Supplementary Table S1. PubMed search strategy used for study identification (PRISMA).
Database: PubMed (NLM)
Time span (publication date): 2010/1/1–2025/10/1
Date searched: 2025/10/10
Records retrieved (final query): 472 (before de-duplication)
 
	Step
	Concept block
	Search string (PubMed, as executed)
	Records retrieved

	1
	ASD terms
	(("Autism Spectrum Disorder"[Mesh]) OR ("autis*"[Title/Abstract]) OR ("ASD"[Title/Abstract]) OR ("neurodevelopmental disorder*"[Title/Abstract]))
	—

	2
	Microbiome / metabolites / interventions
	(("Gastrointestinal Microbiome"[Mesh]) OR ("microbiota*"[Title/Abstract]) OR ("microbiome"[Title/Abstract]) OR ("gut microbiota"[Title/Abstract]) OR ("intestinal microbiome"[Title/Abstract]) OR ("fecal microbiota transplant*"[Title/Abstract]) OR ("short chain fatty acid*"[Title/Abstract]) OR ("SCFA"[Title/Abstract]))
	—

	3
	Brain / neuroimaging / transcriptomics
	(("Brain"[Mesh]) OR ("Magnetic Resonance Imaging"[Mesh]) OR ("Diffusion Tensor Imaging"[Mesh]) OR ("transcriptome"[Title/Abstract]) OR ("gene expression"[Title/Abstract]) OR ("neuroimaging"[Title/Abstract]) OR ("prefrontal cortex"[Title/Abstract]) OR ("white matter"[Title/Abstract]) OR ("synaptic*"[Title/Abstract]))
	—

	4
	Combined query
	(((("Autism Spectrum Disorder"[Mesh]) OR ("autis*"[Title/Abstract]) OR ("ASD"[Title/Abstract]) OR ("neurodevelopmental disorder*"[Title/Abstract]))) AND ((("Gastrointestinal Microbiome"[Mesh]) OR ("microbiota*"[Title/Abstract]) OR ("microbiome"[Title/Abstract]) OR ("gut microbiota"[Title/Abstract]) OR ("intestinal microbiome"[Title/Abstract]) OR ("fecal microbiota transplant*"[Title/Abstract]) OR ("short chain fatty acid*"[Title/Abstract]) OR ("SCFA"[Title/Abstract]))) AND ((("Brain"[Mesh]) OR ("Magnetic Resonance Imaging"[Mesh]) OR ("Diffusion Tensor Imaging"[Mesh]) OR ("transcriptome"[Title/Abstract]) OR ("gene expression"[Title/Abstract]) OR ("neuroimaging"[Title/Abstract]) OR ("prefrontal cortex"[Title/Abstract]) OR ("white matter"[Title/Abstract]) OR ("synaptic*"[Title/Abstract]))))
	—

	5
	Date limit applied
	(((("Autism Spectrum Disorder"[Mesh]) OR ("autis*"[Title/Abstract]) OR ("ASD"[Title/Abstract]) OR ("neurodevelopmental disorder*"[Title/Abstract]))) AND ((("Gastrointestinal Microbiome"[Mesh]) OR ("microbiota*"[Title/Abstract]) OR ("microbiome"[Title/Abstract]) OR ("gut microbiota"[Title/Abstract]) OR ("intestinal microbiome"[Title/Abstract]) OR ("fecal microbiota transplant*"[Title/Abstract]) OR ("short chain fatty acid*"[Title/Abstract]) OR ("SCFA"[Title/Abstract]))) AND ((("Brain"[Mesh]) OR ("Magnetic Resonance Imaging"[Mesh]) OR ("Diffusion Tensor Imaging"[Mesh]) OR ("transcriptome"[Title/Abstract]) OR ("gene expression"[Title/Abstract]) OR ("neuroimaging"[Title/Abstract]) OR ("prefrontal cortex"[Title/Abstract]) OR ("white matter"[Title/Abstract]) OR ("synaptic*"[Title/Abstract])))) AND (2010/1/1:2025/10/1[pdat])
	472






Supplementary Table S2. Characteristics and key findings of included studies on the microbiota-gut-brain axis in autism spectrum disorder

	First Author (Year)
	Study Design & Population
	Sample Size
	Microbiome Assessment
	Brain Assessment
	Principal Findings

	Strati1
(2017)
	Human case-control study; children/adolescents with ASD and age- and sex-matched neurotypical controls
	n=80 (40 ASD, 40 controls)
	Fecal 16S rRNA (V3–V5) and fungal ITS1 amplicon sequencing
	No neuroimaging
	ASD showed altered gut bacteriome and mycobiome, including an increased Firmicutes/Bacteroidetes ratio and genus-level shifts; Candida was >2-fold higher in ASD, representing the first reported association of altered gut mycobiota with ASD

	Zhou2 (2020)
	Case-control study; children with ASD vs matched typically developing controls
	n=286 for 16S (143 ASD, 143 TD); n=60 for metagenomics/metabolomics (30 constipated ASD, 30 TD)
	Fecal 16S rRNA sequencing, shotgun metagenomics, and LC-MS metabolomics
	No direct neuroimaging; neuroactive metabolites profiled
	ASD was associated with delayed age-related gut microbiota maturation, a higher Firmicutes/Bacteroidetes ratio, and altered fecal metabolites related to serotonin, dopamine, and GABA pathways

	De Angelis3 (2013)
	Case-control study of children with autism, PDD-NOS, and sibling healthy controls
	n=30 (n=10 per group)
	Fecal 16S rDNA/rRNA pyrosequencing and metabolomic profiling
	No neuroimaging; neuroactive metabolites profiled
	Active, but not total, fecal microbiota distinguished autism/PDD-NOS from controls. Autism was marked by higher Bacteroidetes, lower Firmicutes, reduced Bifidobacterium, and altered metabolites including elevated glutamate and p-cresol

	Chen4 (2022)
	Case-control study; Taiwanese boys and young men with ASD vs typically developing controls
	n=113 (ASD=82, TD=31)
	Stool 16S rRNA V3–V4 sequencing and predicted functional profiling
	No neuroimaging; SRS and CBCL behavioral assessments
	ASD showed similar alpha diversity but higher weighted beta diversity, with altered taxa including increased Fusobacterium and reduced Parasutterella and Turicibacter. Microbiota composition correlated with autistic traits and behavioral problems, but not GI symptoms.

	Needham5 (2021)
	Case-control study of children with ASD vs typically developing controls; exploratory mouse fecal transfer pilot
	Plasma n=231 (130 ASD, 101 TD); fecal n=97 (57 ASD, 40 TD)
	Untargeted plasma and fecal metabolomics
	No neuroimaging; machine learning classification
	ASD was associated with broad metabolic abnormalities in lipid, amino acid, oxidative stress/mitochondrial, steroid, and phenolic microbial metabolite pathways. Plasma 4-EPS was elevated 6.9-fold, and metabolite-based random forest classification showed modest discrimination between ASD and controls

	Sgritta6 (2019)
	Probiotic intervention study in multiple mouse models of ASD
	Variable across experiments
	16S rRNA sequencing and qPCR
	VTA dopamine neuron electrophysiology; PVN oxytocin immunohistochemistry
	L. reuteri restored social behavior across ASD models through a vagus nerve–oxytocin–dopamine pathway and rescued social reward–related synaptic plasticity without normalizing the overall gut microbiota

	Buffington7 (2021)
	Mouse study in Cntnap2 knockout mice with co-housing, microbiota transfer, and L. reuteri/BH4 interventions
	Variable across experiments
	16S rRNA sequencing and untargeted metabolomics
	VTA dopamine neuron electrophysiology; PVN oxytocin immunohistochemistry
	The social phenotype was microbiome-mediated, whereas hyperactivity was host-genotype driven. L. reuteri and BH4 selectively rescued social deficits and VTA social-reward plasticity, implicating a BH4–oxytocin–dopamine pathway

	Ye8 (2025)
	Bidirectional and mediation MR study using MiBioGen, UK Biobank, and psychiatric GWAS data
	Microbiome n=14,306; brain imaging n=8,428
	16S-based microbiome GWAS summary statistics (196 taxa)
	sMRI and DTI; 3,143 brain imaging-derived phenotypes
	Prevotellaceae was associated with increased ASD risk, whereas Ruminococcaceae UCG005 showed a protective association. Brain structural traits mediated a subset of microbiota–psychiatric associations, with 33 complete mediation pathways reported across disorders

	Huang9 (2025)
	Observational study of autistic children and controls with discovery/replication cohorts
	Total N=258; mediation in 43 autistic children
	Fecal 16S with individual microbiome deviation analysis
	DTI-based white matter microstructural deviation
	Individual microbiome and white matter deviations were both related to ADOS social scores, and microbiome deviation mediated the white matter–social symptom association

	Gacias10 (2016)
	Mouse cecal microbiota transfer study from NOD to antibiotic-depleted C57BL/6 mice
	Variable across experiments
	16S rRNA sequencing
	mPFC RNA-seq; MBP immunostaining; electron microscopy
	Donor microbiota transferred social avoidance behavior and reduced prefrontal myelination, with enrichment of Clostridiales/Lachnospiraceae/Ruminococcaceae. Elevated cresol emerged as a candidate microbial metabolite that impaired oligodendrocyte differentiation in vitro

	Palanivelu11 (2024)
	Longitudinal VPA-rat study across PND21, PND35, and PND49
	N=30 total (15 control, 15 ASD; n=5 per group at each time point)
	Fecal 16S rRNA sequencing
	7T DTI plus GFAP/Iba1 immunostaining
	ASD-model rats showed age-dependent social deficits, white matter microstructural abnormalities, neuroinflammation, and gut microbiota/SCFA alterations, with PND35 emerging as a key period of divergence

	Lobzhanidze12 (2020)
	Acute PPA exposure model in adolescent rats
	N=24 total (12 PPA, 12 control); EM in 5 rats per grou
	No sequencing; exogenous SCFA model
	TEM of hippocampus/mPFC
	A single PPA injection induced social deficits and hippocampal ultrastructural synaptic abnormalities, including fewer synaptic vesicles and presynaptic mitochondria, with associated glial activation


	Palanivelu13 (2025)
	Interventional DBS study in VPA-induced ASD rats
	n=18 (6/group)
	16S rRNA sequencing and SCFA profiling
	7T ROI-based DKI in ACC, hippocampus, striatum, and thalamus; GFAP/Iba1 immunostaining
	CTN-DBS improved sociability, normalized DKI abnormalities in ACC/HIPP/STR/TH, reduced neuroinflammation and circulating cytokines, and partially restored gut microbiota and SCFA profiles

	Hsieh14 (2024)
	Animal interventional study; Tsc2+/- mice (ASD model), 6--14 weeks; SLCP dietary intervention
	N=25 (WT n=9, Tsc2+/− n=8, Tsc2+/−/SLCP n=8)
	Fecal 16S rRNA sequencing (V3–V4); decreased Christensenellaceae-related taxa in Tsc2+/− mice were restored by SLCP, and several microbial taxa correlated with DTI metrics
	7T DTI and TEM; prefrontal--amygdala white matter integrity compromised; myelin ultrastructural abnormalities
	SLCP ameliorated social deficits, improved white matter/microstructural connectivity and myelin-related abnormalities, and altered gut microbiota; several microbial taxa were significantly associated with DTI metrics

	Aziz-Zadeh15 (2025)
	Human cross-sectional case-control study in youth with ASD
	n=84 (ASD=43, NT=41)
	Stool metabolomics
	3T task-based fMRI; insular and cingulate activation during interoceptive and social processing
	ASD participants had reduced fecal kynurenate, and tryptophan-related metabolites were associated with insular/cingulate activity and symptom severity. Mediation analyses suggested brain activity may statistically link metabolite levels with ASD symptoms, but causality was not established

	Zhang16 (2022)
	Microbiota intervention study in Cntnap4 knockout mice
	n=171
	Fecal 16S rDNA (V4); male Cntnap4−/− mice showed reduced Lactobacillus, including decreased L. reuteri
	Ex vivo electrophysiology in BLA and prelimbic PFC, amygdala RNA-seq, and c-Fos/PV immunofluorescence
	Male Cntnap4−/− mice had reduced Lactobacillus, impaired social behavior and tone-cued fear conditioning, and decreased BLA GABAergic transmission. L. reuteri and FMT improved behavior and restored BLA inhibitory signaling, with clear sex-dependent molecular differences

	Osman17 (2023)
	Acetate intervention study in Shank3 knockout mice with translational PMS metabolomics
	Mice: variable by experiment; Humans: N=60
	16S, metagenomics, and cecal metabolomics
	mPFC RNA-seq with differential expression, enrichment analysis, and WGCNA
	Shank3KO mice had gut dysbiosis and reduced acetate. Acetate Supplementation rescued social deficits and reshaped mPFC gene-expression programs, including synaptic signaling pathways. In male PMS patients, acetate was inversely associated with hyperactivity severity

	Sharon18 (2019)
	Human fecal microbiota transfer into germ-free mice with metabolite rescue experiments
	Human n=16; murine n=206
	16S, metagenomics, metabolomics
	Brain RNA-seq/splicing analysis and mPFC electrophysiology
	ASD donor microbiota transferred ASD-like behavioral phenotypes to mice. Reduced microbial metabolites, especially 5-AV and taurine, were linked to these effects. Early-life supplementation improved behavior, and 5-AV lowered cortical neuronal excitability

	Carmel19 (2023)
	Human ASD-control microbiome study with neonatal B. fragilis intervention in miceneonatal intervention
	Humans: 96 ASD, 42 controls
	Fecal 16S rRNA sequencing
	Adult male PFC RNA-seq
	ASD was associated with increased Bacteroidetes/Bacteroides. Neonatal B. fragilis exposure caused male-specific repetitive and social novelty deficits and altered cortical gene-pathway signatures, suggesting an early-life microbiome effect on neurodevelopment

	Tabouy20 (2018)
	L. reuteri intervention in Shank3 knockout mice
	Baseline microbiome N=58; intervention groups ~n=12/group
	16S rRNA sequencing, qPCR
	Brain qPCR and Western blot
	Shank3 KO mice had reduced Lactobacillus, including L. reuteri. Probiotic treatment improved male social deficits and reduced repetitive behaviors, with accompanying changes in GABA receptor and oxytocin-related signaling

	Kang21 (2017)
	Open-label MTT trial in children with ASD and GI symptoms
	ASD n=18; NT n=20
	16S exploratory phageome; partial donor engraftment, ↑ bacterial diversity
	No neuroimaging
	MTT improved GI and ASD symptoms, with benefits persisting 8 weeks post-treatment; GI and behavioral changes were correlated (r = −0.59)

	Kang22 (2020)
	Open-label metabolomics follow-up of MTT in children with ASD and GI symptoms
	n=38 (ASD=18)
	16S and plasma/fecal metabolomics; plasma metabolite profiles shifted toward TD after MTT
	No neuroimaging
	MTT altered plasma metabolite profiles toward TD levels; several abnormal plasma metabolites partially normalized, and IMP was strongly inversely correlated with GI symptom severity (r = −0.70)

	Kang23 (2019)
	Open-label 2-year MTT follow-up in ASD with GI symptoms
	n=18
	16S; sustained microbiome changes above baseline
	No neuroimaging
	GI benefits persisted and ASD symptoms continued to improve at 2 years; adaptive behavior age-equivalent increased by 2.5 years




Note: Studies without direct neuroimaging or transcriptomic measures were included when ASD‑relevant behavioral, clinical, or neurobiological molecular outcomes were reported, consistent with the predefined eligibility criteria. Abbreviations: 16S, 16S ribosomal RNA; ADOS, autism diagnostic observation schedule; ASD, autism spectrum disorder; CI, confidence interval; DBS, deep brain stimulation; DTI, diffusion tensor imaging; EM, electron microscopy; fMRI, functional magnetic resonance imaging; FMT, fecal microbiota transplantation; GFAP, glial fibrillary acidic protein; GI, gastrointestinal; GWAS, genome-wide association study; Iba1, ionized calcium-binding adaptor molecule 1; LC-MS, liquid chromatography–mass spectrometry; mPFC, medial prefrontal cortex; MR, mendelian randomization; NT, neurotypical; PVN, paraventricular nucleus; RNA-seq, RNA sequencing; SC, social chamber; SCFA, short-chain fatty acid; SLCP, solid lipid curcumin particles; SRS, social responsiveness scale; TEM, transmission electron microscopy; TD, typically developing; VABS, vineland adaptive behavior scales; VPA, valproic acid; VTA, ventral tegmental area; WGCNA, weighted gene co-expression network analysis.
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