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Abstract

Epilepsy is a chronic neurological disorder characterized by recurrent seizures resulting from abnormal and excessive neuronal activity. Although antiseizure
medications (ASMs) remain the cornerstone of treatment, approximately one-third of patients develop drug-resistant epilepsy, highlighting the need for
alternative therapeutic strategies. Increasing evidence suggests that gut microbiota play an important role in the pathophysiology of epilepsy through
bidirectional communication along the gut-brain axis. Beyond cataloguing these associations, this review critically appraises the methodological quality
and internal consistency of the existing evidence base, identifies recurring sources of contradiction across studies (sampling design, taxonomic resolution,
confounding by diet, and ASM), and proposes an integrative framework in which dysbiosis is treated as a perturbation of a functionally interconnected gut-
immune-neural network rather than an isolated biomarker. Experimental and clinical studies have demonstrated alterations in gut microbial composition in
patients with epilepsy and in animal models, suggesting a potential disease-associated microbial signature. Moreover, interventions targeting gut microbiota,
including ketogenic diet (KD), probiotics, prebiotics, antibiotics, and fecal microbiota transplantation (FMT), have shown promising anticonvulsant effects
in preclinical studies, while clinical evidence remains limited and heterogeneous. Among these approaches, the KD currently has the strongest supporting
evidence, whereas other microbiota-based therapies remain in the early stages of investigation. Despite substantial progress, causal relationships between
alterations in the microbiota and epilepsy are not fully understood, and standardized clinical protocols are lacking. Rather than leaving this open-ended, we
reach a graded conclusion: the KD and FMT are currently the only interventions supported by experiments that can distinguish causation from correlation
and such evidence is confined to animal models; probiotic, prebiotic, short-chain fatty acid, and antibiotic data remain associative. Therefore, the priority
for the field is not further cross-sectional taxonomic profiling-which cannot resolve causality by design-but rather longitudinal pre-diagnosis sampling,
function-level multi-omics readouts, and donor- or strain-characterized interventional trials with prespecified microbiota endpoints. Until these are available,
microbiota modulation should be positioned as an adjunctive, mechanistically stratified strategy under investigation for drug-resistant epilepsy, rather than as
an established therapeutic option.
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INTRODUCTION

Epilepsy is a neurological disorder characterized by recurrent seizures resulting from abnormal brain activity. The International League
Against Epilepsy defines an epileptic seizure as “a transient occurrence of signs and/or symptoms due to abnormal excessive or synchronous
neuronal activity in the brain,” with epilepsy diagnosed when there is an enduring predisposition to generate such seizures-established by
two unprovoked seizures more than 24 hours apart, one unprovoked seizure with a high (>60%) probability of recurrence within 10 years,
or an established epilepsy syndrome.' Epileptiform activity on electroencephalography and epileptogenic lesions on neuroimaging remain
the two principal parameters for estimating recurrence risk.? Epilepsy is among the most common neurological disorders, with a pooled
incidence of 61.4 per 100,000 person-years across international cohorts.® Antiseizure medications (ASMs)—a more accurate term than
“antiepileptic drugs,” since they suppress seizures rather than epileptogenesis itself—remain the cornerstone of treatment, but roughly one-
third of patients develop drug-resistant epilepsy despite adequate ASM trials.* Beyond seizures themselves, drug-resistant epilepsy carries
substantial burden through increased mortality risk, cognitive and psychiatric comorbidity, and reduced quality of life, which has driven
sustained interest in adjunctive strategies that act through mechanisms distinct from conventional ASM pharmacology.* For drug-resistant
patients who are not surgical candidates, the ketogenic diet (KD)—a high-fat, adequate-protein, low-carbohydrate regimen—is an established
first-line therapy in glucose transporter-1 deficiency syndrome and an effective adjunct more broadly, reducing seizure frequency in both
children and adults.>” Its antiseizure mechanisms are incompletely understood but implicate altered energy metabolism, enhanced gamma-
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aminobutyric acid (GABAergic) transmission, modulation of ion
channels, and reduced oxidative stress and neuroinflammation.®®
Increasing attention has turned to the gut microbiota as a mediator
of these effects: specific microbial taxa are required for the KD’s
full antiseizure efficacy in mice, acting through hippocampal
GABA/glutamate balance and related metabolic pathways,'
establishing the KD as both a treatment and a model system for
studying microbiota-brain interactions.!" A narrative review of
nearly 200 studies has since consolidated this link, showing that
the KD raises the Bacteroidetes/Firmicutes ratio and promotes
short-chain fatty acid (SCFA) and neurotransmitter production,
and proposing bacterial signatures as candidate biomarkers of
KD responsiveness;'? a 2026 pediatric study identified baseline
microbiota signatures that distinguish KD responders from non-
responders."

Microorganisms—bacteria, yeasts, viruses—have long been
known to coexist with the host across body sites.'* The microbiota
constitutes roughly 90% of the body’s total cell population and
harbors nearly 150-fold more genetic information than the human
genome;'>'® microbiome additionally encompasses collective
genomes, metabolites, and environmental context.!” Each healthy
adult harbors over 1,000 gut bacterial species, dominated by
Bacteroidetes and Firmicutes,'® and unlike the largely stable host
genome, this community is highly dynamic and environmentally
responsive-an attractive therapeutic target.” Gut dysbiosis can
alter intestinal permeability, metabolism, and immune signaling
and has been implicated in gastrointestinal, autoimmune, and
neuropsychiatric diseases,'*? which has motivated interest in
probiotics, prebiotics, and fecal microbiota transplantation (FMT)
as therapeutic strategies.

The Gut-brain Axis

The gut-brain axis is a bidirectional communication network linking
the gutand its microbiota with the brain,*' maintained not only by the
vagus nerve and autonomic nervous system (ANS) but also by the
enteric nervous system (ENS), immune system, and neuroendocrine
signaling.”> The ANS and ENS jointly regulate gastrointestinal
motility, secretion, and local blood flow while relaying sensory
information from the gut wall to the central nervous system (CNS),
and the immune system contributes a further signaling layer:

MAIN POINTS

* Epilepsy affects over 50 million people worldwide, and a substantial
proportion of patients remain drug-resistant.

* Growing evidence indicates that the gut microbiota contributes to seizure
susceptibility and to epileptogenesis via immune, metabolic, and neural
pathways of the gut-brain axis.

* Beyond summarizing this literature, this review critically evaluates the
internal consistency and causal strength of the evidence supporting each
microbiota-targeted approach—ketogenic diets, probiotics, prebiotics,
synbiotics, fecal microbiota transplantation and short-chain fatty acids—
and proposes an integrative framework in which seizure susceptibility is
governed by the functional output of the gut microbial community rather
than any single taxon.

* This framework reconciles otherwise contradictory findings across
studies and identifies the specific experimental designs needed to
move the field from descriptive association toward mechanism-based,
personalized microbiota therapeutics for epilepsy.

gut-associated lymphoid tissue continuously samples luminal
microbial antigens and translates microbial composition into
circulating cytokine and immune-cell signals capable of reaching
the brain.?> Enteroendocrine ‘“neuropod” cells form synaptic
connections with vagal neurons and transmit luminal signals
using glutamate, and gut microorganisms themselves activate
vagal and enteric afferents directly.”> Vagotomy studies underline
the functional importance of this signaling: vagotomized patients
show increased psychiatric morbidity,?* and vagotomized rodents
show reduced locomotor activity®® and impaired neurogenesis,*
consistent with the therapeutic use of vagus nerve stimulation in
depression®” and epilepsy*®*—implying that microbiota-mediated
vagal modulation could affect either condition. The microbiota
also produces and regulates neurotransmitters—tryptophan,
serotonin, GABA, epinephrine, norepinephrine, dopamine.'*?
The microbiome encodes glutamate decarboxylase, converting
glutamate to GABA.* Microbially produced serotonin shapes
ENS maturation.’® SCFAs generated by microbial fermentation
enter systemic circulation and influence CNS function, and
the microbiota is closely linked to the hypothalamic-pituitary-
adrenal (HPA) axis:?> germ-free (GF) animals show altered
hormonal signaling and neurotransmission,**-** and GF mice show
increased embryonic blood-brain barrier (BBB) permeability and
reduced occludin expression that persists into adulthood unless
microbiota is restored after birth.*> More recent metabolomic
work has identified altered tryptophan metabolism as a candidate
mechanistic node linking gut microbial activity to seizure-related
brain metabolism in pediatric epilepsy,’® while an emerging
conceptual framework proposes environmental factors such as
heat stress as upstream modulators of this axis via microbial
diversity and hydration-dependent seizure thresholds.’’

These connections position the gut microbiota as a plausible
contributor to the pathophysiology of neurological diseases,
and correcting dysbiosis has emerged as a candidate therapeutic
strategy not only in neurodevelopmental and neuropsychiatric
disorders but also in Alzheimer’s disease, Parkinson’s disease, and

epilepsy.
The Role of Microbiota in Epilepsy

Gastrointestinal symptoms are common in epilepsy, and epilepsy
prevalence is elevated among patients with inflammatory bowel
disease,*® supporting a bidirectional gut-epilepsy relationship in
which the microbiota appears central. Comparable alterations have
been reported in experimental models:* in one rare study, dysbiosis-
induced intestinal damage increased absence-seizure activity, and
FMT-driven restoration of gut microbial composition partially
normalized intestinal morphology and reduced seizure frequency,*
suggesting that gut-derived inflammatory and metabolic signals
may influence thalamocortical circuits in absence seizures-though
mechanistic studies remain limited.

In population-based clinical studies, comparisons of epilepsy
patients and healthy controls consistently report differences in gut
microbiota composition,***but not the same differences: ina 14-vs.-
30 comparison, controls showed higher diversity and Bacteroidetes
dominance versus Firmicutes dominance in drug-resistant
patients;*! a larger study similarly found Firmicutes dominant only
in the drug-resistant group, with seizure frequency correlating with
microbial composition and Bifidobacterium/Lactobacillus lower in
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more frequent seizures;* while a 55-vs.-46 cohort instead reported
increased Actinobacteria and Verrucomicrobia and decreased
Proteobacteria.”® Taken together, these studies illustrate a recurring
problem in the field rather than a converging signal. Smith et al.*!
and Peng et al.*? reach opposite conclusions about which phylum
dominates in drug-resistant epilepsy relative to controls, Gong et
al.® implicates yet different phyla, and none of the three cohorts
exceeds low tens to low hundreds of participants. Because ASM
regimens, disease duration, dietary intake, and geographic cohorts
were not consistently controlled or reported across these studies,
phylum-level shifts attributed to epilepsy cannot be distinguished
with confidence from shifts attributable to its treatment or from
unrelated population-level variation in baseline microbiota
composition. This inconsistency is a structural limitation of the
descriptive literature as a whole: phylum-level taxonomy is a
coarse readout that can mask convergent functional changes (e.g.,
reduced SCFA-producing capacity) occurring through divergent
taxonomic routes, which is one reason cross-cohort taxonomic
signatures have so far failed to replicate. Microbiome perturbations
also track acute seizure states: patients with status epilepticus and
new-onset refractory status epilepticus show markedly altered,
more variable fecal microbiomes than chronic epilepsy patients,
with shifts correlating with cytokine levels and evolving across
the disease course.* Dysbiosis-driven neuroinflammation has also
been implicated in comorbid depression in epilepsy via a proposed
“gut-brain-emotion” network, with C-reactive protein-based
subtyping suggested to individualize treatment,* and probiotic
supplementation has been reported to improve seizure control
and depressive symptoms together via shared HPA-axis and
glutamatergic mechanisms.¥’

Because epilepsy pathogenesis is closely tied to neuroimmunity,*
microbiome-associated pro-inflammatory states may plausibly
contribute via the same microglia/astrocyte activation that
drives epileptogenesis;* the gut microbiota shapes immune
cell development generally—for example, specific Clostridium
species induce colonic regulatory T-cells that constrain systemic
inflammatory tone,*” and the microbiota similarly regulates type-
2 immune responses via retinoic acid-related orphan receptor yt-
expressing T-cells*>—and microglial differentiation specifically
in an age- and sex-dependent manner,’! with GF and antibiotic-
treated animals showing microglial and immune deficits partially
reversible by recolonization.’> Mechanistically, barrier disruption
may allow bacterial metabolites, lipopolysaccharide, and
cytokines into circulation, damaging the BBB,*® while reduced
anti-inflammatory SCFA levels may compound this permeability
and promote hippocampal/cortical apoptosis.** Directly relevant
to seizures, intestinal inflammation increased convulsive activity
and reduced ASM efficacy in a pentylenetetrazol (PTZ) mouse
model, while butyrate reversed this via reduced inflammation and
oxidative stress (Figure 1).%

Beyond inflammation, the microbiota directly shapes the excitation-
inhibition balance disrupted in epilepsy:* Lactobacillus and
Bifidobacterium produce GABA, Escherichia and Bacillus produce
norepinephrine/dopamine,* and Coprococcus, Ruminococcus,
and Turicibacter correlate with glutamate/glutamine levels;”’
FMT from KD-treated donors and KD-associated Akkermansia/
Parabacteroides each raised hippocampal GABA/glutamate ratio
and conferred seizure protection.'® The microbiota also modulates
hippocampal/amygdalar GABA and N-methyl-D-aspartate

receptor expression®® and brain-derived neurotrophic factor—a
key regulator of excitatory-inhibitory transmission during
epileptogenesis®*—which is deficient in GF mouse hippocampus
and cortex.** Collectively, these findings support a role for the
gut-brain axis in epileptogenesis and seizure severity, though, as
detailed above, this support is largely at the level of biological
plausibility rather than confirmed causation in humans.

Microbiota-targeted Therapeutic Approaches for Epilepsy

Therapeutic interventions aimed at modulating the gut microbiota,
correcting dysbiosis, and promoting a healthy gut-brain axis
may offer hope for patients with drug-resistant epilepsy, despite
current treatment options. A healthy microbiota may reduce seizure
generation by restoring disrupted gut-brain axis mechanisms
involved in epilepsy pathophysiology, while also potentially
improving response to ASMs by supporting drug metabolism
and absorption. Microbiota-targeted approaches include dietary
interventions, antibiotics, probiotics, prebiotics, and FMT.

Diet

The KD is the most-studied dietary intervention in epilepsy,
and evidence linking its antiseizure effects to the gut microbiota
keeps accumulating: pediatric cohort studies report that KD
reduces microbial diversity while shifting composition toward
a  Bacteroidetes-enriched, Firmicutes-depleted profile that
correlates with clinical response™-® broadly consistent with the
gnotobiotic mechanistic work described below'—though a study
in 12 children with drug-resistant epilepsy instead found reduced
beneficial bacteria and increased pathobiont Escherichia coli after
KD.®' This literature remains limited in scope, and the Olson et al.'
and Lindefeldt®! findings are difficult to reconcile at face value:
the former, in gnotobiotic mice, demonstrates specific microbiota-
dependent seizure protection, while the latter, in children, reports
an unfavorable microbial shift under the same intervention. Rather
than a contradiction, this more plausibly reflects a mismatch in
what is measured—a mechanistic, taxon-specific causal effect
under controlled gnotobiotic conditions versus an uncontrolled
clinical before-after comparison in which caloric restriction, fiber
intake, and baseline microbiota are not held constant. This gap
between causally validated preclinical mechanisms and associative
human observations recurs throughout this literature and is, in our
view, the central methodological fault line separating mechanistic
plausibility from clinical proof.

SCFAs (acetate, propionate, butyrate)—fermentation products with
established roles in gut-brain communication®>—cross the BBB,
modulate neuroinflammation, regulate microglial activation, and
influence neurotransmitter systems.'”¢3%Butyrate, the most studied,
isboth an epithelial energy source and a histone deacetylase inhibitor
with anti-inflammatory, neuroprotective effects,* reducing seizure
severity in PTZ models® and suppressing neuroinflammation in
traumatic brain injury epileptogenesis model.” Prebiotic/synbiotic
interventions that raise endogenous SCFA levels similarly reduce
seizure susceptibility and neuroinflammation preclinically,*®
and propionate reduced epileptiform discharge frequency ex
vivo in pediatric cortical tissue®—but randomized clinical trials
of SCFA supplementation in epilepsy are still lacking. This is
changing: a 2026 murine drug-resistant-epilepsy study found
systemic SCFA supplementation disease-modifying—reducing



Ugur Aykin. Gut-brain Axis and Epilepsy

Impairment of gut-brain axis.
‘homeostasis facilitates the

epileptogonesis

as
o
SR
o9
Blood-(snin)
Barrier (B88)
) V4
R / mw..mmmmu] dovelop
d N
& s ,
Macrophage \ ~—i
\ * /'
OAB: - Circulation

Figure 1. Proposed gut microbiota-brain interactions in epilepsy. The gut
microbiota influences brain excitability through immune, metabolic, and neural
pathways. Dysbiosis may promote neuroinflammation and alter neuroactive
metabolite production, contributing to seizure susceptibility. Bidirectional
interactions suggest that both epilepsy and its treatments can modify microbial
composition. Targeting the gut microbiota represents a potential therapeutic
avenue in epilepsy

GABA: Gamma-aminobutyric acid

seizure progression and clustering and improving cognition, with
corroborating changes in human epilepsy brain tissue’—and a
2026 meta-analysis of preclinical models found SCFAs and SCFA-
producing probiotics consistently reduced seizure susceptibility

across chemoconvulsant and kindling paradigms.”!

Antibiotics

Few studies address antibiotic use in epilepsy. A retrospective
study of six drug-resistant patients found certain antibiotics
reduced seizure frequency, implicating gut-microbiota-mediated
modulation.”> The relationship may also run in the opposite
direction: some ASMs themselves possess intrinsic antimicrobial
activity against common gut bacterial species in vitro, raising the
possibility that long-term ASM use could itself reshape the gut
microbiota independent of any dietary or antibiotic co-exposure,
a confound rarely addressed in the clinical microbiota literature.”
Yet penicillins, cephalosporins, and carbapenems can themselves
provoke seizures, particularly with renal dysfunction:™7
cephalosporins via GABAergic inhibition and carbapenems via
inhibitory neurotransmitter interference.’®’” Antibiotics also disrupt
both beneficial and pathogenic taxa, contributing to dysbiosis;
further work is needed to determine how different agents modulate
the microbiota and, in turn, seizure mechanisms. These dual
effects highlight the complexity of interpreting antibiotic-related
neurological outcomes. A 2025 mechanistic review proposed a
unifying hypothesis: antibiotics affect seizure activity primarily
through microbiota-dependent gut-brain modulation rather than
direct neurotoxicity alone, with net effect depending on spectrum,
dose, and which taxa are depleted or spared.”

Probiotics and Prebiotics

Probiotics are defined by Food and Agriculture Organization of the
United Nations/World Health Organization as “live microorganisms
which, when administered in adequate amounts, confer a health
benefit on the host,”” typically Lactobacillus and Bifidobacterium
formulations thought to correct dysbiosis and regulate immune/
inflammatory responses via mechanisms overlapping with those
described above, including GABA production, SCFA generation,

and modulation of gut-associated immune signaling;* prebiotics are
non-digestible substrates such as inulin and fructooligosaccharides
that selectively promote such growth,®' with reduced intake—
linked to Western-style diets—associated with obesity, metabolic
syndrome, and inflammatory disease."

Preclinically, several multi-strain Lactobacillus/Bifidobacterium
mixtures attenuated PTZ-kindling progression and seizure severity
in Wistar rats,** and synbiotic/probiotic-prebiotic combinations
reduced seizure frequency and cognitive deficits in kainic acid and
PTZ models via reduced inflammation and oxidative stress and
increased SCFA production.* However, a similar three-strain
combination produced no independent reduction in seizure duration
or severity in a different PTZ paradigm, its only measurable
benefit being potentiation of co-administered diazepam.®® In a
post-traumatic epilepsy (PTE) model, a 7-strain probiotic with or
without prebiotic inulin enhanced lacosamide’s seizure control and
improved locomotor, anxiety-like, cognitive, and pain-threshold
comorbidities.®” This preclinical heterogeneity is informative rather
than incidental because strain identity, dose, duration, seizure
model, and timing relative to kindling all vary simultaneously
across these studies; the field cannot currently distinguish genuine
strain- or model-specific biology from underpowered single-study
effects—a standardization problem rather than a mechanistic one—
which limits claims that probiotics constitute a uniform therapeutic
class rather than a set of strain-specific interventions whose active
principle remains unidentified.

Clinical data remain sparser: propionate reduced epileptiform
discharge frequency ex vivo in pediatric temporal-lobe tissue,™
and 28.9% of drug-resistant patients receiving a four-month
probiotic mixture achieved >50% seizure reduction, largely
sustained four months post-discontinuation.® This evidence has
since been consolidated in a 2025 meta-analysis of six randomised
controlled trials (656 patients) showing probiotics plus ASMs
improved response rates and reduced seizure frequency/duration
versus ASMs alone without excess adverse events-though the
authors stressed persistent trial heterogeneity and the need for
larger, multicenter studies;” a companion review similarly found
convergent but insufficiently standardized signals across probiotic
and KD studies,” and a 2025 canine drug-resistant-epilepsy pilot
extended these behavioral and seizure benefits across species.’?

Fecal Microbiota Transplantation

FMT transfers processed donor fecal material into a recipient’s gut via
oral capsule or endoscopy that can reduce pathogen colonization and
enhance host resistance through immune regulation and restoration
of colonization resistance against pathobionts,” with established
efficacy in ulcerative colitis and Clostridioides difficile infection,
the two indications for which controlled trial data and regulatory
experience are most mature.”*”> In GF mice, FMT from KD-fed
donors or KD-associated organisms raised seizure threshold,'® and
clinically, FMT fully suppressed seizures for 20 months post-ASM
discontinuation in a patient with Crohn’s disease and 17 years of
epilepsy®*—though long-term safety and efficacy data remain absent.
In a PTE rat model, pre-existing microbial composition and SCFA
profile—rather than injury-induced dysbiosis—predicted PTE risk,”’
and in a follow-up study, FMT from PTE-prone donors conferred
mild-to-moderate pro-epileptic effects on recipients, confirming that
transferred microbiota actively modulates susceptibility.”®
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Read together, this literature makes a stronger causal case than
the cross-sectional taxonomic studies described earlier: donor
microbiota transfers either protection'® or susceptibility,”® the
clearest evidence available that gut composition is not merely a
passive marker of epilepsy. Yet the entire human clinical basis
for this intervention is a single case report;”® no controlled human
FMT trial in epilepsy exists, epilepsy-specific donor-selection
and safety standards are undefined, and the same paradigm that
shows FMT protective with one donor shows it pro-epileptic
with another—indicating that clinical translatability depends
entirely on donor characteristics not yet defined. This directional
dependence is arguably the strongest argument in this review
that microbiota-targeted therapy cannot be a one-size-fits-all
intervention and must instead be developed as a donor- or strain-
characterized, mechanistically stratified approach. Consistent with
this, microbiota-driven intestinal dysfunction contributes to seizure
susceptibility in an absence-epilepsy model, where FMT-based
restoration attenuated seizure activity,” and a 2026 study showing
SCFA supplementation attenuates post-traumatic brain injury
neurologic injury via a gut-brain-microglia axis further supports
microbiota-targeted strategies in post-traumatic epileptogenesis.”

Toward an Integrative Framework: From Association to
Mechanism

The preceding sections deliberately traced each intervention
class separately; however, when taken in isolation, taxonomic
association studies, dietary trials, antibiotic case series, probiotic
experiments, and FMT studies each tell an incomplete story. Read
as a single body of evidence, they converge on a more specific
claim than “the microbiota is altered in epilepsy”: they indicate
that seizure susceptibility is governed by the functional output
of the gut microbial community (SCFA production, GABA/
glutamate precursor supply, barrier integrity, vagal and immune
signaling) rather than by any single taxon or phylum ratio. This
reframing has direct explanatory power for two puzzles raised
above. First, it explains why taxonomic signatures fail to replicate
across cohorts:*# different bacterial assemblages can converge
on similar functional outputs, so taxonomy is a noisy proxy for
the mechanistically relevant variable. Second, it explains the
directional dependence of FMT outcomes:'*”® whether a donor
community is protective or pro-epileptic should depend on its net
functional output, not simply on which phyla it contains. Under this
view, dysbiosis in epilepsy is best modeled as a perturbation of an
interconnected gut-immune-neural regulatory network-analogous
to a loss of ecological stability in a microbial community, in which
the system’s net functional state, not its species list, determines
whether it buffers or amplifies neuronal hyperexcitability. When
evaluated against this framework, the KD and FMT provide the
field’s only two genuinely causal demonstrations (via gnotobiotic
reconstitution and donor transfer, respectively) that a defined
microbial functional state is sufficient to shift the seizure
threshold; probiotic, prebiotic, SCFA, and antibiotic studies remain
correlational or only partially mechanistic by comparison. Table 1
summarizes this stratification.

DISCUSSION

Weighed against the causal-versus-associative distinction
established above, the evidence in this field does not support
treating “the gut microbiota is altered in epilepsy” as a settled

premise from which therapeutic conclusions can be drawn; only
the KD and FMT literatures currently supply experiments capable
of distinguishing cause from correlation, and even these are causal
only in animal models. When stated at the level that the evidence
can bear, three claims are supportable. First, altered gut microbial
composition is reproducibly detected in patients with epilepsy
and in animal models, even though the specific taxa involved
differ between cohorts.**** Second, studies involving microbiota
interventions collectively indicate that modulation of the gut
microbiota can influence seizure susceptibility, epileptogenesis,
and several epilepsy-associated comorbidities.'****” Third, these
observations support the concept that the gut microbiota are not
merely altered as a consequence of epilepsy but may actively
participate in disease mechanisms through the gut-brain axis,
although in humans, this remains an inference from biological
plausibility rather than a demonstrated causal relationship.

Several biological pathways have been proposed to explain how
gut microorganisms may affect epileptic processes. Dysbiosis
may increase intestinal permeability and facilitate the systemic
dissemination of bacterial metabolites, lipopolysaccharides, and
pro-inflammatory cytokines, ultimately contributing to BBB
dysfunction and neuroinflammation."” Since neuroinflammation is
increasingly recognized as a critical component of epileptogenesis,
microbiota-induced immune activation may represent an important
mechanistic link between gut dysbiosis and seizure generation. In
parallel, gut microorganisms are capable of producing or modulating
neurotransmitters and neuroactive compounds, including GABA,
serotonin, dopamine, norepinephrine, and glutamate-related
metabolites.!” These molecules may influence neuronal excitability
and contribute to the disruption of the excitation-inhibition balance
that characterizes epilepsy. Moreover, microbial metabolites such
as SCFAs appear to regulate microglial activation, oxidative stress,
neurotrophic signaling, and BBB integrity, further supporting the
biological plausibility of microbiota-mediated effects on seizure
susceptibility.®? Among currently available microbiota-targeted
interventions, the KD possesses the strongest evidence base. In
contrast, evidence supporting probiotics, prebiotics, synbiotics, SCFA
supplementation, and FMT remains promising but comparatively
limited, with most available data originating from experimental
studies and relatively few clinical investigations. Most studies
evaluating these approaches have been conducted in experimental
models, while human studies are characterized by small sample sizes,
heterogeneous patient populations, and considerable variability in
treatment protocols. Consequently, the clinical applicability of many
microbiota-targeted therapies remains uncertain. A further, often-
overlooked source of heterogeneity is demographic and geographic
variation: gut microbiota composition differs substantially by age,
sex, diet, and geographic region, independent of epilepsy status, yet
few of the studies reviewed above matched cases and controls on
these variables or replicated findings across cohorts from different
countries. Until microbiota studies in epilepsy routinely control for
this baseline population-level variability, it will remain difficult to
distinguish disease-specific signals from ordinary demographic noise.
Despite the rapid expansion of research in this field, several important
knowledge gaps remain. First, no specific microbial signature has
yet been universally identified as a reliable biomarker for epilepsy
diagnosis, prognosis, or treatment response. Different studies have
reported distinct alterations in microbial taxa, and reproducibility
across populations remains limited. Second, the direction of causality
remains unclear. While dysbiosis may contribute to epileptogenesis,
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Table 1. Overview of microbiota-targeted therapeutic strategies investigated in epilepsy

Therapeutic strategy Approximate Evidence Overall findings Main proposed mechanisms Current limitations
number of level
published
studies*
Ketogenic diet >20 preclinical, High Consistently reduces seizure Altered gut microbial Mechanisms remain
>15 clinical frequency, particularly in drug- composition, increased GABA/  incompletely understood;
resistant epilepsy. Several studies glutamate ratio, reduced long-term microbiota
suggest that part of its antiseizure ~ neuroinflammation, metabolic consequences remain
efficacy is microbiota-dependent. reprogramming controversial
Probiotics ~15-20 Moderate Most animal studies report Restoration of dysbiosis, Small sample sizes and
preclinical, 3-5 reduced seizure susceptibility, SCFA production, lack of standardized
clinical delayed seizure onset, and immunomodulation, probiotic formulations
improved cognitive outcomes. neurotransmitter regulation
Limited clinical studies suggest
seizure reduction in a subset of
patients.
Prebiotics ~10 preclinical, Low- Generally associated with reduced Increased SCFA production, Lack of epilepsy-specific
very few clinical moderate  neuroinflammation and improved enhancement of beneficial clinical trials
seizure-related outcomes in animal bacterial populations,
models. improved gut barrier function
Synbiotics ~5-10 preclinical, Low- Often show greater efficacy than Synergistic microbiota Clinical evidence remains
(probiotict+prebiotic) very limited moderate individual probiotic or prebiotic modulation, enhanced SCFA scarce
clinical interventions in experimental production, anti-inflammatory
studies. effects
Short-chain fatty ~10-15 Low- Generally demonstrate HDAC inhibition, blood-brain  Few direct supplementation
acids (SCFAs; preclinical, very moderate anticonvulsant, neuroprotective,  barrier stabilization, microglial studies and lack of
butyrate, propionate, limited human and anti-inflammatory properties regulation, oxidative stress controlled clinical trials
acetate) evidence in experimental epilepsy models. reduction
Antibiotics <10 studies Low Some studies report reduced Microbiota depletion and Conflicting findings;
seizure frequency, whereas others  restructuring of gut microbial potential adverse
highlight seizure-provoking effects communities neurological effects
of specific antibiotics.
Fecal microbiota ~10 preclinical, Low Animal studies support a causal Global restoration of Lack of randomized
transplantation 1-3 clinical role of microbiota in seizure microbial ecosystem, controlled trials; donor
reports/case susceptibility. Human evidence immunomodulation, metabolite selection and safety
studies remains limited but promising. transfer concerns
Postbiotics/microbial Emerging field Low Early evidence suggests beneficial Direct action of microbial Insufficient clinical
metabolites (~5-10 studies) effects on neuronal excitability metabolites on neuronal and evidence
and neuroinflammation. immune pathways
Combined microbiota-  Very limited (<5 Low Preliminary studies indicate that Improved drug metabolism, Requires validation in

targeted therapies
with antiseizure drugs

studies)

microbiota-targeted interventions
may enhance antiseizure
drug efficacy and improve
comorbidities.

anti-inflammatory effects,
modulation of gut-brain
signaling

larger experimental and
clinical studies

*: Approximate numbers are based on the currently available epilepsy-microbiota literature, including experimental, translational, and clinical studies published up to 2025, HDAC:

Histone deacetylase, GABA: Gamma-aminobutyric acid

seizures themselves, ASMs, dietary modifications, and lifestyle factors
may also alter gut microbial composition.”'® Distinguishing cause
from consequence, therefore, represents a major challenge, and it is
largely unaddressed by the cross-sectional designs reviewed above:
a single-timepoint comparison between patients and controls cannot,
in principle, distinguish a microbiota that causes seizures from one
that is reshaped by them or by their treatment. Resolving this would
require that designs already validated in the FMT literature discussed
above—longitudinal pre-diagnosis sampling in at-risk cohorts
combined with GF or antibiotic-depleted rodent recolonization
from human-derived material—be extended systematically across
intervention classes rather than remain confined to isolated proof-of-
concept studies at present. Third, most current studies rely primarily

on taxonomic analyses, whereas the functional consequences of
microbiome alterations may be more relevant than changes in
microbial abundance alone. Future investigations integrating multi-
omics (metagenomics, metatranscriptomics, metabolomics, and
proteomics) may provide a more comprehensive understanding of
the functional microbiome in epilepsy. Consistent with this outlook,
recent literature has begun to advocate for multi-omics integration
coupled with artificial intelligence-driven analytical approaches,
together with clinically actionable inflammatory subtyping strategies,
as tools to move the field from descriptive taxonomic associations
toward individualized, mechanism-based microbiota therapeutics for
epilepsy and its neuropsychiatric comorbidities.*
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Another important limitation is the lack of standardization among
microbiota-targeted interventions. Probiotic studies utilize different
bacterial strains, dosages, treatment durations, and formulations,
making direct comparisons difficult. Similarly, optimal donor
selection criteria, transplantation protocols, and long-term safety
profiles for FMT remain poorly defined. The development of
standardized protocols and consensus guidelines will be essential
before these approaches can be incorporated into routine clinical
practice. The relationship between microbiota-targeted therapies
and ASMs also warrants further investigation. Emerging evidence
suggests that the gut microbiota may influence drug metabolism,
bioavailability, and therapeutic responsiveness. Conversely,
ASMs may themselves alter microbial composition and function.
Understanding these bidirectional interactions may facilitate the
development of personalized therapeutic strategies that combine
conventional pharmacological treatments with microbiota-directed
interventions. Such approaches may be particularly relevant for
patients with drug-resistant epilepsy, for whom treatment options
remain limited. Future research should prioritize large-scale,
multicenter, longitudinal clinical studies to validate microbiota-
related biomarkers and identify microbial signatures associated with
specific epilepsy syndromes. Mechanistic studies investigating the
role of microbial metabolites, immune pathways, neurotransmitter
systems, and gut barrier integrity will be equally important. In
addition, advances in precision medicine may ultimately enable
individualized microbiota-based therapies tailored to each patient’s
microbial profile, disease characteristics, and treatment response.
The growing interest in postbiotics, engineered probiotics,
targeted microbial metabolites, and next-generation microbiome
therapeutics may further expand the therapeutic landscape of
epilepsy in the coming years.

To convert these gaps into a concrete agenda instead of a general
call for more research, we propose five priorities, ordered by their
capacity to change clinical practice rather than by feasibility:

(1) Replace cross-sectional case-control profiling  with
longitudinal, pre-diagnosis sampling. Cohorts at known risk of
epileptogenesis—traumatic brain injury, febrile status epilepticus,
autoimmune encephalitis—should be sampled serially before
and after the first seizure, because only this design can establish
temporal precedence between dysbiosis and epilepsy.

(2) Report function, not taxonomy, as the primary endpoint.
Metagenomic, metatranscriptomic, and metabolomic measures of
SCFA production, GABA/glutamate precursor supply, and barrier
integrity should be prespecified as primary outcomes, with taxonomic
composition reported as a secondary outcome. This follows directly
from the framework proposed above and represents the most plausible
route to obtaining findings that replicate across cohorts.

(3) Treat ASM, diet, age, sex, and geography as prespecified
covariates rather than as post-hoc explanations. At a minimum,
studies should report ASM regimen and duration, dietary intake,
and recruitment region, and should match or statistically adjust
for these factors; cohorts that cannot do so should be labelled
hypothesis-generating.

(4) Characterize the donors and strains before scaling up
interventions. Because FMT is protective or pro-epileptic depending
on the donor,'**® epilepsy-specific donor-selection criteria based on
functional microbial output—not infectious-disease safety alone—

must precede any controlled human FMT trial. Probiotic trials
should likewise specify strain identity, dose, and duration, rather
than treating probiotics as a single therapeutic class.

(5) Design the first clinical trials to be adjunctive, stratified, and
biomarker-anchored. The most realistic near-term protocol is an add-
on trial for drug-resistant epilepsy, in which patients are stratified
by a prespecified baseline functional microbiota profile, the
intervention is a defined-strain consortium or an SCFA preparation,
and both seizure outcomes and the intended microbial mechanism
are measured. Such a design would test the mechanism and the
therapy simultaneously and generate evidence that the current
literature cannot provide.

Until at least the first three of these are routinely implemented,
further descriptive microbiota surveys in epilepsy are unlikely to
advance either mechanistic understanding or clinical care.

The message of thisreview is deliberately narrow rather than broadly
optimistic. Seizure susceptibility is modulated by the functional
output of the gut microbial community; this has been demonstrated
causally only in animal models through KD reconstitution and
donor microbiota transfer, and no microbiota-targeted intervention
currently meets the evidentiary standard required for routine
clinical use in epilepsy. The appropriate clinical position today
is therefore adjunctive and investigational, and the appropriate
research response is the prioritized agenda set out above rather than
continued descriptive profiling. Future large-scale, mechanistically
oriented, and longitudinal studies will be crucial for determining
whether modulation of the gut microbiota can be translated into
safe, effective, and personalized therapeutic strategies for patients
with epilepsy. Practical translation will also require attention
to issues rarely discussed in the preclinical literature reviewed
above: regulatory pathways for live-biotherapeutic and FMT
products differ substantially from those for small-molecule ASMs;
standardized safety and donor-screening protocols specific to
epilepsy do not yet exist; and demonstrating cost-effectiveness
relative to established treatments will require pragmatic trials
rather than by further mechanistic studies alone. Addressing these
translational—not only biological—gaps will determine whether
microbiota-targeted approaches reach clinical practice.
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