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Abstract

Epilepsy is a chronic neurological disorder characterized by recurrent and unpro-
voked seizures, affecting more than 50 million people worldwide, with nearly 30%
of patients remaining uncontrolled by medication. Notably, individuals with
inflammatory bowel disease exhibit a higher susceptibility to epilepsy. The gut-
brain axis denotes the bidirectional communication between the intestine and
brain, regulating intestinal homeostasis and the central nervous system via neu-
ral networks and neuroendocrine, immune, and inflammatory pathways. Recent
studies have demonstrated that intestinal dysfunction and dysbiosis may be im-
plicated in the pathogenesis and susceptibility to epilepsy. Moreover, strategies
aimed at restoring the gut microbiota, including fecal microbiota transplanta-
tion, probiotic intervention, and ketogenic diet, have shown promising thera-
peutic effects in refractory epilepsy, further substantiating the potential link
between gut microbiota and epilepsy. This review introduces the microbiota-
gut-brain axis and synthesizes the established roles of gut microbiota in epilepsy
pathogenesis and treatment from previous research, providing a reference for ex-
ploring novel microbiota-based therapeutic approaches for epilepsy.
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Abstract Epilepsy is a chronic neurological disorder characterized by recurrent,
unprovoked seizures, affecting over 50 million people worldwide, with nearly
30% of patients unable to achieve seizure control through medication. Notably,
individuals with inflammatory bowel disease are at higher risk of developing
epilepsy. The gut-brain axis refers to bidirectional communication between the
gut and brain that regulates intestinal homeostasis and central nervous system
function through neural networks, neuroendocrine, immune, and inflammatory
pathways. Recent studies suggest that gut dysfunction and dysbiosis may play
a role in the pathogenesis and susceptibility of epilepsy. Additionally, interven-
tions such as fecal microbiota transplantation, probiotic therapy, and ketogenic
diets, which aim to restore gut microbiota balance, have shown promising effects
in treating refractory epilepsy, further supporting a potential link between gut
microbiota and epilepsy. This review synthesizes current knowledge on the role
of gut microbiota in epilepsy pathogenesis and treatment, exploring potential
microbiota-based therapeutic options.
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1. Literature Search Strategy

We conducted computerized searches of PubMed, Web of Science, and other
databases from inception to December 2024. Chinese search terms included
“epilepsy,”“gut microbiota,”“intestinal microbes,”and “microbiota-gut-brain axis.”
English search terms included “epilepsy,” “Microbiome-gut-brain axis,” “FMT,”
and “Gut.” Inclusion criteria: literature addressing the role of the microbiota-
gut-brain axis in epilepsy and the neurobiological mechanisms of epileptogenesis.
Exclusion criteria: irrelevant content, poor quality, or inability to obtain full
text. A total of 68 articles were ultimately included.
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2. Microbiota-Gut-rain Axis

The gut microbiota comprises diverse microorganisms, including bacteria from
50 phyla, with total numbers exceeding human somatic and germ cells by a fac-
tor of 10. A robust gut microbiota is characterized by dynamic equilibrium and
diversity, with six dominant phyla (Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia), among which Firmicutes
and Bacteroidetes account for approximately 90% of the composition. The tril-
lions of microbes in the gut serve as key regulators of the gut-brain axis. For
example, gut microbiota can control gastrointestinal function by modulating
the enteric nervous system and synthesize various neurotransmitters including
serotonin and ~y-aminobutyric acid (GABA) to participate in behavioral and
cognitive activities. In diseases affecting the brain and behavior such as Parkin-
son’ s disease, reduced levels of short-chain fatty acids (microbial metabolites)
have been observed in feces. Overall, the gut-brain axis in neurological disorders
represents a system that can positively or negatively influence brain function
through microbiota activity, functioning like a dynamic bidirectional neuroen-
docrine system encompassing direct neural connections, immune factors, and
endocrine signals.

3. Alterations of Gut Microbiota in Epilepsy Patients

Epilepsy patients, particularly those with refractory epilepsy, typically exhibit
gut microbiota compositions distinct from healthy controls. For instance, stud-
ies have found that refractory epilepsy patients show lower relative abundances
of Bacteroidetes and Proteobacteria but higher abundances of Firmicutes and
Actinobacteria. Another study reported increased numbers of Proteobacteria in
epilepsy patients compared with healthy subjects. Gut microbiota (GM) dys-
biosis and seizure frequency may be two closely related core features of epilepsy.
Research in rodent epilepsy models has observed that animals are more suscep-
tible to seizures under stressful conditions, and stress can alter gut microbiota.
These findings demonstrate an apparent association between gut microbiota
composition and susceptibility to epileptic activity.

4. Possible Mechanisms of the Microbiota-Gut-Brain Axis
in Epilepsy

The therapeutic effects of microbiota modulation and its potential as a
biomarker remain incompletely understood. This section summarizes recent re-
search progress based on the microbiota-gut-brain axis and explores therapeutic
strategies for epilepsy.
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4.1 Immune and Inflammatory Pathways

The pathogenesis of epilepsy is associated with neuroimmunity and neuroin-
flammation. Astrocytes perform multiple functions including regulating blood-
cerebrospinal fluid barrier integrity, neurotransmitter cycling, and immune re-
sponses. Microglia mediate innate immune reactions. Both microglia and as-
trocytes participate in epileptogenesis by releasing excessive cytokines. For
example, gut microbes metabolize dietary tryptophan into aryl hydrocarbon
receptor agonists that interact with their receptors to control microglial acti-
vation and transformation, regulating expression of transforming growth factor
a (TGF-a) and vascular endothelial growth factor 5 (VEGF-£), thereby mod-
ulating pathogenic astrocyte activity. Additionally, epilepsy pathogenesis in-
volves invasion of brain tissue by peripheral immune cells such as T cells and
monocytes. When gut microbiota dysbiosis occurs, the intestinal immune bar-
rier is compromised, allowing bacteria and their metabolites such as cytokines
and peptidoglycans to enter circulation, activate peripheral immune cells, alter
blood-cerebrospinal fluid barrier permeability, and ultimately trigger central
nervous system inflammatory responses. This immune reaction may directly or
indirectly induce epilepsy. While these findings suggest that gut microbiota in-
fluences epilepsy occurrence through immune-inflammatory pathways, definitive
mechanisms require further investigation.

4.2 Neural Pathways

The microbiota-gut-brain axis exerts regulatory effects through interconnected
neural systems. The most important signal transmission pathway between the
enteric nervous system (ENS) and central nervous system (CNS) is the vagus
nerve. Through neuropods utilizing glutamate as a neurotransmitter to synapse
with vagal afferents, gut signals can be transmitted to brainstem sensory nu-
clei, forming a gut-brain neural circuit. An oral inoculation mouse model with
Campylobacter jejuni induced c-fos expression in sensory ganglia and primary
brainstem vagal sensory relay nuclei, demonstrating that intestinal stimulation
can modulate brain activity through the autonomic nervous system. Vagus
nerve stimulation has long been used as a standard epilepsy treatment, with
studies reporting that electrical stimulation of vagal afferent fibers can alter
concentrations of serotonin, GABA, and glutamate in the brain, thereby ex-
plaining its role in epilepsy. In summary, the microbiota-gut-brain axis plays
an important role in epilepsy initiation, propagation, and control through multi-
level neural regulatory mechanisms that coordinate gut-brain signal transmis-
sion and neurotransmitter balance.

4.3 Endocrine Signaling and Gut Microbiota Metabolite Pathways

Neurotransmitter imbalance is closely associated with epileptogenesis. Gut mi-
crobes can directly secrete neurotransmitters or stimulate gastrointestinal cells
to produce them via metabolites. Different gut microbes produce different neuro-
transmitters: for example, Enterococcus, Streptococcus, and E. coli can produce
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serotonin; Lactobacillus and Bifidobacterium can produce GABA; and E. coli
and Bacillus can produce norepinephrine (NE) and dopamine. Epileptic foci
exhibit neurotransmitter imbalances such as low GABA activity, high gluta-
mate activity, high dopamine and NE activity, and low serotonin activity. In
germ-free (GF) mice, plasma tryptophan concentrations are 40% higher than in
conventional mice, while conventional mice show 280% higher plasma serotonin
concentrations than GF mice, indicating that gut microbiota plays a crucial
role in converting peripheral tryptophan to serotonin. Moreover, Clostridium
in GF mice can promote intestinal 5-hydroxytryptamine (5-HT) biosynthesis
by upregulating colonic tryptophan hydroxylase 1 (the rate-limiting enzyme in
serotonin synthesis). Temporal lobe epilepsy patients exhibit 5-HT deficiency,
and drug combinations that increase 5-HT, such as selective serotonin reuptake
inhibitors, may improve seizure control.

Short-chain fatty acids (SCFAs) are microbial metabolites and a current research
hotspot in the microbiota-gut-brain axis, mainly including acetate, propionate,
and butyrate. SCFAs regulate epileptogenesis through direct or indirect path-
ways in microglia, modulating the gut-brain neural system, blood-cerebrospinal
fluid barrier permeability, and stress response functions. For example, sodium
butyrate can improve mitochondrial dysfunction and protect brain tissue from
oxidative stress and neuronal apoptosis through the Keapl/Nrf2/HO-1 pathway,
thereby increasing seizure threshold and reducing seizure intensity. Studies in
pentylenetetrazol (PTZ)-induced epileptic mouse models have further investi-
gated the protective effects and mechanisms of different SCFAs against epilepsy.

5. Therapeutic Interventions
5.1 Probiotics

Probiotics have been shown to reduce seizure frequency and severity by alter-
ing gut microbiota composition. One study found that probiotic administration
with Lactobacillus casei to newborns with rotavirus infection reduced epilepsy
risk by 10-fold compared to untreated infected controls. Another study reported
that 45 patients with refractory epilepsy treated with a multi-strain probiotic
containing Lactobacillus acidophilus, Lactobacillus plantarum, and Lactobacil-
lus casei showed increased GABA levels, reduced inflammatory interleukin-6
(IL-6), and over 50% seizure reduction in 28.9% of patients. Animal studies fur-
ther demonstrated that probiotic supplementation not only alleviates seizures
but also improves epilepsy-induced cognitive impairment and hippocampal long-
term potentiation. Although the exact mechanisms linking probiotic therapy
and epilepsy remain unclear, probiotics may serve as an adjunctive treatment
for epilepsy patients due to their safety profile and clinical outcomes.
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5.2 Fecal Microbiota Transplantation (FMT)

FMT has proven effective for treating epilepsy by reconstructing gut micro-
biota. One study reported a patient with both Crohn’ s disease and refrac-
tory epilepsy who achieved complete seizure control and significant reduction
in Crohn’ s disease activity index after FMT treatment, with prevention of
post-medication seizure recurrence. Animal studies indicate that FMT can sig-
nificantly improve epilepsy control by altering gut microbiota composition. In
epileptic mice treated with FMT, intestinal glial cell activation was reduced,
inflammatory cytokine production decreased, and intestinal barrier function im-
proved, demonstrating that FMT provides neuroprotective anti-epileptic effects
by modifying gut microbiota. However, FMT application still faces challenges,
including potential bacterial and viral transmission risks and possible disruption
of microbiota diversity leading to increased antibiotic resistance.

5.3 Dietary Intervention

Dietary intervention, particularly the ketogenic diet, has proven effective and
promising for epilepsy treatment. Since 1921, the ketogenic diet—character-
ized by a unique high-fat, low-carbohydrate, and adequate-protein ratio—has
been widely used for refractory epilepsy. The classic ketogenic diet ratio of 4:1
(fat to protein plus carbohydrates) exerts multiple anti-epileptic mechanisms
by modulating neurotransmitters, brain energy metabolism, oxidative stress,
ion channels, and GM composition. The ketogenic diet benefits over one-third
of epilepsy patients and has proven effective for treating childhood refractory
epilepsy. Studies show that the ketogenic diet reduces harmful bacteria such
as Salmonella, Escherichia, and Vibrio in Enterobacteriaceae while increasing
Prevotella and Bacteroides, producing abundant short-chain fatty acids and re-
ducing seizure frequency by 50% in 64% of children. The S-hydroxybutyric
acid (BHB) produced by the ketogenic diet can increase brain GABA and the
GABA /glutamate ratio to inhibit epilepsy. However, the specific effects of the
ketogenic diet on gut microbiota remain under investigation, with some stud-
ies suggesting potential negative effects such as reduced Bifidobacterium and
increased E. coli.

6. Summary and Outlook

This review summarizes current evidence regarding the microbiota-gut-brain
axis and its potential roles in epilepsy pathogenesis, prevention, and treatment.
Numerous studies indicate that intestinal dysfunction and dysbiosis are closely
associated with epilepsy onset and susceptibility, with specific gut microbes
serving as potential biomarkers and therapeutic targets for refractory epilepsy,
though the underlying mechanisms remain incompletely understood. Addition-
ally, probiotics, FMT, and ketogenic diets significantly influence gut microbiota
and further affect seizure frequency and severity. These interventions may play
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important roles in improving epilepsy symptoms by modulating gut microbiota
composition.

Despite preliminary achievements in understanding the microbiota-gut-brain
axis in epilepsy, research on the brain-gut axis relationship remains in its early
stages, requiring cautious interpretation of existing and future findings. On one
hand, larger, well-designed studies are needed to clarify the pathways and mech-
anisms of the microbiota-gut-brain axis in epilepsy. On the other hand, previ-
ous studies lack consensus on which specific gut microbes are closely associated
with epilepsy, likely due to multiple factors including patient age, epilepsy etiol-
ogy, dietary patterns, geographic location, and socioeconomic status. Therefore,
while dietary interventions or probiotic therapy represent promising approaches,
current research remains limited in characterizing gut microbial components. Fu-
ture research on the microbiota-gut-brain axis will become an important direc-
tion in epilepsy studies and holds promise as a novel diagnostic and therapeutic
target for refractory epilepsy associated with the gut-brain axis.
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