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Abstract: Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition characterized by deficits in
social communication and the presence of restricted, repetitive behaviors. Emerging evidence suggests that gut
microbiota plays a crucial role in modulating brain function and behavior through the gut-brain axis, with alterations
in microbial composition and metabolomic profiles frequently observed in individuals with ASD. This review explores
the impact of gut microbiota modulation on autism-related behavioral outcomes, emphasizing the role of metabolomic
alterations and microbiome-targeted therapies. We examine specific microbial taxa and metabolites linked to ASD
symptomatology, as well as therapeutic strategies including probiotics, prebiotics, fecal microbiota transplantation
(FMT), and dietary interventions. Furthermore, the review addresses methodological challenges, inter-individual
variability, and ethical concerns associated with translating microbiome-based interventions into clinical practice.
Finally, we highlight the need for integrative omics approaches and longitudinal studies to establish causal
relationships and optimize personalized treatment pathways. By advancing our understanding of gut-brain-
microbiome interactions, this research paves the way for innovative therapeutic modalities aimed at improving

behavioral outcomes in ASD.
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I INTRODUCTION AND BACKGROUND

» Overview of Autism Spectrum Disorder (ASD)

Autism Spectrum Disorder (ASD) is a heterogeneous
neurodevelopmental condition defined by impairments in
social interaction, communication, and the presence of
restricted and repetitive patterns of behavior (American
Psychiatric Association, 2013). The pathophysiology of
ASD is multifactorial, involving genetic susceptibility,
neuroimmune  dysregulation, and  environmental
interactions that disrupt synaptic function and neural
circuitry during critical developmental windows (Lord et
al., 2020). Genetic studies have identified over 1000 genes
implicated in ASD risk, with notable disruptions in
synaptic genes such as SHANK3, NRXNI, and SCN24,
which alter neural connectivity and excitatory/inhibitory
balance (Satterstrom et al., 2020). Beyond genetics, there
is growing evidence of systemic metabolic and immune
abnormalities, including mitochondrial dysfunction and
elevated inflammatory cytokines, which may mediate
neurodevelopmental disruptions (Frye et al., 2013).

Recent frameworks have moved toward a systems
biology approach, incorporating multi-omics data to
capture ASD's biological complexity. This paradigm
integrates neuroimaging, transcriptomics, metabolomics,
and microbiome data to identify endophenotypes that
explain symptom variability (Courchesne et al., 2019).
Notably, early-life alterations in the gut-brain axis have
emerged as a significant etiological factor, where gut
microbiota modulate neuroimmune signaling and
neuroactive metabolite production, potentially influencing
behavioral trajectories in ASD (Hsiao et al., 2013). The
convergence of neurodevelopmental timing with
environmental perturbations such as gut dysbiosis offers a
compelling mechanistic model that warrants further
investigation through integrative longitudinal studies

Figure 1 captures a real-life moment illustrating the
challenges faced by children with Autism Spectrum
Disorder (ASD) during episodes of sensory overload. The
distressed child covers his ears, while a concerned
caregiver offers comfort and support. It emphasizes the

Imoh, P. O. (2025). Impact of Gut Microbiota Modulation on Autism- Related Behavioral Outcomes via Metabolomic and
Microbiome-Targeted Therapies. International Journal of Scientific Research and Modern Technology, 2(8), 1-

12. https://doi.org/10.38124/ijsrmt.v2i8.494

1


https://www.ijsrmt.com/
https://doi.org/10.38124/ijsrmt.v2i8.494
https://doi.org/10.38124/ijsrmt.v2i8.494

importance of empathy, early intervention, and caregiver
involvement in managing ASD symptoms.

Autism Spec‘:iF
Disorder (ASD)

Fig 1 Support and Sensory Overload in a Child with
Autism Spectrum Disorder (ASD).

» Gut-Brain Axis: Conceptual Framework

The gut-brain axis is a bidirectional communication
network integrating the central nervous system (CNS),
enteric nervous system (ENS), immune signaling, and gut
microbiota to regulate neurodevelopmental, behavioral,
and metabolic processes (Carabotti et al., 2015). This
complex axis is mediated by neural (vagal and enteric
pathways), endocrine (hypothalamic-pituitary-adrenal
axis), immune (cytokine networks), and microbial-derived
metabolic routes such as short-chain fatty acids (SCFAs),
tryptophan metabolites, and bile acids (Cryan et al., 2019).
The intestinal microbiota influences the synthesis and
bioavailability of neurotransmitters, including gamma-
aminobutyric acid (GABA), serotonin (5-HT), and

dopamine, which are implicated in ASD-related
behavioral regulation (Clarke et al., 2013).

Disruption of the gut-brain axis—through microbial
dysbiosis, altered barrier permeability, or systemic
inflammation—can affect neurodevelopmental
trajectories. Studies indicate that microbial-derived
metabolites such as butyrate and propionate modulate
neuroinflammation and microglial activation, thereby
influencing synaptic plasticity and social behavior
(Stilling et al., 2016). Moreover, the microbiota can affect
the epigenetic programming of the brain by regulating
histone acetylation and DNA methylation patterns via
SCFAs and other metabolites, suggesting a direct interface
between gut microbiota and neurodevelopmental gene
expression (Sharon et al., 2019).

The gut-brain axis serves as a bidirectional
communication network between the gastrointestinal tract
and the central nervous system, playing a crucial role in
neurodevelopment and behavior. In Autism Spectrum
Disorder (ASD), dysfunction in this axis—often linked to
microbial imbalances—may contribute to core behavioral
and physiological symptoms. Table 1 below outlines the
major components of the gut-brain axis and their
mechanistic roles in ASD pathophysiology.

In the context of ASD, altered gut microbiota has
been consistently associated with gastrointestinal
symptoms and increased systemic inflammation, both of
which are thought to exacerbate behavioral abnormalities
through gut-brain axis dysregulation (Vuong & Hsiao,
2017). The conceptual framework of the gut-brain axis
thus provides a mechanistic foundation for understanding
how peripheral microbial ecosystems can have central
neurological consequences, particularly in the context of
early brain development and neuroimmune modulation.

Table 1 Key Components and Functional Roles of the Gut-Brain Axis in Autism Spectrum Disorder

Component | Mechanism of Action | Key Molecules/Agents Relevance to ASD Supporting Evidence
Neural Transmit signals via Vagus nerve, enteric Modulates social Carabotti et al., 2015
Pathways vagus nerve and enteric neurons behavior and stress
nervous system responses
Endocrine | Activates hypothalamic- Cortisol, ACTH Alters stress regulation Cryanetal., 2019
Pathways pituitary-adrenal (HPA) and emotional processing
axis
Immune Regulates Cytokines (IL-6, TNF- Linked to elevated Vuong & Hsiao, 2017
System neuroinflammation and a), LPS inflammation in ASD
microglial activation
Microbial Modulate brain function SCFAs (butyrate, Affect Stilling et al., 2016;
Metabolites and gene expression propionate), tryptophan neurotransmission, Sharon et al., 2019
derivatives epigenetics, and synaptic
plasticity
Barrier Maintains gut epithelial | Tight junction proteins, Dysfunction allows Clarke et al., 2013
Functions and blood-brain barrier zonulin immune and neurotoxic
integrity agents into circulation

In the context of ASD, altered gut microbiota has
been consistently associated with gastrointestinal
symptoms and increased systemic inflammation, both of
which are thought to exacerbate behavioral abnormalities
through gut-brain axis dysregulation (Vuong & Hsiao,

2017). The conceptual framework of the gut-brain axis
thus provides a mechanistic foundation for understanding
how peripheral microbial ecosystems can have central
neurological consequences, particularly in the context of
early brain development and neuroimmune modulation.



» Rationale for Microbiome-Based Intervention in ASD
The rationale for targeting the gut microbiome in
Autism  Spectrum Disorder (ASD) stems from
accumulating evidence that gut dysbiosis is both prevalent
in ASD individuals and mechanistically linked to core
behavioral and physiological features of the disorder.
Multiple studies have demonstrated altered microbial
diversity and composition in children with ASD, including
elevated levels of Clostridium, Desulfovibrio, and
Bacteroides, and reduced abundance of beneficial genera
such as Bifidobacterium and Prevotella (Kang et al.,
2017). These microbial imbalances are thought to
contribute to systemic inflammation, increased intestinal
permeability (“leaky gut”), and the production of
neuroactive microbial metabolites that modulate brain
function through the gut-brain axis (de Theije et al., 2014).

Metabolomic profiling in ASD has further revealed
perturbations in key metabolic pathways, including
tryptophan metabolism, branched-chain amino acids, and
short-chain fatty acids (SCFAs), which are largely
influenced by gut microbial activity (Needham et al.,
2021). Aberrant levels of SCFAs such as propionate and
butyrate have been linked to altered mitochondrial
function, neuroinflammation, and behavioral changes in
both human and animal models of ASD (MacFabe, 2015).
These findings support the hypothesis that microbial
metabolites act as biochemical intermediaries, mediating

the relationship between gut microbial dysbiosis and
neurobehavioral abnormalities.

Microbiome-targeted therapies, including probiotics,
prebiotics, synbiotics, and fecal microbiota transplantation
(FMT), have shown promise in restoring microbial
homeostasis and ameliorating ASD symptoms. For
example, a landmark open-label FMT trial conducted by
Kang et al. (2019) demonstrated sustained improvements
in both gastrointestinal and behavioral symptoms in
children with ASD following microbiota transfer therapy.
The integration of metabolomics with microbiome
analysis enables the identification of predictive
biomarkers and treatment responders, facilitating a
precision medicine approach to ASD (Strati et al., 2017).

These converging lines of evidence substantiate the
therapeutic potential of microbiome modulation as a novel
intervention pathway in ASD, particularly through the lens
of metabolic regulation and gut-brain signaling.

Figure 2 illustrates the multifaceted role of the gut
microbiome in Autism Spectrum Disorder (ASD). It
highlights key biological mechanisms such as microbial
imbalances, systemic inflammation, and intestinal
permeability that may influence neurodevelopment. The
visual also points to downstream effects on neuroactive
metabolites and therapeutic opportunities targeting
microbial and metabolic pathways.
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Fig 2 Unveiling the Gut-Brain Connection in ASD

II. MICROBIOME SIGNATURES AND
METABOLOMIC PROFILES IN ASD

» Altered Gut Microbiota Composition in ASD

Autism Spectrum Disorder (ASD) is consistently
associated with distinct alterations in gut microbiota
composition, characterized by both reduced microbial
diversity and imbalanced microbial taxa. Studies using
high-throughput 16S rRNA sequencing have revealed that
individuals with ASD exhibit significantly lower alpha
diversity indices compared to neurotypical controls,

suggesting a loss of microbial richness and ecosystem
stability (Kong et al., 2019). Dysbiosis in ASD is typified
by the overrepresentation of potentially pathogenic
bacteria such as Clostridium spp., Desulfovibrio, and
Sutterella, and the underrepresentation of beneficial
commensals such as Bifidobacterium, Prevotella, and
Lactobacillus (Xu et al., 2019).

Clostridium species, particularly those producing
neurotoxins and propionic acid, have been strongly
implicated in the neurobehavioral symptoms of ASD due
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to their ability to modulate gut permeability and immune
activation (Finegold et al., 2012). Elevated levels of
Desulfovibrio and Sutterella, both associated with mucosal
inflammation and gastrointestinal disturbances, further
underscore the link between microbial imbalance and
systemic immune dysregulation in ASD (Wang et al.,
2013). These taxa are also known to influence host
cytokine profiles, favoring pro-inflammatory states that
can disrupt neurodevelopmental processes through
sustained microglial activation.

Additionally, Bacteroides and Firmicutes—dominant
phyla in the human gut—display altered relative
abundances in ASD, often manifesting as an increased
Firmicutes/Bacteroidetes ratio. This shift has been
associated with impaired fermentation of dietary fibers and
altered production of short-chain fatty acids (SCFAs),
which are critical regulators of neuroimmune signaling

and epigenetic modulation (Coretti et al., 2018).
Moreover, emerging metagenomic and
metatranscriptomic data suggest that functional gene
pathways involved in butyrate biosynthesis and tryptophan
metabolism are downregulated in ASD microbiota,
potentially  contributing to observed behavioral
phenotypes (Li et al., 2022).

Studies investigating the gut microbiome in
individuals with Autism Spectrum Disorder (ASD)
consistently report deviations in microbial diversity and
composition compared to neurotypical controls. Specific
bacterial taxa are either enriched or depleted, contributing
to gastrointestinal dysfunction, immune dysregulation,
and behavioral abnormalities. Table 2 below summarizes
key microbial alterations and their implications in ASD
pathophysiology.

Table 2 Altered Gut Microbial Composition in Individuals with Autism Spectrum Disorder

Abundance Supporting
Bacterial Taxa in ASD Functional Role Implication in ASD Evidence
Clostridium spp. Increased | Produces neurotoxins and Associated with Finegold et
propionate neuroinflammation, gut al., 2012
permeability
Bifidobacterium spp. Decreased Maintains gut barrier, Deficiency linked to impaired Xuetal.,
produces acetate and immunity and neurotransmitter 2019
GABA imbalance
Desulfovibrio spp. Increased | Sulfate-reducing bacteria, | Correlates with GI inflammation | Wang et al.,
pro-inflammatory and systemic endotoxemia 2013
Prevotella spp. Decreased Fiber fermentation and Loss associated with reduced Coretti et
SCFA production microbial diversity and SCFA al., 2018
synthesis
Firmicutes/Bacteroidetes Elevated Broad phyla influencing | Imbalance linked to dysbiosis and | Kong et al.,
Ratio energy metabolism and altered fermentation pathways 2019
immune signaling

These findings support the notion that ASD is not
only a neurodevelopmental disorder but also a
microbiome-linked condition in which microbial
composition may play a causative or amplifying role in the
manifestation of behavioral and gastrointestinal
symptoms.

» Metabolomic Dysregulation in ASD Individuals

Metabolomic analyses in Autism Spectrum Disorder
(ASD) have unveiled widespread biochemical
abnormalities  reflective of systemic  metabolic
dysregulation and gut microbiota perturbations. These
disruptions are notably present in amino acid metabolism,
lipid pathways, and microbial co-metabolites that exert
neuroactive effects through the gut-brain axis. Among the
most consistent findings are altered levels of tryptophan
and its downstream metabolites along the kynurenine and
serotonin pathways, implicating both microbial and host-
derived enzymatic processes in the neuromodulatory
imbalances observed in ASD (Gevi et al., 2016). Reduced
serotonin availability, coupled with increased kynurenine
metabolites such as quinolinic acid, may exacerbate
excitotoxicity and inflammatory neurocascades, thereby
influencing core ASD phenotypes.

Short-chain fatty acids (SCFAs), particularly
propionate, acetate, and butyrate, derived from microbial
fermentation of dietary fibers, are also significantly
dysregulated in ASD individuals. Elevated propionate
levels have been associated with mitochondrial
dysfunction, oxidative stress, and epigenetic alterations
via histone deacetylase inhibition, all of which can impair
synaptic development and cognitive processing (MacFabe,
2015). Conversely, reduced butyrate—a key SCFA
supporting intestinal barrier integrity and anti-
inflammatory responses—may compromise mucosal
immunity and promote systemic endotoxemia, thereby
impacting brain development and behavior.

Furthermore, metabolomic profiling of plasma and
fecal samples from ASD patients has revealed
abnormalities in branched-chain amino acids (BCAAs),
carnitine metabolism, and phospholipid remodeling. For
instance, Adams et al. (2011) reported decreased plasma
levels of essential BCAAS such as leucine and isoleucine,
suggesting impaired mitochondrial bioenergetics and
neurotransmitter biosynthesis (Imoh, & Idoko, 2022).
These metabolic disturbances reflect not only intrinsic host
metabolic defects but also the influence of dysbiotic



microbial communities, reinforcing the need to evaluate
microbiome-derived metabolites in ASD pathophysiology.

Figure 3 presents the key components of metabolic
dysregulation associated with Autism Spectrum Disorder
(ASD), emphasizing the interplay between metabolism

and gut microbiota. It outlines affected pathways including
amino acid and lipid metabolism, microbial co-
metabolites, and short-chain and branched-chain fatty
acids. These metabolic imbalances are increasingly
recognized as contributing to ASD pathophysiology and
potential therapeutic targets.
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Fig 3 Unraveling Metabolic Pathways in ASD

» Host-Microbe Interactions in ASD Pathophysiology
Host-microbiome interactions are increasingly
recognized as central to the pathophysiology of Autism
Spectrum Disorder (ASD), operating through intricate
immunological, neurochemical, and metabolic pathways.
A dysbiotic gut environment can trigger immune
activation and altered microbial metabolite signaling,
contributing to neurodevelopmental abnormalities.
Notably, gut microbiota influence the integrity of the
intestinal epithelial barrier, and disruptions in this
barrier—commonly referred to as “leaky gut”—have been
documented in ASD, allowing the translocation of
microbial-derived endotoxins such as lipopolysaccharides
(LPS) into systemic circulation (Fiorentino et al., 2016).
This endotoxemia induces pro-inflammatory cytokine
release, which can cross the blood-brain barrier and
activate microglia, leading to sustained
neuroinflammation—a hallmark in ASD pathology.

Beyond immune modulation, gut microbiota regulate
key neurotransmitter systems through the production of
neuroactive metabolites. For example, specific bacterial
species such as Lactobacillus and Bifidobacterium
synthesize gamma-aminobutyric acid (GABA), serotonin,
and dopamine precursors that directly affect synaptic
signaling and behavioral expression (Strandwitz, 2018). In

ASD, decreased microbial diversity and the depletion of
such neuromodulatory strains are thought to impair the
biosynthesis and availability of these critical
neurotransmitters, further contributing to core behavioral
symptoms such as anxiety, irritability, and social deficits.

The gut microbiome influences neurodevelopmental
outcomes through multifaceted interactions with the host’s
immune, metabolic, and neural systems. In Autism
Spectrum Disorder (ASD), these interactions often involve
immune activation, neurotransmitter modulation, and
epigenetic regulation. Table 3 below highlights key host-
microbe pathways implicated in ASD pathophysiology.

Moreover, gut-derived short-chain fatty acids
(SCFAs), especially butyrate and propionate, influence
host epigenetic mechanisms and brain gene expression by
acting as histone deacetylase (HDAC) inhibitors
(Krautkramer et al., 2017). This suggests that microbiome-
induced modifications in chromatin architecture could
play a role in ASD-related alterations in neuronal
plasticity, brain maturation, and behavior. Together, these
findings elucidate a multidimensional host-microbe
interface wherein microbial metabolites, immune
signaling, and neuroepigenetic modulation converge to
influence ASD pathophysiology.



Table 3 Mechanistic Insights into Host-Microbe Interactions in Autism Spectrum Disorder

Supporting
Interaction Pathway | Microbial Agents | Host Target/System | ASD-Relevant Outcomes Evidence
Immune Activation LPS, Systemic Elevated cytokines, chronic | Fiorentino et al.,
Desulfovibrio spp. inflammation, neuroinflammation 2016
microglia
Neurotransmitter Lactobacillus, CNS GABAergic and Altered emotional Strandwitz, 2018

Modulation Bifidobacterium serotonergic systems regulation, anxiety, and
cognitive rigidity
Changes in synaptic Krautkramer et al.,

plasticity, 2017

Epigenetic Regulation | SCFAs (butyrate,
propionate)

Histone deacetylases,
gene expression

neurodevelopmental gene
expression

MICROBIOME-TARGETED THERAPEUTIC
INTERVENTIONS

» Probiotics, Prebiotics, and Synbiotics

Microbiome-targeted interventions using probiotics,
prebiotics, and synbiotics have garnered considerable
attention as therapeutic strategies to ameliorate
gastrointestinal and behavioral symptoms in Autism
Spectrum Disorder (ASD). Probiotics—Ilive
microorganisms that confer health benefits when
administered in adequate amounts—can modulate the gut
microbial ecosystem, reinforce intestinal barrier integrity,
and exert immunoregulatory effects (Ng et al., 2019).
Several randomized controlled trials have demonstrated
that specific probiotic strains, such as Lactobacillus
plantarum, Bifidobacterium longum, and Lactobacillus
rhamnosus GG, can improve ASD-related symptoms,
including irritability, anxiety, and communication deficits,
potentially through normalization of microbial-derived
neurotransmitter signaling and short-chain fatty acid
(SCFA) production (Sanctuary et al., 2019).

Prebiotics, in contrast, are selectively fermented non-
digestible fibers that stimulate the growth and activity of
beneficial microbiota. Compounds such as galacto-
oligosaccharides (GOS) and fructo-oligosaccharides
(FOS) have been shown to enhance the abundance of
Bifidobacterium and increase butyrate levels, which
support mucosal immunity and reduce pro-inflammatory
cytokines implicated in ASD neuroinflammation

(Grimaldi et al., 2018). These immunomodulatory effects
of prebiotics may play a role in reducing behavioral
rigidity and enhancing cognitive performance through
indirect modulation of the gut-brain axis.

Synbiotics, the synergistic combination of probiotics
and prebiotics, offer a dual-modality approach that
promotes microbial colonization and metabolic activation.
Synbiotic formulations have been observed to produce
greater shifts in microbial community structure and SCFA
profiles compared to individual components alone.
Emerging clinical evidence suggests that synbiotic
interventions not only alleviate gastrointestinal
dysfunction but also contribute to improvements in social
responsiveness and sensory processing in ASD cohorts
(Ngetal., 2019). Mechanistically, these benefits are likely
mediated by enhanced microbial synthesis of neuroactive
compounds, regulation of systemic inflammation, and
restoration of gut epithelial function, all of which influence
neurobehavioral outcomes.

Figure 4 uses an umbrella metaphor to illustrate
microbiome-targeted strategies for managing Autism
Spectrum Disorder (ASD). It categorizes interventions
into probiotics, prebiotics, and synbiotics—each playing a
unique role in modulating gut health and supporting
neurodevelopment. Together, these components offer a
synergistic approach to improving ASD symptoms
through microbiota-based therapies.
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Fig 4 Microbiome-Targeted Interventions for ASD

» Fecal Microbiota Transplantation (FMT)

Fecal Microbiota Transplantation (FMT) represents
an emergent therapeutic modality aimed at restoring gut
microbial homeostasis by transferring fecal matter from a
healthy donor to a recipient, thereby re-establishing a
balanced intestinal microbiome. In Autism Spectrum
Disorder (ASD), FMT is proposed to mitigate both
gastrointestinal and neurobehavioral symptoms by
correcting dysbiosis, enhancing microbial diversity, and
modulating microbial metabolite production involved in
gut-brain axis signaling (Kang et al., 2019). The landmark
Microbiota Transfer Therapy (MTT) study by Kang et al.
demonstrated that children with ASD exhibited significant
improvements in both gastrointestinal symptoms and
behavioral scales following FMT, with effects persisting
for at least eight weeks post-treatment. Notably, recipients
displayed an increased abundance of Bifidobacterium and
Prevotella, alongside elevated levels of microbial
metabolites such as butyrate, which is known to have anti-
inflammatory and neuroprotective properties.

Mechanistically, FMT exerts its benefits through
several converging pathways, including restoration of
epithelial barrier integrity, downregulation of pro-
inflammatory cytokines (e.g., IL-6, TNF-a), and
enhancement of microbial biosynthesis of
neurotransmitter precursors such as gamma-aminobutyric
acid (GABA) and serotonin (Zhang et al., 2020). These
effects are particularly relevant in ASD, where gut

permeability and systemic inflammation are frequently
elevated and contribute to neurodevelopmental
disturbances.

Fecal Microbiota Transplantation (FMT) is emerging
as a promising intervention for correcting gut dysbiosis in
individuals with Autism Spectrum Disorder (ASD). By
introducing a balanced microbial community from a
healthy donor, FMT can influence immune function,
metabolite production, and behavioral outcomes. Table 4
below outlines core mechanisms, observed benefits, and
associated safety considerations of FMT in ASD.

Despite its promise, FMT in ASD raises several
challenges, including donor variability, risk of pathogen
transmission, and ethical considerations in pediatric
populations. Additionally, long-term safety data remain
limited, necessitating cautious implementation and
rigorous clinical monitoring. Recent studies have also
highlighted the need to personalize donor-recipient
matching and optimize delivery protocols (e.g.,
encapsulated vs. colonoscopic) to enhance colonization
efficiency and therapeutic durability (Zhang et al., 2020;
Li et al., 2023). As such, while FMT offers a compelling
approach to recalibrating the gut-brain-microbiota axis,
further randomized controlled trials are needed to
standardize methodologies and validate efficacy across
diverse ASD cohorts.



Table 4 Fecal Microbiota Transplantation (FMT) Mechanisms and Outcomes in Autism Spectrum Disorder

Mechanism of | Microbial/Metabolic Host System Supporting
Action Target Affected Observed Outcomes in ASD Evidence
Restoration of Bifidobacterium, Gut microbiota Reduced GI symptoms, improved | Kang et al.,
microbial Prevotella diversity stool consistency 2019
balance
SCFA pathway Butyrate, propionate Neuroimmune axis, Improved behavior, enhanced anti- Zhang et
normalization production epigenetics inflammatory signaling al., 2020
Reduction in Decreased Immune and nervous | Lower pro-inflammatory cytokines, Lietal.,
inflammation | Desulfovibrio, LPS load systems improved social responsiveness 2023

» Dietary and Nutritional Approaches

Dietary and nutritional interventions represent a
cornerstone of microbiome-targeted therapy in Autism
Spectrum Disorder (ASD), given the substantial influence
of diet on gut microbial composition and metabolic output.
Specific diets such as gluten-free casein-free (GFCF),
ketogenic, and low-fermentable oligo-, di-, mono-
saccharides and polyols (FODMAP) have been
implemented to mitigate both gastrointestinal and
neurobehavioral symptoms by modulating substrate
availability for microbial fermentation and reducing
intestinal inflammation (Sathe et al., 2017). The GFCF
diet, for example, is based on the hypothesis that
exogenous opioid peptides derived from gluten and casein
can permeate a compromised gut barrier and exert
neuroactive effects, particularly in individuals with
increased intestinal permeability or “leaky gut”—a
common phenotype in ASD (Whiteley et al., 2010).

Emerging metabolomic studies support that dietary
modulation can alter microbial synthesis of short-chain
fatty acids (SCFAs) and neurotransmitter precursors,
thereby influencing behavioral outcomes. For instance,
ketogenic diets, which are high in fats and low in
carbohydrates, can enhance the abundance of Akkermansia
muciniphila and Parabacteroides, promoting production
of butyrate and other anti-inflammatory SCFAs (Olson et

al., 2018). These metabolic shifts have been associated
with reduced seizure activity and improved cognitive
function in ASD, possibly through modulation of
mitochondrial function and epigenetic regulation.

Furthermore,  micronutrient  supplementation—
particularly with omega-3 fatty acids, zinc, and vitamin
B6—has demonstrated the capacity to influence gut
microbiota composition and attenuate oxidative stress and
immune activation in ASD children. While evidence
remains heterogeneous, some randomized controlled trials
have reported improvements in attention span, social
responsiveness, and gastrointestinal symptoms following
dietary interventions tailored to individual metabolic and
microbial profiles (Sathe et al., 2017). Thus, precision
nutrition approaches that integrate dietary patterning with
metabolomic and microbiome profiling hold significant
promise in the personalized management of ASD.

Figure 5 outlines key dietary interventions used to
support individuals with Autism Spectrum Disorder
(ASD). It features approaches such as gluten-free casein-
free diets, ketogenic diets, low-FODMAP protocols, and
micronutrient  supplementation. These  nutritional
strategies aim to alleviate gastrointestinal symptoms,
modulate behavior, and support overall well-being in
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Fig 5 Exploring Dietary Interventions for ASD
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CHALLENGES AND CONSIDERATIONS IN
CLINICAL TRANSLATION

» Individual Variability in Microbiome and
Metabolomic Response

One of the major limitations in implementing
microbiome-targeted therapies for Autism Spectrum
Disorder (ASD) is the high degree of inter-individual
variability in both microbiota composition and
metabolomic response. This variability is influenced by a
multitude of host factors, including genetics, age, diet,
environmental exposures, medication use (especially
antibiotics), and baseline microbial diversity, all of which
shape the gut ecosystem and its functional capacity
(Krajmalnik-Brown et al., 2015). For instance, while some
ASD individuals exhibit an overabundance of Clostridium
or depletion of Bifidobacterium, others may display
entirely different microbial signatures, complicating the
ability to generalize therapeutic outcomes from probiotic
or dietary interventions.

Moreover, host metabolic phenotypes significantly
mediate the downstream effects of microbial interventions.
Individual differences in short-chain fatty acid (SCFA)
production—particularly butyrate and propionate—can
influence gene expression, mitochondrial function, and
neurotransmitter biosynthesis in a patient-specific manner
(Johnson et al., 2020). These metabolites not only vary
across individuals but also exhibit context-dependent
neuroactive and immunomodulatory effects, which may
amplify or attenuate ASD-related behaviors depending on

the host’s baseline metabolic state. For example, while
butyrate is generally associated with anti-inflammatory
and neuroprotective properties, excessive propionate may
exacerbate oxidative stress and behavioral rigidity in
susceptible individuals.

Individual variability significantly affects the
outcomes of microbiome-based interventions in Autism
Spectrum Disorder (ASD). Differences in host genetics,
baseline microbial composition, and metabolic capacity
influence how individuals respond to dietary, probiotic,
and FMT therapies. Table 5 below outlines key variables
that drive these personalized responses.

Furthermore, personalized responses to interventions
such as fecal microbiota transplantation (FMT) and
synbiotic administration are heavily dependent on
microbial engraftment potential and host compatibility.
Studies have shown that successful colonization of
introduced strains is often contingent on the ecological
niche availability and pre-existing microbial networks in
the recipient’s gut (Zhang et al., 2020). This has led to
growing interest in precision microbiome therapies that
incorporate  baseline omics profiling—particularly
metagenomics and metabolomics—to predict
responsiveness and optimize treatment efficacy.
Therefore, individual variability remains a critical
determinant of therapeutic success in microbiome-
mediated ASD interventions and necessitates a
personalized systems biology approach for clinical
translation.

Table 5 Factors Contributing to Individual Variability in Microbiome and Metabolomic Response in ASD

Effect on Intervention Supporting
Variable Mechanistic Influence Impacted System Outcomes Evidence
Host genetics Regulates microbial colonization Gut-microbe Alters susceptibility to Krajmalnik-
and immune interaction interface microbial shifts Brown et al.,
2015
Baseline Determines niche availability and | Microbial ecosystem | Influences colonization Zhang et al.,
microbiota strain engraftment success of probiotics or 2020
composition FMT
Metabolic Affects SCFA production and Neuroimmune and Modifies behavioral and Johnson &
phenotype neurotransmitter biosynthesis metabolic systems | immunological responses | Foster, 2020

» Methodological Limitations in Current Research
Despite the growing interest in microbiome-based
interventions for Autism Spectrum Disorder (ASD),
significant methodological limitation] s hinder the
reproducibility and translational applicability of current
research findings. One major concern lies in the
heterogeneity of sampling protocols and sequencing
platforms used in microbiome studies. Differences in stool
collection methods, storage conditions, DNA extraction
procedures, and 16S rRNA sequencing primers contribute
to batch effects and inconsistencies across datasets,
making it challenging to compare results across studies or
Meta-analyze findings (Sinha et al., 2017). Moreover,
while many studies rely on 16S rRNA sequencing for
taxonomic profiling, this approach lacks resolution at the
species and strain level and does not capture functional

gene activity, limiting its ability to link microbial taxa to
metabolic or neuroactive outputs relevant to ASD.

Another methodological challenge is the reliance on
cross-sectional designs and small sample sizes, which
limit statistical power and hinder causal inference. Most
studies establish correlations between microbial taxa and
behavioral outcomes without adequately addressing
confounders such as diet, antibiotic exposure, or comorbid
gastrointestinal conditions that may independently
influence microbial composition (Goh et al., 2017).
Furthermore, the high inter-individual variability in
microbiota and metabolomic profiles necessitates large,
longitudinal studies with multi-omics integration—
including metagenomics, metabolomics, and
transcriptomics—to elucidate dynamic host-microbe
interactions and temporal treatment effects.



Finally, standardized clinical endpoints for
microbiome-targeted  therapies in ASD  remain
underdeveloped. Behavioral outcomes are often measured
using caregiver-reported scales, such as the Autism
Treatment Evaluation Checklist (ATEC) or Childhood
Autism Rating Scale (CARS), which may introduce
subjective bias and lack sensitivity to subtle cognitive or
neurophysiological changes (Liu et al, 2021).
Incorporating objective neuroimaging,
electrophysiological, and biomarker-based assessments
alongside behavioral scales will be essential to validate the
efficacy and mechanistic underpinnings of microbiome
interventions.  Addressing  these = methodological
limitations is critical to advancing microbiome science
from exploratory association studies to evidence-based
clinical applications in ASD.

» Ethical and Safety Considerations in Pediatric
Therapies

The application of microbiome-targeted therapies in
pediatric Autism Spectrum Disorder (ASD) populations
raises critical ethical and safety concerns that must be
addressed to ensure responsible clinical translation.
Central among these is the challenge of obtaining
informed consent in a population where cognitive
impairment and communication difficulties may preclude
meaningful assent from the child, thereby placing
significant ethical weight on parental decision-making.
Ethical frameworks must ensure that the autonomy and
welfare of neurodiverse children are protected, particularly
in interventions like Fecal Microbiota Transplantation
(FMT), which are experimental and involve the transfer of
live biological material with complex immunological
implications (Tschudin-Sutter et al., 2018).

Safety concerns are also paramount due to the long-
term and potentially systemic consequences of altering the
gut microbiome during critical developmental periods. For
example, while probiotics are generally considered safe,
their administration in immunocompromised or
metabolically fragile pediatric patients has been associated
with rare but serious adverse events, including bacteremia
and sepsis (Wong et al., 2016). Additionally, FMT carries
risks such as the inadvertent transmission of multi-drug
resistant organisms, opportunistic pathogens, or unknown
viromes, especially in the absence of robust donor
screening protocols and standardized manufacturing
processes (DeFilipp et al., 2019). The variability in
microbial engraftment success and host response further
complicates the risk-benefit calculus for pediatric patients
who may be unable to fully express adverse effects.

From a regulatory perspective, microbiome-based
interventions in ASD currently occupy a gray area between
dietary supplements and biologic therapies, leading to
inconsistent oversight across jurisdictions. As such, there
is an urgent need for pediatric-specific guidelines that
delineate appropriate usage, donor screening criteria,
safety monitoring protocols, and ethical oversight
mechanisms. Long-term surveillance and registries are
also essential to monitor delayed adverse effects, including
immunological, metabolic, or neurodevelopmental

perturbations. The ethical imperative in ASD treatment is
not only to "do no harm," but to ensure that novel therapies
meet rigorous standards of safety, efficacy, and
transparency tailored to the needs of a vulnerable pediatric
population.

FUTURE DIRECTIONS AND CONCLUSION

» Integrative Omics Approaches for Personalized
Medicine

The advent of integrative omics approaches—
encompassing genomics, metagenomics, transcriptomics,
proteomics, and metabolomics—offers a transformative
framework for personalized medicine in Autism Spectrum
Disorder (ASD), particularly in the context of
microbiome-targeted therapies. These high-throughput
technologies enable comprehensive mapping of host—
microbiome interactions, facilitating the identification of
molecular signatures that can predict therapeutic response
and disease phenotypes (Zhang et al., 2020). For instance,
metagenomic sequencing provides strain-level resolution
of gut microbiota, allowing for precise characterization of
dysbiotic patterns, while metabolomics captures real-time
biochemical outputs such as neurotransmitter precursors,
short-chain  fatty acids, and immune-modulatory
molecules relevant to neurodevelopmental regulation
(Rizkallah et al., 2010).

Integrating multi-omics data enables the delineation
of ASD endophenotypes—biologically distinct subgroups
within the heterogenous ASD population—that may
respond differentially to dietary, probiotic, or fecal
microbiota transplantation (FMT) interventions. Systems
biology platforms employing machine learning and
network-based analysis can uncover causal relationships
between microbial taxa, metabolic pathways, and
behavioral outcomes, thereby optimizing treatment
algorithms (Wang et al., 2021). For example, predictive
models using combined microbiome and metabolite
profiles have demonstrated the capacity to stratify ASD
individuals by severity and gastrointestinal comorbidity,
enabling targeted therapeutic designs with higher clinical
efficacy.

Moreover, transcriptomic profiling of intestinal
epithelial and immune cells can reveal host gene
expression changes in response to microbiome
modulation, providing mechanistic insights into treatment
effects and safety. The integration of host and microbial
data thus supports the development of personalized
therapeutic  strategies that account for genetic
susceptibility, environmental exposure, and microbial
ecosystem dynamics. Moving forward, longitudinal multi-
omics studies are essential to track the temporal evolution
of host-microbe interactions and inform adaptive
treatment regimens in ASD precision medicine.

» Longitudinal and Large-Scale Clinical Studies

The clinical translation of microbiome-targeted
therapies in Autism Spectrum Disorder (ASD) necessitates
longitudinal and large-scale studies to validate efficacy,
delineate causal pathways, and establish safety profiles.
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Most existing trials suffer from small sample sizes, limited
follow-up durations, and lack of standardized outcome
metrics, which undermine their statistical power and
generalizability (Rose et al., 2018). Longitudinal designs
are particularly critical for capturing the dynamic nature of
gut microbiota composition and metabolite production,
which may vary over time due to developmental changes,
dietary shifts, or environmental exposures. Extended
monitoring enables the assessment of microbiome
resilience, microbial engraftment stability, and the
persistence of behavioral improvements post-intervention.

Large-scale multicenter trials further allow for
heterogeneity in participant demographics, ASD severity,
and comorbid conditions, facilitating the stratification of
responders versus non-responders to specific microbiome
interventions. For instance, a prospective study by Kang et
al. (2019) demonstrated that microbiota transfer therapy
(MTT) led to sustained gastrointestinal and behavioral
improvements over a two-year period, but emphasized the
need for randomized controlled trials (RCTs) with broader
cohorts to confirm reproducibility. Furthermore,
standardized microbiome analysis protocols, such as those
promoted by the Human Microbiome Project, are essential
to reduce batch effects and ensure cross-study
comparability (Turnbaugh et al., 2007).

Additionally, longitudinal studies that incorporate
repeated sampling of stool, blood, and urine for multi-
omics analysis—alongside behavioral and
neurophysiological assessments—can unravel temporal
cause-effect relationships between microbial shifts and
ASD symptom trajectories. These data will be invaluable
for constructing predictive models and informing adaptive,
precision-guided therapeutic regimens. Ultimately, robust
longitudinal and large-scale evidence is indispensable for
regulatory approval, clinical guideline development, and
safe integration of microbiome-based therapies into ASD
care frameworks.

» Conclusion

The growing body of research on the gut-brain axis
underscores the significant role of gut microbiota in
modulating neurodevelopmental and behavioral outcomes
in individuals with Autism Spectrum Disorder (ASD).
Microbiome-targeted interventions—including probiotics,
prebiotics, synbiotics, fecal microbiota transplantation,
and precision dietary strategies—demonstrate promising
potential to alleviate both gastrointestinal disturbances and
core ASD symptoms. Integrative omics technologies offer
a path toward personalized medicine by enabling detailed
characterization of host-microbe interactions and the
identification of biomarkers for therapeutic response.
However, the successful clinical translation of these
therapies requires overcoming methodological limitations,
addressing ethical and safety concerns, and conducting
robust longitudinal studies with standardized protocols. As
evidence continues to evolve, microbiome modulation
stands to become a key component of comprehensive,
individualized treatment frameworks in ASD, offering
new avenues for improving quality of life and functional
outcomes.
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