvement in the disorder [6].

7. Dysbiosis, Leaky Gut, and Immune Activation in ASD
7.1. Dysbiosis and Intestinal Barrier Dysfunction

Dysbiosis refers to the disruption of the normal balance of the gut microbiota. In
ASD, dysbiosis is characterized by a reduction in beneficial microorganisms and over-
representation of opportunistic ones, as mentioned in [63]. One effect of dysbiosis is a
compromised gut epithelial barrier. The term “leaky gut” describes an abnormal increase in
intestinal permeability, which allows microorganisms and their products, including LPSs,
to translocate into systemic circulation [7]. Evidence shows that leaky gut is more frequent
in ASD: de Magistris et al. observed that about 37% of children with ASD had elevated
gut permeability compared to 5% of controls [43]. D’Eufemia et al. also observed that 43%
of children with ASD presenting GI symptoms had abnormal intestinal permeability [64].
These classic findings, together with a recent study by Teskey et al. that linked permeability
markers to the severity of ASD behavior, suggest that some individuals with ASD may
experience measurable alterations in their gut barrier integrity [65].

Mechanistically, dysbiosis (loss of butyrate producing bacteria, for instance) deprives
colonocytes of nutrients like butyrate, which normally strengthen tight junctions between
cells [65]. Pathobionts may produce metabolites that actively degrade mucus or open
tight junctions. A dysbiotic gut often shows lower levels of Akkermansia municiphila (a
mucus-degrading commensal that paradoxically promotes mucus thickness and integrity);
ASD studies have noted reduced Akkermansia, potentially contributing to thinner mucus
layers and leakiness [66].
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Once the gut barrier is compromised, microbial components (LPSs, peptidoglycans,
flagellin) enter the circulation and stimulate immune cells. LPSs in blood triggers toll-like
receptor 4 (TLR4) on immune cells, causing the release of pro-inflammatory cytokines
(IL-1β, TNF-α). Chronic elevation of these can lead to systemic inflammation and affect the
brain [46]. Interestingly, ASD patients have been found to have higher plasma LPS levels
correlating with more severe social impairment. Also, Emanuele et al. reported “low-grade
endotoxemia” (slightly elevated blood LPS) in severe ASD cases, supporting this link [67].

7.2. Immune Activation and Neuroinflammation

ASD has been associated with immune dysregulation both peripherally and centrally.
Many children with ASD show altered cytokine profiles, and postmortem studies reveal
microglial activation and increased inflammatory mediators in the brain [68]. The gut mi-
crobiota likely plays a role in this neuroimmune crosstalk. For example, neuroinflammation
in ASD could be partly driven by peripheral immune signals originating from the gut [69].

Microglia (CNS resident immune cells) are modulated by gut microbiota via circulat-
ing molecules [18]. SFCAs like butyrate, generally promote anti-inflammatory microglial
phenotypes, whereas LPSs promote pro-inflammatory states [70]. Brown et al. [17] demon-
strated that healthy microbiota protect against virus-induced neurologic damage through
microglial TLR signaling. In ASD, a dysbiotic microbiota could skew microglial function
toward a pro-inflammatory, synapse-pruning mode potentially affecting the neural circuits
underlying behavior [17].

Molecular mimicry and antigenic stimulation by gut bacteria may also play a role in
ASD. Some scientists suggest that specific gut bacteria cause immunological responses in
genetically predisposed children and also affect neurological cells [71]. Despite similarities
with other illnesses (such PANDAS, where a streptococcal infection causes neuropsychiatric
symptoms) [72], there is not enough evidence to confirm that this is true for ASD.

7.3. Metabolic Endotoxemia and Brain Impact

When gut barrier integrity is compromised, gut-derived metabolites, such as propionic
acid (PPA), a short-chain fatty acid produced by gut bacteria fermentation, can cross into
the systemic circulation and enter the CNS [52]. In controlled trials, the administration of
propionic acid in rodents, induced behavioral alterations such as repetitive behaviors, social
isolation, and altered motor activity [73]. Similarly, p-cresol, derived from tyrosine fer-
mentation by specific gut microorganisms, can inhibit dopamine beta-hydroxylase, which
disrupts neurotransmitters balances. Some children with ASD were found to have elevated
levels of p-cresol sulfate, particularly those with FGIDs [62]. These findings highlight
how microbial metabolites, typically confined within the gut liver system, may enter the
bloodstream and potentially modulate neurodevelopment and behavioral outcomes [74].

8. Leaky Gut and BBB
Interestingly, a similar mechanism may compromise the blood–brain barrier (BBB).

Chronic peripheral inflammation and circulating toxins can loosen the BBB [75]. Animal
ASD models show increased BBB permeability [76]. However, certain microbial products
can also strengthen the BBB: acetate was shown to improve BBB tight junction integrity in
mice [34]. Thus, not all microbial influence is detrimental; context and balance matter.

Negative influences may predominate in ASD: the combination of leaky gut, increased
immune activation, and possible BBB leakiness creates a scenario for neuroinflamma-
tion [77]. Onore et al. emphasized the role of immune dysfunction in ASD pathophysiology,
suggesting that immune activation and perhaps autoimmunity could contribute to neural
symptoms. A gut-originating inflammatory cascade is a plausible contributor [40].
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Dysbiosis in ASD is not a benign bystander, though it likely contributes to pathophysi-
ological processes through leaky gut and heightened immune activation. The interaction
between the gut microbiota and the immune and nervous systems may constitute a vicious
cycle, where microbial dysbiosis promotes immune dysfunction and neuroinflammation,
which in turn exacerbates behavioral and cognitive symptoms in ASD [78]. Therefore,
therapeutic strategies aimed at restoring gut integrity and microbiota balance hold promise
in potentially alleviating some aspects of ASD [79].

9. Functional Gastrointestinal Disorders and Their Link to ASD
FGIDs are gastrointestinal symptoms without detectable structural pathology. The

reported prevalence of persistent gastrointestinal disorders in people with ASD ranges
from 46% to 91%, but it is higher than in neurotypical children, suggesting that this is a
major comorbidity [2]. Chronic constipation, diarrhea, abdominal discomfort, bloating,
gastroesophageal reflux, and often changing bowel patterns are all common FGIDs in
people with ASD. These symptoms match the Rome criteria for FGIDs, which include
irritable bowel syndrome and functional constipation [80].

9.1. Brain–Gut Interaction in FGIDs

FGIDs are understood to involve disordered gut–brain communication. It is notable
that children with ASD, who have intrinsic neural atypicality, also manifest disordered
gut–brain interactions [36]. Luna et al. suggested that the signs of disrupted brain–gut
interplay (like visceral hypersensitivity or irregular motility) are common in children with
ASD and FGIDs [81]. Stress and anxiety, which are prevalent in ASD, can exacerbate
FGIDs via HPA-axis activation and autonomic changes by reducing gut motility or pain
thresholds [82]. Conversely, persistent gastrointestinal discomfort can worsen behavioral
issues, possibly due to pain or microbiota-driven mood changes [83].

9.2. Specific FGIDs in ASD

Individuals with autism frequently report that constipation is the most common GI
disorder. Potential contributing factors include restrictive, low-fiber diets, impaired gut
motility potentially associated with autonomic nervous system dysfunction, adverse effects
of certain medication, and alterations in gut microbiota composition [84]. Specifically,
lower levels of beneficial microbes, such as Bifidobacterium and Lactobacillus, which support
peristalsis, alongside an overabundance of methane producing microbes that slow intestinal
transit, may contribute to the condition [85]. Chronic constipation can lead to complications
such as fecal impaction and overflow diarrhea, which may necessitate diagnosis and
management. Additionally, prolonged retention of fecal matter can enhance gut bacterial
fermentation and increase microbial toxins absorption, which may, in turn, influence
behavior and neurological function in individuals with ASD [86].

Individuals with ASD who experience chronic diarrhea often present with carbohy-
drate malabsorption and dysbiosis [87]. ASD has been linked to an overgrowth of some
types of bacteria, namely, Clostridiaceae or Sutterella, which may alter stool consistency [88].
Additionally, deficiencies in digestive enzymes, particularly disaccharidases, have been
reported in ASD, leading to incomplete carbohydrate digestion. This can result in osmotic
diarrhea and further disrupt the gut microbial balance [89]. Diarrhea may also arise from
rapid gastrointestinal transit, which can be triggered by heightened anxiety or autonomic
nervous system imbalance [90]. Moreover, some children with ASD present with irritable
bowel syndrome (IBS), characterized by alternating episodes of diarrhea and constipation,
often influenced by psychological stress [91].
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Pain and discomfort are common but often underrecognized gastrointestinal symp-
toms in individuals with ASD, largely due to communication challenges that make it
difficult for many to express their discomfort verbally. Instead, such pain is often inferred
from behaviors like pressing on the abdomen, curling up, or exhibiting irritability [92].
The sources of this discomfort can vary and may include bloating caused by dysbiosis and
excessive gas production, pain related to constipation, or acid reflux symptoms. These
issues can significantly impact quality of life and behavior, emphasizing the need for careful
clinical observation and assessment [93].

One theory suggests that visceral hypersensitivity and FGIDs, like IBS, may be more
pronounced in ASD due to an already sensitive nervous system. Neuroinflammation
and altered pain processing in ASD might lower the threshold for gastrointestinal pain
perception [83].

9.3. Microbiota-FGID Link

Dysbiosis in individuals with ASD may be a direct cause of FGIDs. One study linked
lower levels of Prevotella and Coprococcus to severe GI symptoms. Prevotella helps break
down fiber, suggesting it normally helps maintain comfortable gut function [8]. In the
same way, increased Clostridium or Desulfovibrio growth may produce irritants affecting gut
motility or secretion, leading to diarrhea or gastrointestinal discomfort [53].

Researchers have investigated whether GI disorder management can lead to the ame-
lioration of ASD behavioral manifestations. Some modest studies and case reports show
that relieving constipation or using gastrointestinal treatments can slightly ameliorate be-
havior, possibly by reducing discomfort or improving gut–brain signaling [81]. Petropoulos
et al. noted that FGIDs in ASD are associated with abnormal levels of stress hormone
profiles, pointing to physiological stress integration [2].

Chronic functional gastrointestinal disorders can significantly affect nutrient absorp-
tion in children with ASD, who often already face challenges due to selective or restrictive
eating habits. Malabsorption caused by rapid intestinal transit or dysbiosis can cause
deficiencies in important nutrients, especially fat-soluble vitamins and minerals [88]. These
dietary deficiencies are especially concerning during critical periods of growth and brain
development, as they may further impact neurological function and behavior [88]. This
complicates the link between GI health and ASD highlighting the importance of early
identification and management of dietary and GI issues [88].

Gastrointestinal disorders indirectly intensify symptoms of autism by contributing to
emotional and behavioral challenges. Children with ASD who cannot effectively communi-
cate their physical discomfort may express pain through increased irritability, aggression,
or another behavioral outburst. These manifestations are often misinterpreted as purely
behavioral, rather than somatic in origin [4]. In addition, GI disorders like acid reflux or
abdominal discomfort can exacerbate sleep disturbances, which are already common in
people with ASD leading to fatigue, reduced attention, and impaired daytime function-
ing [94]. Addressing gastrointestinal discomfort is essential not only for physical relief
but also for supporting emotional regulation and overall quality of life in individuals with
ASD [89].

FGIDs and ASD appear to share the same underlying causes, especially those related
to neurotransmitter dysregulation. Serotonin, a major neurotransmitter that is very im-
portant for both mood and GI motility, is central to this connection. Most of the body’s
serotonin is in the gut, which controls the motions and secretions of the intestines [23].
Individuals with ASD have been found to exhibit alterations in serotonin pathways, such
as hyperserotonemia, which might be a sign of broader dysregulation of serotonin levels.
Some researchers believe that dysregulated serotonin transmission in both the central
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and peripheral nervous systems may help explain why individuals with ASD present GI
symptoms and behavioral problems at the same time [19].

FGISs are common in individuals with ASD and are strongly related to the MGB axis.
They illustrate bidirectional distress: CNS abnormalities in individuals with ASD may
increase susceptibility to FGIDs, while FGIDs may exacerbate CNS symptoms through
microbiota and sensory pathways [7]. As a result, FGIDs management is increasingly
seen as a component of holistic ASD care, with the potential dual benefit of improving GI
comfort and possibly easing behavioral challenges.

10. Potential Therapeutic Approaches: Probiotics, Prebiotics, FMT,
Antibiotics, and Nutrition

Given the evidence linking gut microbiota and MGB axis dysfunction to ASD, various
therapeutic strategies have emerged aiming to modulate the gut ecosystem and, by exten-
sion, improve GI and behavioral outcomes. Therapeutic approaches used in microbiome
dysbiosis include the use of probiotics, prebiotics, dietary interventions, antibiotics and
FMT [95].

10.1. Probiotics

Probiotics are live beneficial microorganisms that, when administered in adequate
amounts, confer health benefits [96]. The most commonly used genera are Bifidobacterium
and Lactobacillus reflecting their natural prominence in a healthy gut. In ASD and related
contexts, probiotics target dysbiosis and intestinal inflammation. The goal is often to restore
Bifidobacterium levels given their noted deficits in ASD [97].

Probiotics exert a range of beneficial effects on gut and brain health through multiple
interconnected mechanisms. They help strengthen gut barrier integrity by upregulating
tight junction proteins and promoting mucus production, thereby reducing intestinal per-
meability. Probiotics also compete with pathogenic microbes, limiting their colonization
while producing SCFAs and other metabolites that nourish enterocytes and modulate im-
mune responses [98]. Additionally, certain probiotic strains may influence neurotransmitter
activity. For example, Lactobacillus species produce gamma-aminobutyric acid (GABA),
while Bifidobacteria can affect tryptophan metabolism, a precursor to serotonin [99]. These
combined actions contribute to reduced systemic neuroinflammation, modulation of HPA
axis overactivity, and potential increases in central levels of neuromodulatory compounds,
such as brain-derived neurotrophic factor (BDNF), as observed in some animal studies.
Through these pathways, probiotics may help regulate both gastrointestinal and neural
behavioral symptoms, particularly in populations such as individuals with ASD [100].

Several clinical trials and case studies have explored the potential benefits of probi-
otics in children with ASD, focusing on both gastrointestinal and behavioral outcomes.
Grossi et al. [53] presented a case series in which long-term administration of high-dose
multi-strain probiotics led to notable improvements in core ASD symptoms including
enhanced social interaction and communication. These improvements were accompanied
by normalized gut microbial composition and reduced tumor necrosis factor (TNF) levels,
suggesting decreased systemic inflammation [53]. In another important study, Lactobacillus
plantarum was administered to children with ASD over a three-month period, resulting
in improved stool consistency and modest behavioral gains, although not all trials have
demonstrated consistent behavioral effects [101]. Navarro et al. reviewed probiotic use in
ASD and found frequent improvements in gastrointestinal symptoms, with some anecdotal
reports of enhanced eye contact and mood; however, they concluded that the evidence
remains preliminary and inconclusive [102]. Nonetheless, these findings are limited by
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small sample sizes and the absence of placebo controls, highlighting the need for larger,
well-controlled trials to confirm the therapeutic potential of probiotics in ASD.

Animal studies provide biological plausibility: Hsiao et al. [103] showed that the
probiotic Bacteroides fragilis corrected leaky gut and improved autism-like behaviors in a
mouse model. In mice, Lactobacillus rhamnosus reduced anxiety and depressive behaviors
by lowering corticosterone [104]. In piglets, Bifidobacterium supplementation increased
hippocampal metabolites related to neurodevelopment [41].

Probiotics are generally safe and well tolerated in children, though caution is war-
ranted in immunocompromised individuals. Mild side effects can include transient gas or
bloating. Some children with ASD and severe allergies or gut inflammation, may experience
initial irritability as the microbiome shifts [105].

Overall, probiotics appear promising; however, the outcomes of several studies re-
garding behavioral changes are mixed, despite the apparent GI benefits. Larger placebo-
controlled triads are needed [106]. Anecdotal positive outcomes and the known gut health
improvements, make probiotics and compelling complementary therapy for many families
affected by ASD. However, it is important to note that the current evidence base for probi-
otic use in ASD remains limited, with heterogenous study designs and small sample sizes
impeding firm conclusions [103].

10.2. Prebiotics

Prebiotics are non-digestible food components, including fibers like fructo-oligosaccharides
or galacto-oligosaccharides. They selectively stimulate the growth or activity of beneficial
gut bacteria. Unlike probiotics, which introduce microbes, prebiotics nourish existing
favorable bacteria [107].

Prebiotics play an important role in the MGB axis because they are fermentable
substrates for beneficial gut bacteria, leading to the production of SCFAs [108]. SCFAs
exert a wide range of beneficial effects such as reduced colon pH, gut barrier maintenance
and the proper function of the MGB axis [109]. Although fewer studies have specifically
examined prebiotics alone in the context of ASD, emerging evidence suggests promising
effects on gut health and associated symptoms. Guarino et al. [109] reported that prebiotics
promote the growth of beneficial bacteria genera such as Bifidobacterium and Lactobacillus,
which are often found in reduced abundance in individuals with ASD. By lowering gut
pH and inhibiting the production of harmful metabolites, prebiotics may help alleviate
gastrointestinal symptoms commonly seen in this population [109]. An in vitro study
referenced by Fattorusso et al. [110] further supports this potential, showing that probiotic
supplementation can shift the gut microbiota toward a healthier composition, which
may in turn reduce GI discomfort [110]. Adding prebiotics such as inulin or galacto-
oligosaccharides to the diets of children with ASD has been linked to better stool consistency
and less bloating in the clinic [111]. There is still not enough systematic clinical research, and
more controlled studies are needed to adequately prove the effectiveness and therapeutic
usefulness of prebiotics in treating GI and behavioral symptoms connected to ASD.

A concept gaining traction is microbiota-accessible carbohydrates (MACs): Diets low
in MACs, such as highly processed diets, may starve gut microbes. Many children with ASD
and restricted diets may inadvertently consume fewer MACs, contributing to dysbiosis.
Prebiotic supplements can help counteract this, by providing fermentable fibers [109].

10.3. Symbiotics

Symbiotics are a combination of probiotics and prebiotics that offer a synergistic
approach to enhancing gut health by simultaneously introducing beneficial bacteria and
providing the nutrients they need to thrive. Prebiotics serve as a selective food source
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for specific probiotic strains, promoting their growth and activity within the gut [112].
By pairing these components, symbiotics can more effectively support the establishment
and persistence of beneficial microbes compared to probiotics or prebiotics alone. This
enhanced colonization may lead to greater improvements in gut barrier function, immune
modulation, and possibly neurobehavioral outcomes, particularly in populations with
disrupted microbiota such as individuals with ASD [113].

10.4. Fecal Microbiota Transplantation (FMT)

FMT is the process of transferring stool (and the whole microbial population) from a
healthy human donor to the GI tract of a recipient. It is a radical way to change the gut mi-
crobiota [114]. To address safety concerns, FMT human donor screening involves a detailed
medical and lifestyle history, laboratory testing of blood and stool for infectious agents
and quarantine measures. Repeat testing is performed for regular donors. These steps are
consistent with recent guidelines that include precautions for emerging pathogens [115].

If dysbiosis plays a major role in ASD symptom manifestations, then restoring a
more balanced, neurotypical-like microbiota may ameliorate both gut and behavioral
disturbances. FMT offers a direct method of replacing an aberrant gut microbial community
with a healthier one [116]. It has already demonstrated robust efficacy in treating refractory
Clostridioides difficile infection by reestablishing microbial diversity function. Moreover,
its therapeutic effects in other conditions such as ulcerative colitis, further support the
notion that the gut microbiome can have a causal role in disease [51]. Applying similar
logic to ASD, FMT may represent a promising intervention for targeting core symptoms
and comorbidities, though further research is required to confirm its safety, efficacy, and
long-term effects in this population.

A pioneering open-label study by Kang et al. [8] implemented a modified FMT protocol
(Microbiota Transfer Therapy, MTT) in 18 children with ASD. The protocol included a 2-
week vancomycin course, bowel cleanse, and high-dose FMT for 7 to 8 weeks, followed by
lower maintenance doses [8].

The results of early investigations on FMT in ASD have been notable. GI symptoms
such as constipation and diarrhea improved by approximately 80%, with many of these
improvements sustained even two years after treatment. In addition to GI relief, moderate
improvements in ASD-related behaviors (such as social responsiveness and communication)
were reported, based on parental assessments, and these behavioral benefits also appear
to persist overtime [117]. Microbiome analyses post-MTT, revealed increased microbial
diversity and a rise in beneficial bacterial populations including Bifidobacterium, Prevotella
and Desulfovibrio. Importantly, FMT was well tolerated, with only mild and transient side
effects, such as low-grade fever or gastrointestinal discomfort, and no serious adverse
events were observed [8]. These results suggest that FMT may represent a promising
approach for addressing both GI and behavioral problems in individuals with ASD, but
further controlled research is needed to ensure efficacy and safety. Another study showed
that FMT increased Akkermansia and other beneficial strains while reducing ASD severity
scores over the course of 8 weeks [117].

FMT is generally safe, although there are certain concerns. Its known adverse effects
include GI upset, fever, or rare transmission of infections if donor screening fails. FMT
is typically reserved for severe dysbiosis when other interventions fail, given its invasive
nature (usually delivered via colonoscopy, enema, or oral capsules) [118].
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10.5. Antibiotics

The use of antibiotics in ASD has a dual perspective. Historically, some antibiotics
have improved ASD symptoms (suggesting microbial involvement), yet antibiotics can
also cause dysbiosis and thus potentially worsen MGB axis function [119].

The most well-known antibiotic trial in ASD involved oral vancomycin [120]. Van-
comycin is thought to decrease Clostridiales, which potentially produce neurotoxins or
propionic acid. Indeed, vancomycin use has been associated with increased Akkermansia
(beneficial mucus degrader) and reduced ASD behaviors for the treatment duration. But
long-term antibiotic use is not viable due to potential resistance and disruption of the
microbiome [121].

Conversely, early-life antibiotic exposure is a risk factor for microbiome disturbance
and has been linked to later-life behavioral changes in animal studies. A Finish birth cohort
found that antibiotic exposure in the first year was associated with slightly higher odds of
neurodevelopmental issues, though confounders exist [122].

A widely cited single case report by Rodakis described an interesting observation
in which a father noticed a marked improvement in his son’s autism symptoms during
a course of antibiotic treatment for an ear infection. The child exhibited better commu-
nication, fewer repetitive behaviors, and improved eye contact; however, these changes
regressed after the antibiotic course ended. Although anecdotal and based on a single,
non-clinical observation, this case sparked significant interest in the potential link between
the gut microbiome and ASD. It suggested the possibility that altering microbial composi-
tion, intentionally or unintentionally, could influence neurobehavioral outcomes, thereby
encouraging further research into microbiota-targeted therapies in ASD [123].

Antibiotics are accompanied by adverse effects. They typically eliminate beneficial
bacteria and may facilitate the development of opportunistic infections, such as yeast over-
growth. Kantarcioglu et al. [124] found increased yeast levels in children with ASD, which
may be connected to prior antibiotic exposure. Excessive antibiotic use may exacerbate GI
disorders or induce new conditions, such as Clostridium difficile colitis [124].

Antibiotics are not a standard treatment for ASD, but in cases of documented microbial
infections or overgrowth (e.g., culture-confirmed Clostridia infection), carefully adminis-
tered antibiotics might be used as part of a broader strategy, ideally followed by probiotics
or FMT to rebuild flora [124].

10.6. Nutrition and Diet

Diet is a major determinant of gut microbiota composition, and many children with
ASD have atypical diets, often high in processed carbs, low in fruits and vegetables, food
selectivity, and sensory difficulties [125]. Nutritional interventions thus aim to correct
deficiencies, remove potential offenders, and preserve a favorable microbiome.

10.7. Mediterranean Diet

The Mediterranean diet emphasizes a high intake of fiber-rich foods, such as whole
grains, legumes, fruits and vegetables, along with healthy fats like olive oil and lean
proteins, particularly from fish. This dietary pattern supports eubiosis by promoting the
growth of SCFA-producing bacteria such as Prevotella [126]. Encouraging a Mediterranean-
style diet in individuals with ASD may help increase microbial diversity, reduce gut
inflammation, and enhance the production of anti-inflammatory metabolites, potentially
supporting both gastrointestinal and neurobehavioral health [127].
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10.8. Ketogenic Diet

The ketogenic diet, which is high in fat and extremely low in carbohydrates, is often
used in cases of refractory epilepsy, a condition that co-occurs in some children with
ASD [50]. This diet has been shown to alter the gut microbiome, typically increasing species
such as Akkermansia and Desulfovibrio. A recent report suggested behavioral, cognitive
and emotional improvements in some children with ASD on a ketogenic diet, possibly
due to the neuroactive properties of ketones or changes in microbial composition [128].
However, this diet can be challenging to maintain and is associated with potential side
effects, including constipation and nutrient imbalances.

10.9. Gluten Free, Casein Free (GFCF) Diet

The GFCF diet involves the removal of gluten from wheat and other grains and casein
from dairy [129]. It is a widely adopted intervention in ASD based on the theory that
some individuals may have peptide intolerances, adverse physiological or behavioral
responses to incompletely digested food-derived peptides, such as gluten and casein or
increased intestinal permeability, allowing opioid-like peptides such as casomorphins to
affect behavior [130]. Eliminating these proteins may also alter the gut microbiome by
reducing populations such as Clostridia, which thrive on protein substrates [131]. While
some studies report improvements in social behavior and language, others show no effect,
and, overall, the evidence remains mixed [130]. Additionally, eliminating dairy can reduce
calcium intake, raising concerns about bone health if not properly supplemented.

10.10. High Fiber Diet

Increasing dietary fiber by consuming whole grains, fruits, and vegetables can promote
the growth of beneficial gut microbes and reduce inflammation. High-fiber diets support
the production of SCFAs and enhance gut barrier function. In contrast, low-fiber and
high-sugar diets may foster dysbiosis, including Candida overgrowth and bile-tolerant
bacteria [132]. Many children with ASD tend to favor starchy or sugary foods while rejecting
vegetables, making it difficult to implement a fiber-rich diet. In such cases, targeted fiber
supplementation may serve as an effective alternative [133].

10.11. Omega-3 Fatty Acids

Omega-3 fatty acids, particularly EPA and DHA, have well documented anti-
inflammatory effects and may benefit both the gut microbiome and brain function [134].
One pilot study in Singapore found that omega-3 supplementation improved social skills
in some children with ASD [135]. While more research is needed, omega-3s are considered
relatively safe and potentially beneficial adjuncts in ASD nutritional management.

10.12. Specific Carbohydrate Diet (SCD)/Low FODMAP Diet

These diets restrict certain types of fermentable carbohydrates to reduce GI symptoms
and microbial imbalances. The SCD eliminates complex carbohydrates believed to feed
harmful bacteria, while the low FODMAP diet targets specific fermentable sugars that
can cause bloating and discomfort [136]. A randomized pilot trial found that while a
low FODMAP diet improved GI symptoms, it did not change behavior compared to con-
trols [137]. Although some families of children with ASD report anecdotal improvements
in stool consistency and GI symptoms with these diets, robust clinical evidence support-
ing their efficacy is lacking. However, given the restrictive nature of these diets, they
should be used carefully and ideally under professional supervision to avoid nutritional
deficiencies [138].
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10.13. Precision Diets via the Microbiome

An emerging frontier in ASD management involves the development of precision diets
tailored to individual gut microbiome profiles [139]. Through stool analysis, clinicians and
researchers can identify specific microbial imbalances or deficiencies. For instance, if a child
with ASD has low levels of butyrate-producing bacteria, target prebiotic supplementation
can be used to support their growth. Conversely, if there are signs of yeast overgrowth,
such as elevated Candida species, dietary strategies may include reducing sugar intake
and possibly incorporating antifungal agents alongside probiotics. This personalized,
microbiome-informed approach holds promise for optimizing gut health and potentially
influencing behavioral and cognitive outcomes in ASD, though it remains an area of
ongoing research [80].

10.14. Postbiotics

Postbiotics are preparations composed of inactivated microorganisms or their com-
ponents. They are recognized for their stability, safety, and ability to reinforce intestinal
epithelial integrity, modulate immune responses and inhibit pathogenic microbes [140].
Postbiotics are more stable than probiotics because they consist of inactivated microbial
cells or their components, they do not require viability to be effective, making them more
resistant to storage conditions and fluctuations in temperature or pH [141]. In preclinical
models of ASD, the combination of a prebiotic (α-lactalbumin) and a postbiotic (sodium
butyrate) significantly improved sociability and memory compared to each alone, suggest-
ing that targeting the MGB axis through postbiotics may offer neuroprotective potential in
ASD [142].

Based on the studies reviewed in this narrative synthesis, Table 2 summarizes the
main microbiota-targeted interventions in ASD, the main findings, study types, sample
size ranges and an overall qualitative grade of evidence strength.

Table 2. Summary of evidence for microbiome-targeted interventions in ASD.

Intervention Main Findings in ASD Study Design(s) Sample Size Range

Probiotics
Improved GI symptoms; some studies also

report behavioral improvements; strain- and
dose-specific effects.

RCTs, open-label trials,
meta-analyses 20–141

Prebiotics
Improved GI function; limited behavioral

effects; effects may depend on baseline
microbiota composition.

RCTs, pilot studies 17–71

Symbiotics
Potential additive effect on GI health when

combined with probiotics; minimal
behavioral impact reported.

Small RCTs 25–48

FMT/MTT
Improved GI and some behavioral symptoms;
sustained effects in follow-up; safety profile

generally acceptable.

Open-label trials,
pilot studies 18–28

Antibiotics
Temporary reduction in GI and behavioral
symptoms; effects not sustained; potential

adverse effects.
Small open-label trials 11–13

Dietary
Interventions

Gluten-free/casein-free diets may improve GI
and behavioral symptoms in some
individuals; results inconsistent.

RCTs, observational
studies, meta-analyses 15–102

Note: ASD = Autism Spectrum Disorder, GI = gastrointestinal, RCT = Randomized Controlled Trial, FMT = fecal
microbiota transplantation, MTT = Microbiota Transfer Therapy.
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As shown in Table 2, probiotics and dietary intervention currently have the largest
evidence base, though heterogeneity in study protocols limits firm conclusions. Prebiotics,
symbiotics and FMT/MMT remain promising, but under exploration, while antibiotic-
based approaches show only transient benefits. Larger, well-controlled studies are essential
to confirm efficacy and assess long-term safety.

Table 3 further summarizes the main dietary approaches investigated in relation to the
MGB axis and ASD. Based on the studies reviewed in this narrative synthesis, for each diet,
the proposed mechanisms, reported benefits and potential concerns are outlined, offering a
comparative overview of their evidence base and clinical considerations.

Table 3. Summary of dietary approaches investigated in relation to the MGB axis and ASD.

Dietary Approach Proposed Mechanisms Reported Benefits Potential Concerns

Gluten Free/Casein
Free Diet (GFCF)

Reduces intake of gluten and
casein thought to exacerbate GI
and behavioral symptoms Via

opioid-like peptides.

Some studies report
improvements in
behavior and GI

symptoms

Evidence inconsistent; risk
of nutritional deficiencies if

not supervised

Ketogenic Diet

Shifts metabolism toward
ketone body production;

proposed effects on
neurotransmission and
mitochondrial function

Reported improvements
in seizure control and

some behavioral
domains.

Restrictive adherence
challenging, potential
nutrient deficiencies

Specific Carbohydrate
Diet (SCD)

Eliminates complex
carbohydrates to limit

substrates for pathogenic
gut microbes

Anecdotal improvements
in GI function reported

by families

Limited formal evidence;
highly restrictive; risk of

imbalance

Low FODMAP Diet

Reduces fermentable
oligosaccharides, disaccharides,
monosaccharides and polyols to

improve GI symptoms

Can reduce bloating,
abdominal pain and stool

irregularities

Evidence in ASD limited;
requires professional
supervision to avoid

deficiencies

Mediterranean Diet
Rich in fiber, polyphenols, and
healthy fats; promotes eubiosis
and anti-inflammatory effects

Associated with
improved gut microbiota

diversity and systemic
health

Few ASD-specific trials;
adherence varies across

cultures

Omega-3 Fatty Acids
Anti-inflammatory effects;

modulate neuronal membrane
fluidity and signaling

Some evidence of
improved hyperactivity
and social functioning

Mixed trial results; effect
sizes small;

supplementation
variability

High-Fiber Diets
Enhance SCFA production;

improve gut barrier function;
support microbial diversity

May improve bowel
habits and support

favorable microbiota
profiles

Few ASD-specific studies;
GI tolerance varies

As shown in Table 3, gluten-free/casein-free and ketogenic diets are the most widely
studied, though evidence remains heterogeneous. Mediterranean and high-fiber dietary
patterns appear to promote microbial diversity and exert anti-inflammatory effects, while
omega-3 fatty acid supplementation has been linked to potential improvements in be-
havioral outcomes. Nevertheless, most dietary interventions are limited by small sample
sizes, variability in protocols and inconsistent findings. Larger, well-controlled studies
are required to confirm their efficacy, assess their long-term safety, and evaluate their
applicability in clinical practice.
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11. Conclusions and Future Perspectives
The exploration of the MGB axis in ASD has illuminated a pivotal intersection of

neuroscience, gastroenterology, and microbiology. The evidence compiled in this review
underscores that the gut microbiome, far from being an isolated entity, significantly interacts
with neurodevelopmental processes. Alterations in gut bacteria, whether in composition,
diversity or metabolic function, are increasingly linked to the complex symptomatology of
ASD, from core behavioral features to the high prevalence of gastrointestinal comorbidities.
While animal studies may suggest possible causal mechanisms, most human evidence to
date remains correlational.

The fact that ASD-related microbiota findings vary considerably between studies
underscores the influence of multiple confounding factors, including geographic varia-
tion, dietary patterns, methodological differences, age, medication exposure and early-life
influences such as mode of delivery and maternal health. Recognizing these sources of
variability is essential for interpreting the existing results and for designing standardized
and reproducible studies in the future.

To date, research indicates that gut dysbiosis in individuals with ASD can trigger
a cascade of physiological disturbances. Increased intestinal permeability, commonly
known as “leaky gut”, allows the entrance of microbial metabolites and endotoxins into
the bloodstream, which causes systemic and neuroinflammatory reactions. These processes
in turn may exacerbate or contribute to the neurological alterations frequently met in ASD.
The presence of FGIDs in individuals with ASD is not just a coincidence; instead, it suggests
a disruption of gut–brain homeostasis. In short, many individuals with ASD appear
to present a cycle of gut–brain dysregulation in which stress exacerbates GI disorders,
and, in turn, these disorders amplify stress-related responses, with the MGB axis acting
as a mediator.

The MGB axis represents a viable area for therapeutic intervention. Dietary modifica-
tion and nutritional support are low-risk strategies to modulate microbiome, with potential
benefits for both GI health and behavior. Interventions including probiotics, prebiotics,
and symbiotics have shown promise in improving GI disturbances and certain behavioral
issues, although the results may vary across individuals and studies. More experimen-
tal approaches, including FMT and MTT, have shown substantial benefits in GI health
and behavioral improvements in early trials. These strategies need further evaluation in
well-controlled studies. While antibiotic use is not a standard treatment for ASD, evidence
suggests that targeting particular gut bacteria may temporarily alleviate symptoms. This
supports the hypothesis that certain microbial metabolites may play a role in ASD-related
behaviors, although current evidence remains preliminary and requires further validation.

Despite these promising avenues, it is essential to approach the MGB axis ASD link
with scientific caution. The heterogeneity in ASD and its microbiota findings implies that
one size may not fit all. What helps one subset of individuals might be ineffective or even
harmful in another. Thus, future research should prioritize identifying biomarkers (micro-
bial, metabolic, or genetic) that predict which individuals are most likely to benefit from
microbiome-targeted therapies. Long-term and large-scale studies are needed to establish
causal relationships such as determining if dysbiosis causes certain ASD symptoms or if
it is a side effect and to evaluate the sustained efficacy and safety of interventions like
probiotics or FMT beyond short follow-up periods. In addition, a key methodological
limitation of this review is the absence of standardized critical appraisal or study quality,
which restricts the ability to formally weigh the strength of evidence presented.

Another intriguing future direction is investigating how the MGB axis might interact
with other factors in ASD, such as genetics or environmental exposure. For instance, could
certain gene variants in ASD affect how the body responds to dysbiosis? Additionally, the



Nutrients 2025, 17, 2984 19 of 26

potential for early intervention is worth exploring: can modifying the microbiota in infancy
Via diet, probiotics, or even maternal interventions during pregnancy reduce the risk of
severe ASD in genetically predisposed children?

In conclusion, the MGB axis has moved from the periphery to the center of ASD re-
search, offering not only a deeper understanding of ASD pathophysiology but also tangible
therapeutic targets. Ensuring a healthy “second brain” in the gut could become a key
component of comprehensive ASD management. Realizing this vision will require contin-
ued interdisciplinary collaboration, carefully designed clinical trials, and a personalized
approach to therapy. The hope is that by harnessing the gut–brain connection, we can open
new pathways to improve the lives of individuals with ASD and their families.

Author Contributions: Conceptualization: A.P.; methodology: C.T., E.B. and E.S.; validation: E.B.,
C.T. and E.S.; formal analysis: C.T., E.B. and E.S.; investigation: A.P.; resources, A.P., C.T., E.B. and
E.S.; data curation: A.P., C.T., E.B. and E.S.; writing—original draft preparation: A.P.; writing—review
and editing: A.P., C.T., E.B. and E.S.; visualization: A.P., C.T., E.B. and E.S.; supervision: C.T., E.B. and
E.S.; project administration: C.T., E.B. and E.S. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors declare that financial support was received for the research, authorship, and/or
publication of this article. This work was funded by the Master Program in Food, Nutrition and
Microbiome of the Medical School Democritus of University of Thrace.

Acknowledgments: This work was supported by the Master’s program in “Food, Nutrition and
Microbiome” of the Medical School Democritus of University of Thrace. During the preparation of
this manuscript, the first author, Andreas Petropoulos, used OpenAI’s ChatGPT (version GPT-4, April
2025) to assist in the refinement of content originally derived from his Master’s thesis. The authors
have reviewed and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ASD Autism Spectrum Disorder
GI gastrointestinal
MGB microbiota gut–brain
CNS central nervous system
FMT fecal microbiota transplantation
FGIDs functional gastrointestinal disorders
MTT Microbiota Transfer Therapy
HPA hypothalamic–pituitary–adrenal
ENS enteric nervous system
CRH corticotropin-releasing hormone
TNF-α tumor necrosis factor-alpha
SCFAs short-chain fatty acids
IL interleukin
BBB blood–brain barrier
GABA gamma-aminobutyric acid
LPS lipopolysaccharide
GOSs galacto-oligosaccharides
MAC microbiota-accessible carbohydrates
GFCF gluten-free, casein-free
SCD Specific Carbohydrate Diet



Nutrients 2025, 17, 2984 20 of 26

References
1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Publishing:

Arlington, VA, USA, 2013.
2. Petropoulos, A.; Anesiadou, S.; Michou, M.; Lymperatou, A.; Roma, E.; Chrousos, G.; Pervanidou, P. Functional gastroin-

testinal symptoms in children with autism and ADHD: Profiles of hair and salivary cortisol, serum leptin concentrations and
externalizing/internalizing problems. Nutrients 2024, 16, 1538. [CrossRef]

3. Chakrabarti, A.; Geurts, L.; Hoyles, L.; Iozzo, P.; Kraneveld, A.D.; La Fata, G. The microbiota–gut–brain axis: Pathways to better
brain health. Perspectives on what we know, what we need to investigate and how to put knowledge into practice. Cell. Mol. Life
Sci. 2022, 79, 80. [CrossRef]

4. Johnson, K.V.A.; Burnet, P.W.J. Opposing effects of antibiotics and germ-free status on neuropeptide systems involved in social
behaviour and pain regulation. BMC Neurosci. 2020, 21, 32. [CrossRef]

5. Lee, M.; Chang, E.B. Inflammatory Bowel Diseases (IBD) and the microbiome—Searching the crime scene for clues. Gastroenterol-
ogy 2021, 160, 524–537. [CrossRef]

6. Taniya, M.A.; Chung, H.J.; Al Mamun, A.; Alam, S.; Aziz, M.A.; Emon, N.U.; Islam, M.M.; Hong, S.S.; Podder, B.R.; Ara Mimi, A.;
et al. Role of gut microbiome in Autism Spectrum Disorder and its therapeutic regulation. Front. Cell. Infect. Microbiol. 2022, 12,
915701. [CrossRef] [PubMed]

7. D’Argenio, V.N.; D’Argenio, C.; Castellaneta, S.; De Giacomo, A.; Laguardia, M.; Schettini, F.; Francavilla, R.; Cristofori, F.
Intestinal barrier dysfunction and microbiota-gut-brain axis: Possible implications in the pathogenesis and treatment of Autism
Spectrum Disorder. Nutrients 2023, 15, 1620. [CrossRef] [PubMed]

8. Kang, D.W.; Park, J.G.; Ilhan, Z.E.; Wallstrom, G.; LaBaer, J.; Adams, J.B.; Krajmalnik-Brown, R. Reduced incidence of Prevotella
and other fermenters in intestinal microflora of autistic children. PLoS ONE 2013, 8, e68322. [CrossRef]

9. Quigley, E.M.M. The gut-brain axis and the microbiome: Clues to pathophysiology and opportunities for novel management
strategies in irritable bowel syndrome (IBS). J. Clin. Med. 2018, 7, 6. [CrossRef] [PubMed]

10. Bonaz, B.; Bazin, T.; Pellissier, S. The vagus nerve at the interface of the microbiota-gut-brain axis. Front. Neurosci. 2018, 12, 49.
[CrossRef]

11. Collins, S.M.; Surette, M.; Bercik, P. The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 2012, 10,
735–742. [CrossRef]

12. Li, J.H.; Duan, R.; Li, L.; Wood, J.D.; Wang, X.Y.; Shu, Y.; Wang, G.D. Unique characteristics of “the second brain”—The enteric
nervous system. Sheng Li Xue Bao 2020, 72, 382–390. (In Chinese)

13. Chrousos, G.P.; Pervanidou, P. Stress and Endocrine Physiology. In Reference Module in Biomedical Research; Elsevier Inc.:
Amsterdam, The Netherlands, 2014. [CrossRef]

14. Mudd, A.T.; Berding, K.; Wang, M.; Donovan, S.M.; Dilger, R.N. Serum cortisol mediates the relationship between fecal
Ruminococcus and brain N-acetylaspartate in the young pig. Gut Microbes 2017, 8, 589–600. [CrossRef]

15. Leeuwendaal, N.K.; Cryan, J.F.; Schellekens, H. Gut peptides and the microbiome: Focus on ghrelin. Curr. Opin. Endocrinol.
Diabetes Obes. 2021, 28, 243–252. [CrossRef]

16. Abdel-Haq, R.; Schlachetzki, J.C.M.; Glass, C.K.; Mazmanian, S.K. Microbiome–microglia connections via the gut–brain axis. J.
Exp. Med. 2019, 216, 41–59. [CrossRef] [PubMed]

17. Brown, D.G.; Soto, R.; Yandamuri, S.; Stone, C.; Dickey, L.; Gomes-Neto, J.C.; Pastuzyn, E.D.; Bell, R.; Petersen, C.; Buhrke, K.;
et al. The microbiota protects from viral-induced neurologic damage through microglia-intrinsic TLR signaling. eLife 2019, 8,
e47117. [CrossRef]

18. Carlessi, A.S.; Borba, L.A.; Zugno, A.I.; Quevedo, J.; Réus, G.Z. Gut microbiota–brain axis in depression: The role of neuroinflam-
mation. Eur. J. Neurosci. 2021, 53, 222–235. [CrossRef] [PubMed]

19. Mandic-Maravic, V.; Grujicic, R.; Milutinovic, L.; Munjiza-Jovanovic, A.; Pejovic-Milovancevic, M. Dopamine in Autism Spectrum
Disorders—Focus on D2/D3 partial agonists and their possible use in treatment. Front. Psychiatry 2022, 12, 787097. [CrossRef]
[PubMed]

20. Xu, M.; Zhou, E.Y.; Shi, H. Tryptophan and Its Metabolite Serotonin Impact Metabolic and Mental Disorders via the Brain-Gut-
Microbiome Axis: A Focus on Sex Differences. Cells 2025, 14, 384. [CrossRef] [PubMed] [PubMed Central]

21. Aguirre, A.M.; Yalcinkaya, N.; Wu, Q.; Swennes, A.; Tessier, M.E.; Roberts, P.; Miyajima, F.; Savidge, T.; Sorg, J.A. Bile acid
independent protection against Clostridioides difficile infection. PLoS Pathog. 2021, 17, e1010015. [CrossRef]

22. Zhao, J.; Bi, W.; Xiao, S.; Lan, X.; Cheng, X.; Zhang, J.; Lu, D.; Wei, W.; Wang, Y.; Li, H.; et al. Neuroinflammation induced by
lipopolysaccharide causes cognitive impairment in mice. Sci. Rep. 2019, 9, 5790. [CrossRef]

23. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.;
Fulling, C.; Golubeva, A.V.; et al. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef] [PubMed]

24. Cryan, J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and behaviour. Nat. Rev.
Neurosci. 2012, 13, 701–712. [CrossRef] [PubMed]

https://doi.org/10.3390/nu16101538
https://doi.org/10.1007/s00018-021-04060-w
https://doi.org/10.1186/s12868-020-00583-3
https://doi.org/10.1053/j.gastro.2020.09.056
https://doi.org/10.3389/fcimb.2022.915701
https://www.ncbi.nlm.nih.gov/pubmed/35937689
https://doi.org/10.3390/nu15071620
https://www.ncbi.nlm.nih.gov/pubmed/37049461
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.3390/jcm7010006
https://www.ncbi.nlm.nih.gov/pubmed/29301380
https://doi.org/10.3389/fnins.2018.00049
https://doi.org/10.1038/nrmicro2876
https://doi.org/10.1016/B978-0-12-801238-3.03751-X
https://doi.org/10.1080/19490976.2017.1353849
https://doi.org/10.1097/MED.0000000000000616
https://doi.org/10.1084/jem.20180794
https://www.ncbi.nlm.nih.gov/pubmed/30385457
https://doi.org/10.7554/eLife.47117
https://doi.org/10.1111/ejn.14631
https://www.ncbi.nlm.nih.gov/pubmed/31785168
https://doi.org/10.3389/fpsyt.2021.787097
https://www.ncbi.nlm.nih.gov/pubmed/35185637
https://doi.org/10.3390/cells14050384
https://www.ncbi.nlm.nih.gov/pubmed/40072112
https://pmc.ncbi.nlm.nih.gov/articles/PMC11899299
https://doi.org/10.1371/journal.ppat.1010015
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1152/physrev.00018.2018
https://www.ncbi.nlm.nih.gov/pubmed/31460832
https://doi.org/10.1038/nrn3346
https://www.ncbi.nlm.nih.gov/pubmed/22968153


Nutrients 2025, 17, 2984 21 of 26

25. Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and clinical implications of the brain–gut–enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 306–314. [CrossRef] [PubMed]

26. Spencer, R.L.; Deak, T. A user’s guide to HPA axis research. Physiol. Behav. 2017, 178, 43–65. [CrossRef]
27. Szabo, I.L.; Czimmer, J.; Mozsik, G. Cellular energetical actions of ‘chemical’ and ‘surgical’ vagotomy in gastrointestinal mucosal

damage and protection: Similarities, differences and significance for brain-gut function. Curr. Neuropharmacol. 2016, 14, 901–913.
[CrossRef]

28. Fobofou, S.A.; Savidge, T. Microbial metabolites: Cause or consequence in gastrointestinal disease? Am. J. Physiol. Gastrointest.
Liver Physiol. 2022, 322, G535–G552. [CrossRef]

29. D’Argenio, V. The prenatal microbiome: A new player for human health. High-Throughput 2018, 7, 38. [CrossRef]
30. Bäckhed, F.; Roswall, J.; Peng, Y.; Feng, Q.; Jia, H.; Kovatcheva-Datchary, P.; Li, Y.; Xia, Y.; Xie, H.; Zhong, H.; et al. Dynamics and

stabilization of the human gut microbiome during the first year of life. Cell Host Microbe 2015, 17, 852. [CrossRef]
31. Rodriguez, J.M.; Murphy, K.; Stanton, C.; Ross, R.P.; Kober, O.I.; Juge, N.; Avershina, E.; Rudi, K.; Narbad, A.; Jenmalm, M.C.;

et al. The composition of the gut microbiota throughout life, with an emphasis on early life. Microb. Ecol. Health Dis. 2015, 26,
26050. [CrossRef]

32. Sharon, G.; Cruz, N.J.; Kang, D.W.; Gandal, M.J.; Wang, B.; Kim, Y.M.; Zink, E.M.; Casey, C.P.; Taylor, B.C.; Lane, C.J.; et al. Human
gut microbiota from Autism Spectrum Disorder promote behavioral symptoms in mice. Cell 2019, 177, 1600–1618.e17. [CrossRef]

33. Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease. Nat.
Neurosci. 2017, 20, 145–155. [CrossRef]

34. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Tóth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Kundu, P.; et al.
The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ra158. [CrossRef] [PubMed]

35. Kaur, S.; Sharma, P.; Mayer, M.J.; Neuert, S.; Narbad, A.; Kaur, S. Beneficial effects of GABA-producing potential probiotic
Limosilactobacillus fermentum L-18 of human origin on intestinal permeability and human gut microbiota. Microb. Cell Fact. 2023,
22, 256. [CrossRef] [PubMed]

36. Rizo, J. Mechanism of neurotransmitter release coming into focus. Protein Sci. 2018, 27, 1364–1391. [CrossRef] [PubMed]
37. Chen, H.; Nwe, P.-K.; Yang, Y.; Rosen, C.E.; Bielecka, A.A.; Kuchroo, M.; Cline, G.W.; Kruse, A.C.; Ring, A.M.; Crawford, J.M.;

et al. A forward chemical genetic screen reveals gut microbiota metabolites that modulate host physiology. Cell 2019, 177,
1217–1231.e18. [CrossRef]

38. Hillman, E.T.; Lu, H.; Yao, T.; Nakatsu, C.H. Microbial ecology along the gastrointestinal tract. Microbes Environ. 2017, 32, 300–313.
[CrossRef]

39. Lefter, R.; Ciobica, A.; Timofte, D.; Stanciu, C.; Trifan, A. A descriptive review on the prevalence of gastrointestinal disturbances
and their multiple associations in autism spectrum disorder. Medicina 2020, 56, 11. [CrossRef]

40. Onore, C.; Careaga, M.; Ashwood, P. The role of immune dysfunction in the pathophysiology of autism. Brain Behav. Immun.
2012, 26, 383–392. [CrossRef]

41. Liu, X.; Cao, S.; Zhang, X. Modulation of gut microbiota-brain axis by probiotics, prebiotics, and diet. J. Agric. Food Chem. 2015, 63,
7885–7895. [CrossRef]

42. Giri, R.; Hoedt, E.C.; Khushi, S.; Salim, A.A.; Bergot, A.-S.; Schreiber, V.; Thomas, R.; McGuckin, M.A.; Florin, T.H.; Morrison, M.;
et al. Secreted NF-κB suppressive microbial metabolites modulate gut inflammation. Cell Rep. 2022, 39, 110646. [CrossRef]

43. de Magistris, L.; Familiari, V.; Pascotto, A.; Sapone, A.; Frolli, A.; Iardino, P.; Carteni, M.; De Rosa, M.; Francavilla, R.; Riegler, G.;
et al. Alterations of the intestinal barrier in patients with autism spectrum disorders and in their first-degree relatives. J. Pediatr.
Gastroenterol. Nutr. 2010, 51, 418–424. [CrossRef] [PubMed]

44. Xu, M.; Xu, X.; Li, J.; Li, F. Association between gut microbiota and Autism Spectrum Disorder: A systematic review and
meta-analysis. Front. Psychiatry 2019, 10, 473. [CrossRef] [PubMed]

45. Pavan, S.; Gorthi, S.P.; Prabhu, A.N.; Das, B.; Mutreja, A.; Vasudevan, K.; Shetty, V.; Ramamurthy, T.; Ballal, M. Dysbiosis of the
beneficial gut bacteria in patients with Parkinson’s Disease from India. Ann. Indian Acad. Neurol. 2023, 26, 908–916. [CrossRef]
[PubMed]

46. De Angelis, M.; Piccolo, M.; Vannini, L.; Siragusa, S.; De Giacomo, A.; Serrazzanetti, D.I.; Cristofori, F.; Guerzoni, M.E.; Gobbetti,
M.; Francavilla, R. Fecal microbiota and metabolome of children with autism and pervasive developmental disorder not otherwise
specified. PLoS ONE 2013, 8, e76993. [CrossRef]

47. Tomova, A.; Husarova, V.; Lakatosova, S.; Bakos, J.; Vlkova, B.; Babinska, K.; Ostatnikova, D. Gastrointestinal microbiota in
children with autism in Slovakia. Physiol. Behav. 2015, 138, 179–187. [CrossRef] [PubMed]

48. Son, J.S.; Zheng, L.J.; Rowehl, L.M.; Tian, X.; Zhang, Y.; Zhu, W.; Litcher-Kelly, L.; Gadow, K.D.; Gathungu, G.; Robertson, C.E.;
et al. Comparison of Fecal Microbiota in Children with Autism Spectrum Disorders and Neurotypical Siblings in the Simons
Simplex Collection. PLoS ONE 2015, 10, e0137725. [CrossRef]

49. Iglesias-Vázquez, L.; Van Ginkel Riba, G.; Arija, V.; Canals, J. Composition of Gut Microbiota in Children with Autism Spectrum
Disorder: A Systematic Review and Meta-Analysis. Nutrients 2020, 12, 792. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1038/nrgastro.2009.35
https://www.ncbi.nlm.nih.gov/pubmed/19404271
https://doi.org/10.1016/j.physbeh.2016.11.014
https://doi.org/10.2174/1570159X14666160719121725
https://doi.org/10.1152/ajpgi.00008.2022
https://doi.org/10.3390/ht7040038
https://doi.org/10.1016/j.chom.2015.05.012
https://doi.org/10.3402/mehd.v26.26050
https://doi.org/10.1016/j.cell.2019.05.004
https://doi.org/10.1038/nn.4476
https://doi.org/10.1126/scitranslmed.3009759
https://www.ncbi.nlm.nih.gov/pubmed/25411471
https://doi.org/10.1186/s12934-023-02264-2
https://www.ncbi.nlm.nih.gov/pubmed/38087304
https://doi.org/10.1002/pro.3445
https://www.ncbi.nlm.nih.gov/pubmed/29893445
https://doi.org/10.1016/j.cell.2019.03.036
https://doi.org/10.1264/jsme2.ME17017
https://doi.org/10.3390/medicina56010011
https://doi.org/10.1016/j.bbi.2011.08.007
https://doi.org/10.1021/acs.jafc.5b02404
https://doi.org/10.1016/j.celrep.2022.110646
https://doi.org/10.1097/MPG.0b013e3181dcc4a5
https://www.ncbi.nlm.nih.gov/pubmed/20683204
https://doi.org/10.3389/fpsyt.2019.00473
https://www.ncbi.nlm.nih.gov/pubmed/31404299
https://doi.org/10.4103/aian.aian_460_23
https://www.ncbi.nlm.nih.gov/pubmed/38229613
https://doi.org/10.1371/journal.pone.0076993
https://doi.org/10.1016/j.physbeh.2014.10.033
https://www.ncbi.nlm.nih.gov/pubmed/25446201
https://doi.org/10.1371/journal.pone.0137725
https://doi.org/10.3390/nu12030792
https://www.ncbi.nlm.nih.gov/pubmed/32192218
https://pmc.ncbi.nlm.nih.gov/articles/PMC7146354


Nutrients 2025, 17, 2984 22 of 26

50. Sivamaruthi, B.S.; Suganthy, N.; Kesika, P.; Chaiyasut, C. The role of microbiome, dietary supplements, and probiotics in Autism
Spectrum Disorder. Int. J. Environ. Res. Public Health 2020, 17, 2647. [CrossRef]

51. Ianiro, G.; Eusebi, L.H.; Black, C.J.; Gasbarrini, A.; Cammarota, G.; Ford, A.C. Systematic review with meta-analysis: Efficacy
of faecal microbiota transplantation for the treatment of irritable bowel syndrome. Aliment. Pharmacol. Ther. 2019, 50, 240–248.
[CrossRef]

52. Ossenkopp, K.-P.; Foley, K.A.; Gibson, J.; Fudge, M.A.; Kavaliers, M.; Cain, D.P.; MacFabe, D.F. Systemic treatment with the enteric
bacterial fermentation product, propionic acid, produces both conditioned taste avoidance and conditioned place avoidance in
rats. Behav. Brain Res. 2012, 227, 134–141. [CrossRef]

53. Grossi, E.; Melli, S.; Dunca, D.; Terruzzi, V. Unexpected improvement in core autism spectrum disorder symptoms after long-term
treatment with probiotics. SAGE Open Med. Case Rep. 2016, 4, 2050313X16666231. [CrossRef]

54. Plaza-Díaz, J.; Gómez-Fernández, A.; Chueca, N.; de la Torre-Aguilar, M.J.; Gil, Á.; Perez-Navero, J.L.; Flores-Rojas, K.; Martín-
Borreguero, P.; Solis-Urra, P.; Ruiz-Ojeda, F.J.; et al. Autism Spectrum Disorder (ASD) with and without mental regression is
associated with changes in the fecal microbiota. Nutrients 2019, 11, 337. [CrossRef]

55. Özcan, E.; Hsiao, E.Y. Are changes in the gut microbiome a contributor or consequence of autism-why not both? Cell Rep. Med.
2022, 3, 100505. [CrossRef] [PubMed] [PubMed Central]

56. Sun, S.; Wang, H.; Tsilimigras, M.C.; Howard, A.G.; Sha, W.; Zhang, J.; Su, C.; Wang, Z.; Du, S.; Sioda, M.; et al. Does geographical
variation confound the relationship between host factors and the human gut microbiota: A population-based study in China.
BMJ Open 2020, 10, e038163. [CrossRef] [PubMed] [PubMed Central]

57. Soldán, M.; Argalášová, L’.; Hadvinová, L.; Galileo, B.; Babjaková, J. The Effect of Dietary Types on Gut Microbiota Composition
and Development of Non-Communicable Diseases: A Narrative Review. Nutrients 2024, 16, 3134. [CrossRef] [PubMed]

58. Fox, J.D.; Sims, A.; Ross, M.; Bettag, J.; Wilder, A.; Natrop, D.; Borsotti, A.; Kolli, S.; Mehta, S.; Verma, H.; et al. Bioinformatic
Methodologies in Assessing Gut Microbiota. Microbiol. Res. 2024, 15, 2554–2574. [CrossRef]

59. Wilmanski, T.; Gibbons, S.M.; Price, N.D. Healthy aging and the human gut microbiome: Why we cannot just turn back the clock.
Nat. Aging. 2022, 2, 869–871. [CrossRef] [PubMed] [PubMed Central]

60. Huang, H.; Jiang, J.; Wang, X.; Jiang, K.; Cao, H. Exposure to prescribed medication in early life and impacts on gut microbiota
and disease development. eClinicalMedicine 2024, 68, 102428. [CrossRef] [PubMed] [PubMed Central]

61. Ding, W.; Cheng, Y.; Liu, X.; Zhu, Z.; Wu, L.; Gao, J.; Lei, W.; Li, Y.; Zhou, X.; Wu, J.; et al. Harnessing the human gut microbiota:
An emerging frontier in combatting multidrug-resistant bacteria. Front. Immunol. 2025, 16, 1563450. [CrossRef] [PubMed]
[PubMed Central]

62. Flynn, C.K.; Adams, J.B.; Krajmalnik-Brown, R.; Khoruts, A.; Sadowsky, M.J.; Nirmalkar, K.; Takyi, E.; Whiteley, P. Review of
Elevated Para-Cresol in Autism and Possible Impact on Symptoms. Int. J. Mol. Sci. 2025, 26, 1513. [CrossRef]

63. Alharthi, A.; Alhazmi, S.; Alburae, N.; Bahieldin, A. The Human Gut Microbiome as a Potential Factor in Autism Spectrum
Disorder. Int. J. Mol. Sci. 2022, 23, 1363. [CrossRef] [PubMed] [PubMed Central]

64. D’Eufemia, P.; Celli, M.; Finocchiaro, R.; Pacifico, L.; Viozzi, L.; Zaccagnini, M.; Cardi, E.; Giardini, O. Abnormal intestinal
permeability in children with autism. Acta Paediatr. 1996, 85, 1076–1079. [CrossRef] [PubMed]

65. Teskey, G.; Anagnostou, E.; Mankad, D.; Smile, S.; Roberts, W.; Brian, J.; Bowdish, D.M.E.; Foster, J.A. Intestinal permeability
correlates with behavioural severity in very young children with ASD: A preliminary study. J. Neuroimmunol. 2021, 357, 577607.
[CrossRef] [PubMed]

66. Salvi, P.S.; Cowles, R.A. Butyrate and the Intestinal Epithelium: Modulation of Proliferation and Inflammation in Homeostasis
and Disease. Cells 2021, 10, 1775. [CrossRef] [PubMed] [PubMed Central]

67. Emanuele, E.; Orsi, P.; Boso, M.; Broglia, D.; Brondino, N.; Barale, F.; di Nemi, S.U.; Politi, P. Low-grade endotoxemia in patients
with severe autism. Neurosci. Lett. 2010, 471, 162–165. [CrossRef]

68. Le Noci, V.; Bernardo, G.; Bianchi, F.; Tagliabue, E.; Sommariva, M.; Sfondrini, L. Toll Like Receptors as Sensors of the Tumor
Microbial Dysbiosis: Implications in Cancer Progression. Front. Cell Dev. Biol. 2021, 9, 732192. [CrossRef] [PubMed] [PubMed
Central]

69. Robinson-Agramonte, M.L.A.; Noris García, E.; Fraga Guerra, J.; Vega Hurtado, Y.; Antonucci, N.; Semprún-Hernández, N.;
Schultz, S.; Siniscalco, D. Immune Dysregulation in Autism Spectrum Disorder: What Do We Know about It? Int. J. Mol. Sci. 2022,
23, 3033. [CrossRef] [PubMed] [PubMed Central]

70. Jiang, C.C.; Lin, L.S.; Long, S.; Ke, X.-Y.; Fukunaga, K.; Lu, Y.-M.; Han, F. Signalling pathways in autism spectrum disorder:
Mechanisms and therapeutic implications. Signal Transduct. Target. Ther. 2022, 7, 229. [CrossRef]

71. Kalyanaraman, B.; Cheng, G.; Hardy, M. Gut microbiome, short-chain fatty acids, alpha-synuclein, neuroinflammation, and
ROS/RNS: Relevance to Parkinson’s disease and therapeutic implications. Redox Biol. 2024, 71, 103092. [CrossRef] [PubMed]
[PubMed Central]

72. Juarez, V.M.; Montalbine, A.N.; Singh, A. Microbiome as an immune regulator in health, disease, and therapeutics. Adv. Drug
Deliv. Rev. 2022, 188, 114400. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/ijerph17082647
https://doi.org/10.1111/apt.15330
https://doi.org/10.1016/j.bbr.2011.10.045
https://doi.org/10.1177/2050313X16666231
https://doi.org/10.3390/nu11020337
https://doi.org/10.1016/j.xcrm.2021.100505
https://www.ncbi.nlm.nih.gov/pubmed/35106514
https://pmc.ncbi.nlm.nih.gov/articles/PMC8784764
https://doi.org/10.1136/bmjopen-2020-038163
https://www.ncbi.nlm.nih.gov/pubmed/33444181
https://pmc.ncbi.nlm.nih.gov/articles/PMC7678355
https://doi.org/10.3390/nu16183134
https://www.ncbi.nlm.nih.gov/pubmed/39339734
https://doi.org/10.3390/microbiolres15040170
https://doi.org/10.1038/s43587-022-00294-w
https://www.ncbi.nlm.nih.gov/pubmed/37118282
https://pmc.ncbi.nlm.nih.gov/articles/PMC10155257
https://doi.org/10.1016/j.eclinm.2024.102428
https://www.ncbi.nlm.nih.gov/pubmed/38312240
https://pmc.ncbi.nlm.nih.gov/articles/PMC10835216
https://doi.org/10.3389/fimmu.2025.1563450
https://www.ncbi.nlm.nih.gov/pubmed/40165964
https://pmc.ncbi.nlm.nih.gov/articles/PMC11955657
https://doi.org/10.3390/ijms26041513
https://doi.org/10.3390/ijms23031363
https://www.ncbi.nlm.nih.gov/pubmed/35163286
https://pmc.ncbi.nlm.nih.gov/articles/PMC8835713
https://doi.org/10.1111/j.1651-2227.1996.tb14220.x
https://www.ncbi.nlm.nih.gov/pubmed/8888921
https://doi.org/10.1016/j.jneuroim.2021.577607
https://www.ncbi.nlm.nih.gov/pubmed/34044209
https://doi.org/10.3390/cells10071775
https://www.ncbi.nlm.nih.gov/pubmed/34359944
https://pmc.ncbi.nlm.nih.gov/articles/PMC8304699
https://doi.org/10.1016/j.neulet.2010.01.033
https://doi.org/10.3389/fcell.2021.732192
https://www.ncbi.nlm.nih.gov/pubmed/34604233
https://pmc.ncbi.nlm.nih.gov/articles/PMC8485072
https://pmc.ncbi.nlm.nih.gov/articles/PMC8485072
https://doi.org/10.3390/ijms23063033
https://www.ncbi.nlm.nih.gov/pubmed/35328471
https://pmc.ncbi.nlm.nih.gov/articles/PMC8955336
https://doi.org/10.1038/s41392-022-01081-0
https://doi.org/10.1016/j.redox.2024.103092
https://www.ncbi.nlm.nih.gov/pubmed/38377788
https://pmc.ncbi.nlm.nih.gov/articles/PMC10891329
https://doi.org/10.1016/j.addr.2022.114400
https://www.ncbi.nlm.nih.gov/pubmed/35718251
https://pmc.ncbi.nlm.nih.gov/articles/PMC10751508


Nutrients 2025, 17, 2984 23 of 26

73. MacFabe, D.F. Enteric short-chain fatty acids: Microbial messengers of metabolism, mitochondria, and mind: Implications in
autism spectrum disorders. Microb. Ecol. Health Dis. 2015, 26, 28177. [CrossRef]

74. Elmalahy, H.; Almaaty, E.; Osama, A. Is Propionic acid a suitable model for autism? Alfarama J. Basic Appl. Sci. 2021. [CrossRef]
75. Gagliano, A.; Carta, A.; Tanca, M.G.; Sotgiu, S. Pediatric Acute-Onset Neuropsychiatric Syndrome: Current Perspectives.

Neuropsychiatr. Dis. Treat. 2023, 19, 1221–1250. [CrossRef] [PubMed] [PubMed Central]
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