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Abstract: Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental condition characterized by inattention,
hyperactivity, and impulsivity. While pharmacological and behavioral therapies remain first-line treatments, their limitations in efficacy,
tolerability, and long-term adherence underscore the need for innovative interventions. Growing evidence highlights the role of the
microbiota—gut-brain axis (MGBA) in ADHD pathophysiology, particularly involving immune dysregulation, neurotransmitter imbal-
ance, metabolic disruption, and epigenetic alterations. Fecal microbiota transplantation (FMT), as a microbiota-based intervention, has
shown promise in restoring MGBA homeostasis and modulating neural function through multiple mechanisms. This review summarizes
current preclinical and clinical research on FMT in ADHD, covering its effects on neuroinflammation, neurotransmitter pathways, vagus
nerve and HPA axis signaling, and epigenetic reprogramming. Although preclinical models and early human data indicate potential
behavioral benefits and mechanistic plausibility, methodological heterogeneity, limited sample sizes, and incomplete mechanistic
validation pose significant challenges. Future research should prioritize protocol standardization, randomized controlled trials, biomarker
discovery, and ethical regulation to facilitate the safe and effective clinical translation of FMT in ADHD treatment.
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common neurodevelopmental disorders, primarily
characterized by symptoms of inattention, hyperactivity, and impulsivity."> ADHD typically emerges in early childhood
and frequently persists beyond childhood. Persistence estimates vary by cohort and by definition: population-based
studies using stricter adult thresholds often report approximately 35-65%, whereas a recent prospective clinical cohort
reported 87.5% persistence into adulthood.* Some adults experience reduced functional impact through coping and
compensatory strategies despite residual symptoms, rather than complete resolution. ADHD is associated with long-term
effects on academic performance, interpersonal relationships, social functioning, and mental health.>® Globally, ADHD
affects an estimated 5-8% of children and adolescents, while the adult prevalence ranges from 2—5% in some countries.””
? With increasing public awareness, refined diagnostic criteria, and evolving environmental factors, the global prevalence
of ADHD has shown a rising trend.” Furthermore, ADHD is frequently comorbid with learning disorders, autism
spectrum disorder (ASD), anxiety, and conduct disorders, adding to its clinical complexity.'

The etiology of ADHD is multifactorial, involving genetic susceptibility, environmental exposures, and neurobiolo-
gical abnormalities.'" Twin and family studies indicate a heritability estimate of 70-80%.'? Neuroimaging and molecular
studies have revealed structural and functional abnormalities in brain regions associated with attention and executive

function, such as the prefrontal cortex, basal ganglia, and cerebellum. Dysfunction of neurotransmitter systems,
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particularly dopaminergic and noradrenergic pathways, is believed to play a central role in ADHD pathophysiology.''*'4

However, genetic factors alone cannot fully account for the phenotypic heterogeneity or the increasing prevalence of the
disorder, prompting growing interest in early-life environmental influences such as maternal stress, premature birth,
nutritional status, and gastrointestinal health.'>'® Accumulating evidence suggests that the gut microbiota may influence
neurodevelopment and potentially modulate the risk of developing ADHD.

Current treatment strategies for ADHD primarily rely on pharmacological and behavioral interventions. Stimulants such as
methylphenidate and amphetamine derivatives remain first-line medications. However, 20-30% of patients show suboptimal
response or experience adverse effects, including appetite suppression, sleep disturbances, and mood fluctuations, which
hinder long-term adherence.'” Non-stimulant options such as atomoxetine and o2 adrenergic agonists provide alternatives, yet
their efficacy remains limited.'® Behavioral therapies, although effective, are often constrained by limited accessibility and
patient compliance.'® Consequently, there is a growing need for novel treatment approaches with stronger mechanistic
specificity and fewer side effects, particularly those targeting the underlying neurodevelopmental and behavioral pathways.

In recent years, the microbiota—gut-brain axis (MGBA) has emerged as a critical bidirectional communication
network between the central nervous system and the gastrointestinal tract, involving immune, neural, endocrine, and
metabolic pathways. Studies have demonstrated that the gut microbiota can modulate cognition, emotion, and behavior
by influencing immune responses, neurotransmitter metabolism (eg, dopamine, serotonin, y-aminobutyric acid [GABA]),
and hypothalamic—pituitary—adrenal (HPA) axis activity.”*' In animal models, gut dysbiosis has been shown to induce
hyperactivity, anxiety-like behaviors, and cognitive impairments.”> Human studies also suggest that children with ADHD
have distinct gut microbial compositions compared to healthy controls, typically characterized by reduced abundance of
beneficial short-chain fatty acid (SCFA)-producing bacteria such as Faecalibacterium, and increased levels of potential
pro-inflammatory taxa such as Enterococcus.'>* Although some heterogeneity exists, the overall trend supports a link
between ADHD and gut microbiota imbalance.

Fecal microbiota transplantation (FMT), a therapeutic approach that introduces gut microbiota from a healthy donor into
the gastrointestinal tract of a patient, has shown significant efficacy in treating Clostridioides difficile infection, inflammatory
bowel diseases, and ASD.**2® In the context of ASD, an open-label study reported long-term improvements in both
gastrointestinal and core behavioral symptoms following FMT, with benefits sustained for up to two years.?” Given the
overlap in clinical features and pathophysiological mechanisms between ASD and ADHD, this provides a theoretical and
empirical basis for exploring FMT as a potential intervention for ADHD. Preliminary findings from animal models suggest
that FMT may alleviate core behavioral symptoms, including hyperactivity and inattention deficits by reshaping gut
microbial communities, reducing inflammation, and modulating neurotransmitter expression.”® Additionally, a case report
described symptom improvement and increased microbial diversity following FMT in an adult with treatment-resistant
ADHD,* providing preliminary clinical evidence supporting its feasibility and therapeutic promise.

Given the growing recognition of MGBA dysfunction in ADHD pathophysiology and the neuroregulatory potential of
FMT as a microbiota-modulating strategy, a systematic evaluation of current evidence is warranted. This review
endeavors to: (1) elucidate the underlying mechanisms linking MGBA and ADHD; (2) summarize the potential
biological pathways through which FMT may exert therapeutic effects, such as immune modulation, neurotransmitter
regulation, metabolic control, and neural circuit modulation; (3) assess existing preclinical and clinical research on FMT
in the context of ADHD; and (4) discuss current challenges and future directions in developing FMT as an adjunctive
treatment strategy for ADHD. By integrating multidisciplinary evidence and mechanistic insights, this review seeks to
deepen scientific understanding of microbiota-targeted interventions in ADHD and inform future efforts toward clinical
translation and precision therapy.

The Microbiota-Gut-Brain Axis and Its Relationship with ADHD
Overview of the Microbiota—Gut-Brain Axis (MGBA)

The microbiota—gut-brain axis (MGBA) refers to a complex bidirectional communication network between the gut-
resident microbiota and the central nervous system (CNS).>°2' This axis involves multiple interconnected signaling
pathways: (1) neural routes (eg, the vagus nerve and enteric nervous system); (2) endocrine signaling (hormones and
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neurotransmitters); (3) immune modulation (pro- and anti-inflammatory cytokines); (4) microbial metabolites such as
short-chain fatty acids (SCFAs) and indole derivatives. Gut microbes play critical roles in maintaining intestinal barrier
integrity, shaping immune system development, and synthesizing neuroactive substances. They also regulate brain
function via interactions with the vagus nerve and the hypothalamic—pituitary—adrenal (HPA) axis.>**? Conversely, the
brain influences gut motility, secretion, and microbial composition through stress responses and autonomic signaling,*
thereby forming a dynamic feedback loop.

Homeostasis of the MGBA is essential for normal neurodevelopment. Recent evidence has linked MGBA dysfunction
to several neuropsychiatric conditions, including autism spectrum disorder (ASD), anxiety, depression, and ADHD.?***
In patients with ADHD, microbial dysbiosis, altered metabolite profiles, and elevated systemic inflammation have been
reported. These findings suggest that MGBA disruption may play a key role in ADHD pathophysiology and provide
a theoretical basis for microbiota-targeted interventions.*

Gut Microbial Characteristics in Patients with ADHD
Clinical and metagenomic studies have revealed significant differences in gut microbial composition between individuals
with ADHD and healthy controls.*® Human data further demonstrate reduced gut microbial o-diversity in ADHD, with p-
diversity differences or trends also observed, indicating impaired microbial homeostasis.>®*>’ At the genus level,
commensal SCFA-producing bacteria, such as Faecalibacterium prausnitzii, Lactobacillus, and Bifidobacterium, are
significantly reduced in patients with ADHD. These bacteria contribute to anti-inflammatory regulation, maintenance of
mucosal barrier integrity, and neurotransmitter metabolism.*®

In contrast, some potentially pro-inflammatory bacteria, including Enterococcus and Odoribacter, are more abundant
in ADHD populations. These taxa may promote systemic inflammation and interfere with neuroregulatory processes.'>*
An imbalanced Bacteroides/Prevotella ratio has also been observed, which may affect carbohydrate metabolism and
mucosal immune stability.'> Yang et al measured SCFAs in plasma and reported lower levels in ADHD.** Consistently,
a human fecal study found significant reductions in acetic, propionic, isobutyric, isovaleric, and valeric acids in ADHD,
whereas butyrate was not consistently decreased. Lower SCFA concentrations may compromise the blood—brain barrier,
promote chronic inflammation, and disrupt neurotransmitter synthesis.***’
Although heterogeneity exists across studies in terms of sample sources and analytical methods, gut microbiota

dysbiosis in ADHD is increasingly recognized as a biologically significant feature.

Functional Implications of MGBA Dysregulation: Neurobehavioral Disruption Through

Multi-Mechanistic Interactions

The observed microbial imbalances in individuals with ADHD may disrupt MGBA homeostasis through multiple
biological mechanisms. These disruptions ultimately affect central nervous system function and contribute to behavioral
and cognitive abnormalities. This section outlines the potential pathological pathways across three dimensions: inflam-
matory responses, neuroregulation, and metabolic signaling.

Immune Activation and Neuroinflammation

Damage to the intestinal barrier can permit the translocation of bacterial endotoxins, such as lipopolysaccharides (LPS),
into systemic circulation. This process triggers immune activation and the release of pro-inflammatory cytokines (eg, IL-
6, TNF-a).*” These cytokines can cross the blood-brain barrier and activate microglia, initiating neuroinflammatory
cascades that impair attention regulation and emotional stability.*' At the same time, reductions in beneficial probiotic
populations weaken anti-inflammatory capacity and increase vulnerability to inflammation, a mechanism demonstrated in
ADHD animal models.*?

Neurotransmitter and Endocrine Dysregulation
The gut microbiota modulates the synthesis and regulation of multiple neurotransmitters, including dopamine, serotonin
(5-HT), and gamma-aminobutyric acid (GABA). These neurotransmitters are essential for attention and impulse control.
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Depletion of probiotic strains may reduce the availability of precursors such as tryptophan and tyrosine, thereby
contributing to neurochemical imbalances.*®

In addition, microbial alterations can influence hypothalamic—pituitary—adrenal (HPA) axis function and modify
cortisol secretion patterns. Dysregulated HPA axis activity, frequently observed in individuals with ADHD, has been
linked to impulsivity and attentional deficits.** Gut microbes may also regulate the expression of brain-derived
neurotrophic factor (BDNF), thereby affecting synaptic plasticity and cognitive capacity.*

Microbial Metabolites and Epigenetic Regulation
Microbial metabolites, particularly SCFAs (eg, butyrate, propionate) and tryptophan derivatives (eg, indoles), can cross
the blood-brain barrier and participate in central signaling processes. These compounds have also been shown to exert
epigenetic effects.*® For example, SCFAs may regulate neural gene expression by modulating histone acetylation and
DNA methylation, thereby influencing behavioral phenotypes.*’

In addition, microbial-derived GABA and serotonin can signal to the brain via the vagus nerve or the enteric nervous

1.*8 Animal studies have confirmed that

system, contributing to the regulation of emotional arousal and impulse contro
these gut-derived neuroactive signals may play critical roles in modulating ADHD-like behaviors.'”

Collectively, these findings suggest that MGBA dysfunction may underlie ADHD symptoms through a multifaceted
interplay involving immune activation, neurotransmitter dysregulation, endocrine disturbances, altered microbial meta-
bolism, and epigenetic modifications. While direct causal evidence remains limited, these mechanisms provide a strong
theoretical foundation for gut microbiota-based interventions, such as fecal microbiota transplantation (FMT). Future
research should aim to identify key microbial taxa and functional metabolites that can serve as therapeutic targets for

precision interventions in ADHD.

Mechanistic Basis of FMT in ADHD

Fecal microbiota transplantation (FMT) is a microbiota-based intervention that involves the transfer of a complete and
healthy donor-derived gut microbial ecosystem into the recipient’s intestine to restore microbial balance and ecological
homeostasis.*” Unlike conventional probiotic supplementation, FMT introduces a complex consortium of live symbiotic
bacteria, microbial metabolites, bacteriophages, and signaling molecules, enabling multifaceted regulation of the micro-
biota—gut-brain axis (MGBA).>*>® With ADHD increasingly recognized as a neurodevelopmental disorder closely
associated with MGBA dysfunction, FMT has emerged as a promising neuromodulatory strategy due to its multitarget
and multi-pathway regulatory potential.

This section explores four core mechanisms by which FMT may exert therapeutic effects in ADHD: (1) immune
modulation and neuroinflammation attenuation, (2) rebalancing neurotransmitter metabolism, (3) regulation of neural
circuit signaling pathways, and (4) epigenetic modulation of neuroplasticity. Preclinical and emerging clinical findings
are summarized to support the biological plausibility of these mechanisms.

Immune Modulation and Attenuation of Neuroinflammation

Patients with ADHD often exhibit elevated levels of peripheral pro-inflammatory cytokines (eg, IL-6, TNF-a), increased
microglial activation in the central nervous system, and enhanced blood-brain barrier permeability. These alterations
suggest that neuroinflammation plays a crucial role in disease progression.”'~? Disruption of intestinal barrier function
(ie, leaky gut) and systemic translocation of microbial-associated molecular patterns (MAMPs), such as lipopolysacchar-
ides (LPS), are considered key triggers of inflammatory activation.>*->*

FMT has been shown to reduce systemic inflammation by restoring beneficial microbial taxa (eg, Faecalibacterium
prausnitzii), strengthening epithelial barrier integrity, inducing regulatory T cell activity, and promoting anti-
inflammatory cytokine production (eg, IL-10).>>® In animal models, FMT significantly downregulates IL-6 and NF-
kB expression in brain tissue, suppresses microglial activation, and improves behavioral phenotypes related to attention
and impulse control.”” A clinical case study also demonstrated increased abundance of anti-inflammatory bacteria after
FMT, coinciding with reductions in core ADHD symptoms.?’ Collectively, these findings support the role of FMT in
modulating neuroimmune imbalances in ADHD via the gut-immune-brain axis.
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Neurotransmitter Modulation and Systemic Rebalancing

A hallmark of ADHD neurobiology is the functional disruption of key neurotransmitter systems, including dopamine
(DA), norepinephrine (NE), serotonin (5-HT), and y-aminobutyric acid (GABA). These alterations are particularly
evident in the prefrontal—striatal circuitry that governs executive function and attentional control.”®>’

The gut microbiota contributes to neurotransmitter homeostasis by synthesizing key molecules, regulating precursor
availability, modulating metabolic pathways, and influencing receptor expression. For example, Lactobacillus and
Bifidobacterium strains produce GABA and 5-HT, while Streptococcus species contribute to dopamine precursor
synthesis. In addition, amino acid metabolism (eg, tryptophan, phenylalanine) is strongly influenced by gut microbial
activity.?%°! Patients with ADHD frequently exhibit reduced levels of short-chain fatty acids (SCFAs), such as butyrate,
which can negatively affect neurotransmitter synthesis, brain-derived neurotrophic factor (BDNF) expression, and
synaptic plasticity.>

FMT restores functional microbial populations and enhances SCFA production. These changes may promote
neuroprotective factors and improve cognitive function.” FMT has also been reported to activate GABAergic and
dopaminergic pathways, normalize neurotransmitter concentrations in the brain, and restore neural transmission.®®
Probiotic-based studies further suggest that strains such as Lactobacillus rhamnosus GG and Lactobacillus acidophilus
LB can improve attention and impulsivity in children with ADHD by modulating neurotransmitter synthesis.®*%

Collectively, FMT may help reconstruct the gut—neurotransmitter—brain network in ADHD.

Neural Circuitry Modulation via the Vagus Nerve and HPA Axis

Beyond immune and metabolic interactions, the MGBA also involves direct neural communication pathways, particu-
larly through the vagus nerve and the hypothalamic—pituitary—adrenal (HPA) axis. ADHD is frequently characterized by
reduced vagal tone and hyperactivation of the HPA axis, both of which contribute to impairments in attention, emotional
regulation, and stress responsiveness.®®%’

FMT-induced microbial restoration increases the production of neuroactive molecules such as SCFAs and 5-HT.
These metabolites enhance afferent vagal signaling to brain regions including the limbic system and cortex. Moreover,
FMT attenuates systemic inflammation, reduces chronic LPS-driven activation of the HPA axis, lowers cortisol levels,
and alleviates stress hypersensitivity.*®* Animal experiments have demonstrated that FMT can normalize HPA stress
responses and parasympathetic activity in germ-free mice, accompanied by behavioral improvements.”® Collectively,
these findings suggest that FMT may regulate ADHD-related symptoms by reestablishing functional gut-neural-brain
signaling networks.

Epigenetic Modulation and Restoration of Neuroplasticity

The susceptibility to ADHD arises from interactions between genetic and environmental factors, with epigenetic
mechanisms (eg, DNA methylation, histone acetylation) serving as critical mediators.”' Adverse environmental expo-
sures, such as prenatal stress or toxin exposure, can lead to aberrant methylation of neurodevelopmental genes and
contribute to disrupted brain function.

Gut microbes participate in one-carbon metabolism and epigenetic regulation through their metabolites. Butyrate, for
example, is a natural histone deacetylase (HDAC) inhibitor that promotes transcription of genes such as BDNF and
synaptic proteins.”* Folate and vitamin B;,, which are microbially modulated cofactors, also regulate DNA methylation
by influencing methyl donor availability and methyltransferase activity.”> By increasing levels of these epigenetically
active metabolites, FMT may reshape the epigenomic landscape of neurodevelopmental genes and promote synaptogen-
esis and neuronal differentiation.

Although direct evidence in ADHD remains limited, FMT has been shown to reverse aberrant DNA methylation and
histone modifications in animal models of autism and depression, accompanied by improvements in behavioral
phenotypes.’* These findings provide a rationale for further exploration of FMT’s epigenetic effects in ADHD.
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Multimodal Integration and Therapeutic Potential

FMT offers a multifaceted, systems-level intervention targeting the core pathophysiological processes of ADHD,
including: (1) amelioration of neuroinflammation and immune dysregulation; (2) restoration of neurotransmitter synthesis
and signaling; (3) normalization of gut-brain circuit communication (via the vagus nerve and HPA axis); and (4)
epigenetic remodeling of neurodevelopmental gene expression.

Rather than acting in isolation, these mechanisms form a complex, interdependent network, in which modulation of
one pathway may potentiate the others. For instance, reduction of inflammation stabilizes neurotransmitter dynamics, and
epigenetic reprogramming may facilitate synaptic reconstruction and cognitive enhancement.

Therefore, FMT may represent a promising strategy for systemically remodeling the MGBA to improve neurobeha-
vioral outcomes in ADHD. For patients unresponsive to conventional pharmacological and behavioral treatments, FMT
may provide a viable adjunctive or alternative therapy. While current evidence is largely based on preclinical models and
case reports, its mechanistic plausibility is well supported. Future high-quality randomized controlled trials (RCTs) are
needed to validate these mechanisms and translate them into precision therapeutic protocols.

Application of FMT in ADHD: Preclinical and Clinical Research Progress
Although fecal microbiota transplantation (FMT) has demonstrated therapeutic potential in various microbiota-related
disorders, its application in attention-deficit/hyperactivity disorder (ADHD) remains in the exploratory stage. This section
reviews current progress in preclinical and clinical studies, focusing on behavioral outcomes, mechanistic insights, and
translational challenges, with the aim of providing theoretical support and practical guidance for future research.

Preclinical Studies: Animal Models and Mechanistic Findings
Preclinical investigations have provided foundational biological evidence supporting the application of FMT in ADHD.
Commonly used animal models include maternal immune activation (MIA), antibiotic-induced dysbiosis, spontaneously
hyperactive strains (eg, spontaneously hypertensive rats [SHR], Lister Hooded rats), and germ-free (GF) mice. These
models recapitulate core features of ADHD, such as reduced microbial diversity (eg, lower Chaol and Shannon indices),
systemic inflammation, and neurotransmitter imbalances.”>’®

FMT interventions in these models have been shown to reverse attentional deficits, hyperactivity, and impulsive
behaviors while restoring key neurotransmitter systems, including dopamine, serotonin (5-HT), and GABA/glutamate
pathways.”” The underlying mechanisms may involve enhancement of intestinal barrier integrity (eg, upregulation of
tight junction proteins, reduced circulating LPS levels) and modulation of synaptic plasticity and inflammation-related
gene expression in the prefrontal cortex. Taken together, these processes suggest that FMT contributes to brain
remodeling through neuroimmune and transcriptional pathways.”®"°

Notably, Tengeler et al demonstrated a causal link between gut microbiota and brain function: transplantation of fecal
microbiota from children with ADHD into GF mice resulted in white matter abnormalities, heightened anxiety-like behaviors,
and altered functional connectivity compared with healthy controls.”® Similarly, Watanangura et al observed behavioral
improvements in a canine model following FMT, even in the absence of significant changes in microbial composition. This
finding underscores the importance of microbial metabolic function, particularly short-chain fatty acid (SCFA) production, in
neuromodulation.”” A systematic review by Caputi et al further highlighted the potential of FMT in neurodevelopmental
disorders but also emphasized the limitations of current animal studies, including model heterogeneity, short intervention
durations, and insufficient mechanistic validation.*® Collectively, these findings underscore the need for more standardized
animal models and mechanistically rigorous experimental designs to validate FMT’s therapeutic role in ADHD. Importantly,
beyond animal studies, human investigations have also demonstrated reduced fecal SCFA concentrations in ADHD.?” They
further reveal lower a-diversity and p-diversity differences.’” Together, these findings reinforce that dysbiosis and metabolite
alterations are consistently observed across species.

Clinical Studies: Case Reports and Early Trials
Clinical research on FMT in ADHD remains at an early stage, with available data primarily derived from case reports,
small-scale open-label studies, and pilot prospective trials.
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Hooi et al reported a case of an adult female with both ADHD and Clostridioides difficile infection who experienced
not only resolution of diarrhea but also improvements in attention and mood following FMT.? Fecal analysis showed an
increase in SCFA-producing bacteria such as Faecalibacterium prausnitzii and an overall rise in microbial diversity,
suggesting that functional remodeling may underlie behavioral benefits. Although large-scale studies are lacking,
preliminary evidence indicates that FMT may influence host neurophysiology by modulating inflammatory cytokines
(eg, IL-6, TNF-a) and microbial metabolites (eg, SCFAs), potentially supporting recovery of attentional networks and
behavioral regulation.®'*

Early pediatric evidence, particularly from ASD cohorts, indicates that washed microbiota transplantation (WMT) is
generally well tolerated.”®* ADHD-specific trials remain needed. Ongoing prospective studies incorporate multimodal
assessments, including gut metabolomics, behavioral scoring, and neuroimaging, to comprehensively evaluate FMT
mechanisms and individual response characteristics. This represents the first structured attempt to perform multidimen-
sional evaluation of FMT in ADHD and may hold translational value for advancing microbiota-targeted therapies in

neurodevelopmental disorders.

Summary and Outlook
Together, current animal and preliminary clinical studies suggest that FMT may improve ADHD-related behavioral
symptoms and neurofunction by modulating the microbiota—gut—brain axis at multiple levels, including immune regula-
tion, metabolic reprogramming, and neurotransmitter modulation. While the existing evidence is exploratory, the
biological plausibility, mechanistic specificity, and behavioral relevance of FMT support its consideration as
a potential adjunctive therapeutic approach.

Future research should prioritize mechanistic validation, standardization of FMT protocols, and individualized
treatment strategies to facilitate the transition of FMT from an experimental intervention toward clinical application in
ADHD management.

Limitations and Future Perspectives
As a gut microbiota—centered therapeutic approach, fecal microbiota transplantation (FMT) is emerging as a novel
direction in the treatment of attention-deficit/hyperactivity disorder (ADHD). However, several challenges currently limit

its clinical translation, standardization, and widespread adoption.

Key Limitations of Current Research

Methodological heterogeneity: Existing studies differ substantially in donor selection criteria, microbiota preparation
protocols (eg, whole microbiota vs washed microbiota), delivery routes (oral capsules, enemas, colonoscopy), and dosing
frequency. Such methodological inconsistencies hinder cross-study comparability and limit the ability to derive general-
izable conclusions.

Weak study design: Most available evidence is derived from case reports or open-label studies lacking placebo
controls, randomization, or long-term follow-up. As a result, treatment effects may be overestimated, and the overall
evidence quality remains low.

Unclear donor effects and inter-individual variability: There is no consensus on the definition of a so-called super-
donor. Patient-specific factors, including baseline microbiota composition, immune status, and dietary habits, can
significantly influence therapeutic outcomes and contribute to inconsistent efficacy.

Incomplete mechanistic validation: Many proposed mechanisms of FMT are inferred from animal or in vitro studies.
Direct causal links in humans (for example, those connecting microbial shifts to metabolic remodeling and behavioral
improvement) remain largely unestablished.

Ethical and regulatory gaps: Particularly in pediatric populations, standardized protocols concerning donor screening,
long-term safety monitoring, and informed consent are still underdeveloped, hindering clinical implementation and

public confidence.
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Future Research Priorities
To accelerate the clinical translation of FMT in ADHD, future studies should focus on the following five strategic areas:

Standardization and optimization of intervention protocols: Researchers should develop unified donor screening
criteria and identify key traits of so-called super-donors. Standardized, quality-controlled washed microbiota transplanta-
tion (WMT) technology should be promoted. Delivery routes and dosing frequencies should be compared to assess their
effects on treatment adherence and efficacy.

Implementation of high-quality randomized controlled trials (RCTs): Multicenter, double-blind, placebo-controlled
RCTs are needed across diverse age groups and ADHD subtypes. Evaluation frameworks should be multidimensional.
These frameworks should integrate behavioral assessments, microbiome profiling, SCFA metabolomics, and neuroimaging.

Identification of predictive biomarkers: Future research should focus on microbiota taxa (eg, Faecalibacterium),
metabolic pathways (eg, butyrate synthesis), and host immune markers associated with clinical response. Machine
learning models can be leveraged to develop personalized microbiota-based treatment strategies.

Bridging basic and clinical science: Multi-omics platforms should be applied to reconstruct the complete gut—
microbiota—behavior causal network. These platforms include metagenomics, metabolomics, and brain imaging.
Innovative validation models should also be established. These may include organoids, gut-brain co-culture systems,
and humanized animal models, all of which can enhance translational relevance.

Establishment of ethical and regulatory frameworks and product innovation: Regulatory mechanisms should be
developed to cover donor health evaluation, microbial quality control, and long-term post-treatment surveillance.
Research should also explore the development of next-generation microbial therapies to improve safety and acceptance.
These therapies may include defined microbial consortia (so-called ecobiotic drugs) and functional postbiotics. Patient
education and ethical oversight should be strengthened to prevent off-label misuse and address public misconceptions.
Together, these measures can support the safe, effective, and ethically sound implementation of microbiota-based
therapies in ADHD care.

Conclusions

Emerging evidence indicates that fecal microbiota transplantation (FMT) may alleviate ADHD-related symptoms by
restoring microbiota—gut—brain axis homeostasis through immune, metabolic, and neuroregulatory pathways. Preclinical
studies consistently demonstrate improvements in attention, hyperactivity, and impulsivity, while early clinical observa-
tions suggest feasibility and potential benefit. Nevertheless, the evidence remains preliminary, limited by small sample
sizes, protocol heterogeneity, and incomplete mechanistic validation. To advance translation, future research should
prioritize standardized FMT/WMT procedures, high-quality randomized controlled trials with multimodal endpoints, and
the identification of predictive biomarkers to enable precision patient selection. Robust ethical and regulatory frame-
works, particularly in pediatric populations, will also be essential to ensure safety and public confidence. Overall, FMT
remains an exploratory but promising adjunctive strategy for ADHD that warrants rigorous clinical evaluation.
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