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Highlights

What are the main findings?

• Microbiota-derived metabolites function as critical cellular mediators of gut–brain
communication, influencing neurotransmission, neuroinflammatory signaling, and
blood–brain barrier integrity.

• Emerging evidence identifies multiple microbiota-derived molecules, including neuro-
transmitters, vitamins, and polyphenol metabolites, as key modulators of neuronal
hyperexcitability and seizure-related pathways.

What are the implications of the main findings?

• Understanding how microbial metabolites regulate cellular processes in the brain may
reveal previously unrecognized mechanisms underlying epileptogenesis.

• Microbiome-targeted interventions designed to restore beneficial metabolite produc-
tion have the potential to become a new class of precision therapies for epilepsy and
other neurological disorders.

Abstract

Background: Microbiome-based mechanisms have emerged as a key area of investigation
in epilepsy, given the growing recognition that gut microbial communities can modulate
central nervous system (CNS) function through the gut–brain axis. Epilepsy is a common
chronic neurological disorder affecting more than 65 million people worldwide, and despite
the availability of anti-seizure medications (ASMs), approximately 30% of patients develop
drug-resistant epilepsy. Current ASMs primarily suppress seizures rather than prevent
disease progression, highlighting the need for alternative therapeutic strategies. In this con-
text, increasing evidence supports a role for microbiota-dependent pathways in modulating
seizure activity and treatment responsiveness. However, the mechanistic basis of these
interactions remains incompletely understood. Methods: This narrative review synthesizes
findings from the existing literature to examine the role of microbiota-derived metabolites,
including neurotransmitters, vitamins, and the polyphenol metabolite S-equol, in gut–brain
communication relevant to epilepsy. Evidence was drawn from both preclinical animal
models and clinical studies to provide an integrated, mechanistic perspective on how these
pathways may influence central nervous system function and seizure susceptibility. Em-
phasis was placed on studies describing molecular, metabolic, and signaling mechanisms
linking the gut microbiome to epileptogenesis and treatment response. Results: Current
evidence indicates that communication between the gut and CNS occurs through neural
pathways, such as the vagus nerve, as well as through circulating microbial metabolites.
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These metabolites can cross the intestinal barrier and, in some cases, the blood–brain barrier
(BBB), serving as key mediators of host–microbiota signaling. Emerging studies suggest
that while some microbial metabolites may directly influence neuronal hyperexcitability
and seizure susceptibility, others likely exert secondary or modulatory effects through
broader metabolic and immune pathways. However, the precise mechanisms underlying
these interactions remain incompletely understood. Conclusions: Some microbial-derived
metabolites may serve as promising biomarkers and mechanistic mediators of epilepsy;
however, further investigation is needed to define the molecular and cellular pathways
through which these metabolites influence seizure susceptibility and epileptogenesis.

Keywords: epilepsy; gut microbiome; metabolites; seizures; gut–brain axis

1. Introduction
Epilepsy is a chronic and disabling neurological disorder affecting over 65 million

people worldwide and is associated with significant social, psychological, cognitive, and
neurobiological burdens, as well as an increased risk of mortality [1–4]. Its defining feature
is the occurrence of recurrent, unprovoked seizures arising from transient episodes of
abnormal, excessive, and hypersynchronous neuronal firing. Epilepsy is a heterogeneous
condition with diverse etiologies, including genetic variants, developmental abnormalities,
brain tumors, trauma, autoimmune dysfunction, and infections of the central nervous
system (CNS) [5,6]. At the cellular level, seizures reflect disruptions in the balance between
excitatory glutamatergic and inhibitory γ-aminobutyric acid (GABA)ergic signaling [7].
However, growing evidence indicates that epilepsy extends beyond a purely neuron-
centered disorder. Glial dysfunction, immune activation, extracellular matrix alterations,
and systemic inflammatory and metabolic disturbances all contribute to seizure suscepti-
bility and disease progression [8–11]. Indeed, CNS infections remain a major global cause
of epilepsy, and neuroinflammation is a consistent feature across human epilepsy and
multiple animal models [12–14].

Despite the availability of antiseizure medications (ASMs), approximately 30% of
patients remain drug resistant, a proportion that has changed little despite the introduction
of new therapeutic agents [15–17]. This persistent treatment gap underscores the need for
novel therapeutic strategies that extend beyond CNS-restricted targets. Increasing recogni-
tion that peripheral systems, including the gut microbiome, influence seizure susceptibility
has opened new avenues for understanding epileptogenesis [18,19]. The gut microbiome
has emerged as a key regulator of host neurobiology through bidirectional communication
along the gut–brain axis. Microbial communities influence neuronal excitability through
multiple mechanisms, including immune modulation, vagal signaling, neurotransmitter
production, and the generation of bioactive metabolites [20]. Consistent with this, al-
terations in gut microbial composition have been associated with seizure susceptibility,
drug-resistant epilepsy, and differential treatment responses. Notably, the clinical efficacy of
the ketogenic diet (KD), a well-established therapy for refractory epilepsy, has been shown
to depend, in part, on microbiome-mediated mechanisms [21]. Moreover, ASMs themselves
can alter gut microbial composition [22], raising the possibility that some drug effects, or
variability in responsiveness, may be mediated through microbiome-dependent pathways.

As the field shifts from descriptive analyses of microbial composition toward func-
tional insights, microbiome-derived metabolites have gained particular attention. Metabo-
lites such as short-chain fatty acids (SCFAs), tryptophan derivatives, bile acids, and phy-
toestrogen metabolites such as S-equol can modulate neuroinflammation, blood–brain
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barrier (BBB) integrity, neurotransmitter systems, and synaptic plasticity [23]. These mech-
anisms are directly relevant to epilepsy, as they influence excitatory–inhibitory balance,
glial activation, and neuronal network stability. Importantly, metabolite-based mechanisms
offer practical advantages, as they are quantifiable in biological fluids, represent defined
molecular pathways, and can be modulated through diet, prebiotics, probiotics, or phar-
macological interventions. Collectively, these findings highlight the emerging importance
of metabolite-mediated mechanisms in epilepsy research, an area still being actively elu-
cidated. Identifying specific microbial metabolites that influence seizure thresholds and
disease trajectories may facilitate the development of next-generation therapeutic strategies
targeting the gut–brain axis.

2. Literature Search Methods
This narrative review was informed by a literature search conducted from database

inception through July 2026. Relevant literature was identified through searches of PubMed,
Web of Science, and Google Scholar using combinations of search terms including “gut
microbiome”, “gut microbiota”, “microbiota-derived metabolites”, “vitamins”, “neuro-
transmitters”, “polyphenol S-equol”, “lactate”, “short-chain fatty acids”, “gut-brain axis”,
“signaling pathway”, “neuronal excitability”, “seizures” and “epilepsy.” Additional stud-
ies were identified through examination of the reference lists of relevant publications.
Evidence was drawn from preclinical animal and cellular models, clinical studies and
selected foundational reviews, with emphasis placed on studies describing molecular,
metabolic, and signaling mechanisms linking microbiota-derived molecules to seizure sus-
ceptibility and epileptogenesis. Studies were selected based on their relevance to microbial
metabolite production, gut–brain communication, neuronal function, and epilepsy-related
outcomes, with priority given to original research articles and mechanistic investigations.
Only peer-reviewed publications were considered; conference abstracts and preprints were
excluded. Consistent with the narrative review approach, no formal risk-of-bias assessment
or qualitative synthesis was conducted.

The literature included in this review was organized according to the major classes
of microbiota-derived metabolites discussed in this review, including neurotransmitter-
related metabolites, short-chain fatty acids, lactate, vitamins and the polyphenol-derived
metabolite S-equol. For each class of metabolite, evidence was organized according to the
primary mechanisms through which these metabolites influence gut–brain communication,
including modulation of neurotransmission, blood–brain barrier integrity, and neuronal
excitability. Where applicable findings were further categorized according to the level of
evidence available, distinguishing experimental from human studies.

3. The Gut Microbiome and Epilepsy
3.1. Composition and Function of the Gut Microbiome

The human gastrointestinal tract harbors a complex and dynamic ecosystem of mi-
croorganisms that profoundly influence host physiology. The term gut microbiota refers to
the diverse microorganisms inhabiting the body, whereas the gut microbiome encompasses
these organisms along with their collective genetic material. Microbial colonization begins
at birth and evolves throughout early childhood before stabilizing in adulthood [24]. Early-
life microbial communities are shaped by environmental factors such as mode of delivery,
with vaginal and cesarean births exposing infants to distinct microbial populations [25].
Additional influences, including antibiotics, medications, genetics, diet, and environmen-
tal exposures, continue to shape gut microbial composition across the lifespan [26]. The
gut microbiome performs a wide range of essential functions. These include fermenting
indigestible dietary components into bioactive metabolites, synthesizing vitamins, detoxi-

https://doi.org/10.3390/cells15161492

https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 4 of 57

fying harmful compounds, preventing pathogen colonization, reinforcing intestinal barrier
integrity, and modulating innate and adaptive immune responses [27]. Through these activ-
ities, microbial communities establish a symbiotic relationship with the host. Disruptions
in microbial composition or diversity, collectively termed dysbiosis, have been linked to
numerous disease states, including obesity, inflammatory bowel disease, cardiovascular
disorders, and neurological conditions such as epilepsy [28].

3.2. Evidence Linking Gut Microbiota to Epilepsy

Growing evidence indicates that the gut microbiota plays a significant role in the
development and modulation of epilepsy [29]. Clinical data demonstrate that individuals
with epilepsy often exhibit distinct gut microbial profiles, including reduced levels of
beneficial genera such as Lactobacillus [30]. These observations raise the possibility that
microbial alterations contribute to seizure susceptibility or disease progression. Consis-
tent with this notion, gut dysbiosis has been repeatedly associated with drug-resistant
epilepsy [31–33], and non-responders to ASMs display distinct microbial signatures com-
pared with both healthy controls and treatment-responsive patients [34,35]. Experimental
models further support a causal relationship between the gut microbiome and seizure
activity. For example, in kainic acid (KA)-induced seizure models, rats exhibit oxidative
stress, inflammation, cognitive deficits, and elevated glutamate release, all of which are
partially ameliorated by prebiotic, probiotic, or synbiotic interventions [36]. In genetic
epilepsy models, such as Dravet syndrome caused by Scn1a mutations, gut dysbiosis has
been reported, and specific microbial taxa correlate with disease severity [37]. In these
models, increased Clostridium and decreased Romboutsia abundance are associated with
more severe phenotypes, whereas KD-induced shifts toward increased Firmicutes and
decreased Bacteroidetes correlate with reduced seizure frequency and duration.

Additional studies demonstrate that microbiota manipulation directly alters seizure
susceptibility. In rodent models of absence epilepsy, fecal microbiota transplantation from
healthy donors reduces seizure activity [38]. Similarly, transplantation of microbiota from
control animals decreases seizure frequency in stress-exposed animals, whereas microbiota
from stressed donors increases seizure susceptibility in otherwise healthy recipients [39].
Consistent with these findings, control mice receiving microbiota from epileptic donors are
more prone to develop status epilepticus following a subclinical dose of pilocarpine [40].
Collectively, these findings support a bidirectional relationship between the gut microbiota
and epilepsy, in which microbial composition influences seizure susceptibility and disease
outcomes. However, further mechanistic studies are required to establish causality and
define the pathways involved.

3.3. Nutrition, Gut Bacteria, and Seizure Outcomes

Dietary interventions have long occupied a central position in the therapeutic land-
scape of epilepsy, providing a compelling example of how systemic metabolic shifts can
reverberate across the brain–gut–microbiome axis. Early clinical observations in 1911 re-
vealed that fasting reduces seizure frequency [41], ultimately leading to the development
of the KD in 1921 [42]. This high-fat, low-carbohydrate regimen induces a metabolic state
characterized by enhanced fatty acid oxidation and elevated ketone body production, but
its effects extend well beyond host metabolism to reshape the intestinal microbial ecosys-
tem [43,44]. By promoting fat utilization and increasing circulating ketone bodies, the KD
induces systemic metabolic changes alongside marked alterations in gut microbial compo-
sition. A growing body of evidence from both clinical cohorts and experimental models
indicates that ketogenic therapy reproducibly alters gut microbial composition [21,45–47],
with consistent shifts observed in children with drug-resistant epilepsy [48–52]. These
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changes are not merely correlative. In a landmark study employing germ-free and antibiotic-
treated mouse models, Olson et al. demonstrated that the antiseizure efficacy of the KD
depends on the presence of gut microbiota [21]. Specifically, colonization of gnotobiotic
mice with KD-associated microbial communities, Akkermansia and Parabecterioides, was
sufficient to confer seizure protection in chemically induced seizure paradigms, including
those using pentylenetetrazole (PTZ). Mechanistically, this effect was linked to alterations
in systemic metabolite pools, most notably reductions in circulating γ-glutamylated amino
acids, and a shift in central neurotransmitter balance toward enhanced GABAergic tone
relative to glutamatergic excitation. Such findings underscore the capacity of microbiota-
derived metabolites to influence neuronal excitability, consistent with the broader principle
that microbial products, including neurotransmitter precursors, can modulate host neu-
ral circuits.

At the microbial level, KDs have been associated with enrichment of specific taxa
implicated in neurometabolic signaling. For instance, increases in Akkermansia muciniphila
and Parabacteroides species have been reported in KD-fed mice, taxa that appear necessary
for seizure protection in transplantation studies [21]. More broadly, bacteria capable of
producing neuroactive metabolites, including GABA-producing genera such as Bifidobac-
terium, Lactobacillus, and Bacteroides, are increasingly recognized as functional mediators
within the gut–brain–microbiome axis. These organisms synthesize GABA primarily via
glutamate decarboxylase pathways, with exported GABA capable of acting locally within
the enteric nervous system or indirectly influencing brain function through vagal, immune,
or metabolic routes.

Probiotic-based interventions provide further mechanistic support for a microbiota–
seizure axis. In rodent models of chemically induced seizures, including PTZ-kindling
paradigms, administration of GABA-producing probiotics reduces seizure severity and im-
proves behavioral outcomes [53,54]. These effects are associated with increased brain GABA
levels and reductions in pro-oxidative mediators such as nitric oxide. Although the mech-
anisms responsible for these changes remain incompletely understood, they may involve
modulation of host GABAergic signaling pathways, vagal nerve communication and neu-
roinflammatory processes, suggesting convergence on inhibitory neurotransmission and
neuroimmune pathways. Clinical studies, although more limited in scale, similarly report
reductions in seizure frequency in patients with refractory epilepsy receiving probiotic supple-
mentation [55,56], alongside improvements in comorbid anxiety and depressive symptoms,
which are consistent with the pleiotropic effects of microbiota-derived neuromodulators.

Dietary modulation of specific metabolic pathways further illustrates the mechanistic
interplay between nutrition, microbiota, and seizure susceptibility. Tryptophan metabolism
is of relevance, as it intersects with both serotonergic and microbial signaling networks.
In murine models of audiogenic seizures, high-tryptophan diets reduce seizure-induced
respiratory arrest [57], while simultaneously altering gut microbial composition, including
increases in Proteobacteria and Actinobacteria [58]. These findings suggest that diet-
induced shifts in microbial ecology can recalibrate neuroactive metabolite production,
thereby influencing brainstem circuits governing respiratory and seizure thresholds.

Clinical observations also point toward species-level microbial changes associated
with therapeutic response. In infants with epileptic spasms treated with the KD, reductions
in seizure frequency coincide with increased abundance of Streptococcus thermophilus and
Lactococcus lactis [59], taxa with known metabolic activity in amino acid fermentation and
potential contributions to neurotransmitter precursor pools.

Collectively, these findings support a model in which dietary interventions exert anti-
seizure effects through coordinated modulation of host metabolism and the gut microbiota.
Microbial metabolites, including GABA, SCFAs, and amino acid derivatives, act as interme-
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diaries within this network, influencing neuronal excitability through microbial-associated
pathways. This integrated framework not only refines our understanding of ketogenic and
probiotic therapies but also highlights the microbiome as a tractable target for adjunctive
interventions in epilepsy.

4. Mechanistic Pathways Connecting the Gut to the CNS
The emerging evidence linking dietary interventions, microbial community structure,

and seizure outcomes naturally converges on a central question: through which biolog-
ical conduits do signals originating in the gut influence neuronal excitability within the
CNS? The answer lies within the intricate architecture of the gut–brain axis, a multidimen-
sional communication network that integrates neural, endocrine, immune, and metabolic
signaling into a unified regulatory system.

This axis operates not as a linear pathway but as a dynamic and reciprocal interface,
wherein the gastrointestinal tract, its resident microbiota, and the CNS engage in continuous
biochemical dialogue. Signals are transmitted along convergent routes, including vagal and
spinal neural circuits, circulating metabolites and hormones, immune mediators, and neu-
roendocrine outputs governed by the hypothalamic–pituitary–adrenal (HPA) axis. These
pathways are further modulated by a diverse repertoire of microbiota-derived metabo-
lites, most notably SCFAs, neurotransmitters, and amino acid derivatives, that function as
chemical intermediaries bridging microbial activity with host physiology (Figure 1).

4.1. Vagal Signaling Pathway

The gut microbiome influences CNS function through both direct neural routes and
indirect metabolic and immune pathways. Among these, the vagus nerve represents a
principal conduit for rapid bidirectional communication between the gut and the brain.
This cranial nerve integrates visceral sensory input with central autonomic processing and
plays a key role in regulating physiological processes such as pain perception, thermoregu-
lation, gastrointestinal motility, and cardiovascular function [60]. Anatomically, the vagus
comprises both efferent (motor) and afferent (sensory) fibers that connect the brainstem to
multiple regions of the gastrointestinal tract. Vagal efferents originate from neuronal cell
bodies located in the dorsal motor nucleus of the vagus (DMNV) and the nucleus ambiguus,
where they modulate gastrointestinal motility and cardiovascular activity [61]. In contrast,
vagal afferent neurons reside in the nodose ganglia and project centrally to the DMNV.
Together, the NTS and DMNV form the dorsal vagal complex, a critical integrative hub that
coordinates sensory input from the gut with autonomic and neuroendocrine responses [61].

Within this circuitry, vagal afferents are uniquely positioned to transduce signals
arising from the intestinal milieu, including those shaped by the gut microbiota. These
signals may be initiated by neurotransmitters and metabolites released by enteroendocrine
cells (EECs), such as serotonin (5-HT) and SCFAs, or by diffusible metabolites that cross
the intestinal epithelium and interact directly with vagal terminals [62]. Notably, vagal
afferents express receptors capable of sensing microbiota-derived signals, including free
fatty acid receptors (FFAR) 2 and FFAR 3, positioning the vagus nerve as a key interface
through which microbial metabolites and microbiota-induced enteroendocrine signaling
influence central physiology [63].

At the synaptic level, glutamate serves as the principal neurotransmitter mediating the
transmission of vagal afferent signals to second-order neurons in the NTS. From this region,
information is relayed to higher-order brain regions involved in autonomic regulation,
emotional processing, and seizure susceptibility. Through reciprocal efferent projections, the
CNS can also modulate gut physiology, influencing motility, secretion, and even microbial
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composition. This bidirectional architecture underscores the capacity of the brain to both
“sense” and actively shape the gut environment.

Figure 1. Pathways through which the gut microbiota communicates with the central nervous system.
Gut microbes modulate immune cells, stimulating the production of cytokines that enter circulation
and signal to the brain. Microbial interactions with enteroendocrine cells generate neuroactive
molecules that activate vagal pathways projecting to the CNS. In addition, gut bacteria produce
neurotransmitters and metabolites that can circulate systemically and influence brain function.
Created in BioRender. Guo, X. (2026); https://biorender.com/0nvqyg2 (accessed on 21 July 2026).

The functional importance of this pathway is highlighted by experimental studies in
which disruption of vagal signaling, such as through surgical vagotomy, abolishes many
microbiota-induced effects on brain function and behavior, particularly effects related to
anxiety, stress and emotional processing, indicating that intact vagal pathways are essential
for a wide range of gut–brain interactions [63–65]. Conversely, therapeutic modulation of
this circuit has demonstrated clinical efficacy. Vagus nerve stimulation, an FDA-approved
intervention for drug-resistant epilepsy, reduces seizure frequency in both adult and pedi-
atric populations [66,67]. Although the precise mechanisms remain incompletely defined,
stimulation of vagal afferents is known to alter central neurotransmitter systems, including
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glutamatergic and GABAergic signaling, thereby shifting the balance of neural excitation
and inhibition in seizure-relevant circuits [66,67]. Taken together, these findings highlight
the vagus nerve as a critical mechanistic bridge linking gut-derived signals to central neural
networks. By integrating microbial, metabolic, and neurochemical inputs, this pathway
provides a plausible substrate through which microbiome alterations, such as those in-
duced by diet or probiotic interventions, can modulate neuronal excitability and influence
seizure outcomes.

4.2. Immune-Mediated Pathways

The gut microbiota plays a central role in the development and function of brain-
resident immune cells, including microglia, astrocytes, and both innate and adaptive
immune populations, and is therefore essential for maintaining balanced host immune
responses [68]. Extensive evidence supports the immune system as a critical component
of gut–brain communication [69]. Within the intestine, microbial communities regulate
immune activity by shaping the function of both immune and non-immune cells locally
and at distant sites throughout the body [70]. Activation of intestinal immune cells in
response to microbial signals, dysbiosis, or barrier disruption leads to the release of pro-
and anti-inflammatory cytokines, which can circulate systemically and influence CNS
function [71].

Following CNS injury peripheral immune responses become rapidly engaged. For
instance, circulating monocytes, macrophages, and T cells can infiltrate the CNS and
disrupt the BBB, which is a well-established pathological feature in epilepsy [18]. Once
inside the CNS, monocytes may differentiate into macrophages and, in some cases, acquire
microglia-like characteristics [72]. Gut-driven inflammatory responses have been reported
across several neurological conditions, including epilepsy [73]. To investigate causal
interactions between gut microbes and CNS immune processes, germ-free mouse models
are frequently used. These animals are raised without a microbiota and exhibit profound
immune deficiencies and increased susceptibility to infection, underscoring the essential
role of the microbiome in immune development [74,75].

Globally, CNS infection remains one of the leading causes of epilepsy, highlighting the
strong link between immune dysregulation and epileptogenesis [4]. Importantly, inflamma-
tion also contributes to non-infectious forms of epilepsy. For example, reactive astrogliosis,
a hallmark of CNS inflammation, has been shown to independently induce seizures in
mice [10]. Additional evidence comes from the Theiler’s murine encephalomyelitis virus
(TMEV) epilepsy model, where in response to infection infiltrating macrophages release
high levels of interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-α), promoting
acute seizure development [76,77]. Immune cell infiltration such as lymphocytes and
monocytes is further observed after status epilepticus, a serious condition defined as a
prolonged seizure lasting ≥5 min, supporting a central role for inflammation in seizure
generation [12,78]. Modulating the gut microbiome may also alter seizure susceptibility
through immune-mediated pathways. For instance, the KD reshapes gut microbial com-
munities in ways that promote anti-inflammatory effects [45], which may contribute to
its therapeutic benefits, particularly in refractory epilepsy. Collectively, these findings
support a mechanistic link between the gut, the immune system, and seizure susceptibility,
highlighting the gut–immune axis as a critical contributor to epilepsy pathophysiology.

4.3. The Neuroendocrine Pathways

The gut–brain axis is also shaped by slower neuroendocrine communication networks
that integrate microbial cues with systemic hormonal responses. These pathways operate
through bidirectional interactions between the CNS and the gastrointestinal tract, with
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the HPA axis serving as a central regulatory node. In this context, the gut microbiome
functions as both a modulator and a target of neuroendocrine signaling, thereby extending
its influence from local intestinal processes to global physiological states.

At the interface of this communication system lies a specialized population of EECs,
dispersed throughout the gastrointestinal mucosa. Although they constitute less than
1% of the epithelial cell population, their functional impact is disproportionately large
due to their capacity to sense luminal contents and secrete a wide array of bioactive
hormones [79]. These cells are most abundant in the proximal intestine, particularly the
duodenum, with decreasing density toward the colon. EECs express diverse receptors
capable of detecting microbial metabolites, nutrients, and mechanical stimuli, enabling
them to act as transducers of environmental signals into endocrine outputs. Among
the hormones secreted by EECs are cholecystokinin, gastric inhibitory polypeptide, and
glucagon-like peptide-1, each of which exerts pleiotropic effects on metabolism, satiety, and
neural signaling [80–82]. Importantly, emerging evidence indicates that subsets of EECs also
participate in neurotransmitter signaling, including 5-HT release from enterochromaffin
cells and, in some cases, GABA-related signaling pathways, thereby linking endocrine
and neurochemical communication within the gut environment. Through both endocrine
secretion and paracrine signaling, these cells provide a functional bridge between the
intestinal lumen, the ENS, and central neuroendocrine circuits, including the HPA axis.

Activation of the HPA axis, particularly under conditions of physiological or psycho-
logical stress, results in the coordinated release of corticotropin-releasing hormone (CRH),
adrenocorticotropic hormone (ACTH), and glucocorticoids. These mediators exert pro-
found effects on gut physiology, altering epithelial barrier integrity, mucus production, and
immune responses, thereby reshaping the intestinal ecosystem. Clinical evidence supports
this connection, demonstrating that acute psychological stress increases small intestinal per-
meability in humans [83]. Such alterations create a permissive environment for microbial
translocation and metabolite flux, amplifying bidirectional signaling along the gut–brain
axis. Conversely, the gut microbiome exerts regulatory control over neuroendocrine func-
tion. Microbial communities influence the synthesis, metabolism, and availability of key
signaling molecules, including 5-HT, cortisol, and their precursors, thereby modulating
stress responsiveness and behavioral outcomes. Notably, indigenous spore-forming bacte-
ria stimulate 5-HT biosynthesis by colonic enterochromaffin cells through the production of
microbial metabolites that promote host 5-HT synthesis [84], providing a direct mechanism
by which microbiota can regulate host serotonergic signaling. Germ-free animal models
provide particularly compelling insights: mice devoid of a microbiome exhibit exaggerated
HPA axis activation under stress, characterized by elevated CRH, ACTH, and corticos-
terone levels, alongside marked alterations in anxiety-like behaviors [85]. These findings
suggest that microbial colonization is essential for the proper calibration of neuroendocrine
stress circuits. The bidirectional nature of this relationship is further underscored by the
observation that disruptions in either microbial composition or endocrine signaling can
propagate across systems, contributing to disease states. Dysregulation of the HPA axis and
associated microbial imbalances have been implicated in a spectrum of CNS disorders [86].
Mechanistically, these conditions are often characterized by a convergence of altered micro-
bial metabolite profiles, immune activation, and neuroendocrine dysfunction, highlighting
the interdependence of these pathways.

4.4. Barrier Integrity Pathways

Complementing neural and endocrine routes, the regulation of barrier integrity rep-
resents a fundamental mechanism through which the gut microbiome influences CNS
function. The intestinal barrier serves as a critical interface between the external environ-
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ment and the host’s internal milieu, maintaining selective permeability while preventing
the systemic dissemination of pathogens and harmful metabolites. Structurally, this barrier
comprises three principal components: an outer mucus layer, a single layer of epithelial
cells interconnected by tight junctions, and an underlying mucosal immune compart-
ment [87]. Transport across this barrier occurs through both transcellular and paracellular
mechanisms. Transcellular pathways enable the regulated passage of macromolecules via
endocytosis and exocytosis, whereas paracellular transport permits the diffusion of small
solutes through intercellular junctions [88]. Disruption of this tightly regulated system
results in increased intestinal permeability, facilitating the entry of bacteria and microbial
products into the circulation. This phenomenon, often described as “leaky gut,” is associ-
ated with systemic inflammation and has been implicated in a range of autoimmune and
neurological disorders [86,89].

Microbial metabolism plays a central role in maintaining barrier integrity. Gut bac-
teria convert dietary substrates, including complex carbohydrates and polyphenols, into
bioactive metabolites such as SCFAs, vitamins, and neurotransmitter precursors. These
metabolites exert trophic effects on epithelial cells, enhance tight junction protein expres-
sion, and modulate immune responses, thereby preserving barrier function. At the same
time, they serve as signaling molecules capable of influencing distal organs, including
the brain.

The integrity of the BBB represents a parallel and equally critical component of this
system. The BBB is a highly specialized structure composed of brain microvascular endothe-
lial cells, pericytes, astrocytes, neurons, microglia, and extracellular matrix components,
working in concert to regulate CNS homeostasis [90]. Like the intestinal barrier, the BBB
relies on tight junctions to restrict paracellular transport, thereby limiting plasma proteins,
pathogens, and neurotoxic substances in the brain while permitting controlled exchange of
essential nutrients [91].

Compelling evidence now indicates that gut microbiota and their metabolites can influ-
ence BBB integrity. BBB dysfunction has been observed in both animal models of epilepsy
and in human epileptic tissue [92], suggesting that barrier disruption may contribute to
aberrant neuronal excitability and seizure propagation. Mechanistically, microbial metabo-
lites, including SCFAs such as butyrate and propionate, have been shown to modulate BBB
structure and function. Experimental studies demonstrate that these metabolites enhance
tight junction integrity and reduce permeability under conditions of stress or injury [93].
For example, administration of Clostridium butyricum has been shown to ameliorate BBB
impairment in models of traumatic brain injury, likely through increased production of
butyrate and associated anti-inflammatory effects [94]. Similarly, propionate has been
demonstrated to protect human brain endothelial cells from oxidative stress-induced
damage, highlighting a direct mechanism by which microbial metabolites preserve BBB
function [95]. Conversely, pathological conditions such as sepsis are associated with in-
creased BBB permeability and enhanced uptake of pro-inflammatory cytokines, including
TNF-α, illustrating how systemic inflammation can compromise barrier integrity [96]. Im-
portantly, not all microbial influences are detrimental. Certain bacterial species actively
reinforce BBB function by upregulating tight junction proteins. For instance, Clostridium
tyrobutyricum improves BBB integrity in germ-free mice, an effect attributed to SCFA pro-
duction, particularly butyrate [97]. Correspondingly, exogenous butyrate administration
increases expression of tight junction proteins such as occludin in brain regions including
the frontal cortex and hippocampus [98]. The regulation of BBB integrity extends beyond
endothelial cells alone, encompassing interactions with pericytes, astrocytes, and microglia,
which are cellular components that are themselves responsive to microbial metabolites
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and systemic inflammatory signals [98–100]. This multilayered regulation underscores the
complexity of barrier dynamics within the gut–brain axis.

These findings highlight a coordinated system in which intestinal and cerebrovascular
barriers function in parallel to maintain physiological homeostasis. Disruptions in microbial
composition or metabolite production can destabilize both barriers, propagating inflam-
matory and neurochemical changes that influence CNS function. Conversely, targeted
modulation of the microbiome offers a promising avenue for restoring barrier integrity,
thereby providing neuroprotective benefits and potentially mitigating seizure susceptibility.

5. Gut-Derived Metabolites Relevant to Epilepsy
The complex interplay between microbial community structure and host physiology

is ultimately distilled through a diverse array of bioactive metabolites produced within the
gut ecosystem. These microbiota-derived compounds represent a critical functional output
of the gut microbiome, translating compositional changes into biologically meaningful
signals that can influence local intestinal processes as well as distal organs, including the
brain. Disruptions in microbial composition, whether driven by disease, pharmacological
interventions, or environmental exposures, can therefore profoundly reshape the metabolic
landscape of the gut, altering the spectrum of metabolites that enter systemic circulation
and interact with host tissues [101].

A growing body of evidence indicates that many of these metabolites possess neu-
roactive properties. Some act locally within the gastrointestinal milieu, modulating EEC
activity and stimulating the release of hormones and neurotransmitters that feed into
gut–brain communication pathways [102]. Others exert endocrine-like effects, travers-
ing the circulation to influence distant targets, including the CNS. Importantly, certain
microbial metabolites can modulate BBB integrity or, in some cases, directly cross it to en-
gage neuronal and glial cells, thereby influencing central signaling networks and neuronal
excitability [93].

From this perspective, classes of metabolites such as SCFAs, neurotransmitter analogs,
and amino acid-derived compounds emerge as key intermediaries linking gut microbial
activity to CNS function. These molecules do not act in isolation; rather, they form part
of an interconnected signaling network that integrates microbial metabolism with host
neurophysiology. As such, understanding their synthesis, transport, and mechanisms of
action is essential for elucidating how the microbiome contributes to seizure susceptibility.
In the following sections, we focus on neurotransmitter-related metabolites, with particular
emphasis on GABA, and highlight emerging candidates such as S-equol that may represent
novel therapeutic targets for the modulation of CNS excitability.

5.1. Neurotransmitter-Related Metabolites

Among the diverse array of microbiota-derived metabolites, those that interface with
classical neurotransmitter systems are of particular relevance to epilepsy. These compounds,
which include GABA and other amino acid-derived signaling molecules, directly intersect
with pathways governing neuronal excitability, synaptic transmission, and network stability.
By influencing the balance between excitatory and inhibitory signaling, they provide a
mechanistic link between gut microbial activity and seizure-related processes. In the
following section, we review current evidence implicating microbial metabolites in epilepsy
and related CNS disorders, with particular emphasis on S-equol as an emerging microbial-
derived compound of interest for therapeutic targeting in seizure modulation.
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5.1.1. Gamma-Aminobutyric Acid (GABA)

Within the gastrointestinal tract, GABA is produced by multiple microbial taxa, re-
flecting a conserved metabolic capacity across diverse bacterial lineages. Species within
the genera Bifidobacterium and Lactobacillus have received particular attention due to their
abundance of GABA-producing strains and their high efficiency of GABA synthesis [103].
Expanding beyond these well-characterized groups, metabolic profiling, comparative ge-
nomics, and phylogenetic analyses have identified GABA production in several Bacteroides
strains of human intestinal origin [104]. More broadly, lactic acid bacteria, including Lac-
tobacillus, Bifidobacterium, and Streptococcus, are capable of generating GABA during the
fermentation of dietary substrates, highlighting the influence of diet in shaping GABA avail-
ability within the gut lumen [105–108]. At the enzymatic level, microbial GABA synthesis
is primarily mediated by glutamate decarboxylase systems. For example, the commensal
species Bifidobacterium dentium produces GABA through the activity of its GadB enzyme,
converting glutamate into GABA as part of its metabolic network [109]. This microbial
pathway mirrors the canonical process of GABA biosynthesis in the CNS, where GABA
is generated from glutamate by glutamate decarboxylase within inhibitory neurons [110].
Given that GABA is the principal inhibitory neurotransmitter in the brain, perturbations
in its synthesis, receptor function, or signaling pathways are closely linked to neuronal
hyperexcitability, seizure generation, and epileptogenesis [111]. Conversely, restoration or
enhancement of GABAergic signaling is a well-established mechanism underlying many
antiseizure therapies.

Accumulating evidence suggests that microbial GABA production can influence cen-
tral neurophysiology and behavior. Certain bacterial strains, including Lactobacillus rhamno-
sus and Lactobacillus reuteri, have been shown to modulate GABAergic signaling pathways
through mechanisms that include microbial GABA production, alterations in host GABA
receptor expression, and vagus nerve-mediated gut–brain communication. These changes
are associated with reductions in anxiety- and depression-related behaviors in experimental
models [65]. Diet-induced changes in microbial composition further illustrate this connec-
tion; in rats fed a high-fat diet, reductions in prefrontal cortex GABA levels were accompa-
nied by a shift in gut microbial communities, characterized by decreased Bacteroidetes and
increased Firmicutes and Cyanobacteria [112]. These observations demonstrate an asso-
ciation between diet-induced alteration in microbial composition and changes in central
GABA levels; however, whether the microbiota directly contributes to these neurochemical
changes remains unresolved.

Mechanistically, the gastrointestinal tract possesses the molecular infrastructure nec-
essary for GABA-mediated signaling. Both GABAA and GABAB receptors are widely
expressed within the enteric nervous system, as well as in epithelial and immune compart-
ments, enabling local modulation of gut physiology and neural signaling [113–116]. The
presence of GABA transporters across the intestinal epithelium further suggests routes by
which luminal or microbially derived GABA could enter systemic circulation. Supporting
this notion, human studies have demonstrated that interventions altering gut microbiota
composition, such as dietary manipulation or fecal microbiota transplantation, can influ-
ence systemic GABA levels [47,117,118], while oral GABA administration itself increases
circulating concentrations [119].

Experimental models provide additional insight into gut-to-brain GABA signaling.
Prebiotic and probiotic interventions have been shown to increase GABA production both
in the gut and in brain regions implicated in seizure activity, including the hippocampus
and cortex [120]. These effects are thought to arise from enhanced microbial GABA produc-
tion and indirect modulation of host GABAergic signaling pathways through microbial
metabolites and gut–brain communication mechanisms. In germ-free mice, colonization
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with microbiota derived from individuals with schizophrenia resulted in reduced gut
glutamate levels alongside increased hippocampal glutamine and GABA concentrations,
coupled with behavioral alterations relevant to neuropsychiatric disease [121]. The use
of microbiota transfer into germ-free recipients provides causal evidence that microbial
communities can influence GABA-related neurochemistry and behavior. Similarly, admin-
istration of Lactobacillus rhamnosus (JB-1) in healthy mice induced region-specific changes in
GABAA and GABAB receptor subunit expression, decreasing expression in the prefrontal
cortex and amygdala while increasing it in the hippocampus, in parallel with reduced
anxiety- and depression-related behaviors [65]. Because these effects were observed fol-
lowing experimental manipulation of the microbiome, they provide evidence that specific
microbial strains can influence host GABAergic signaling pathways.

Disease models further underscore the functional relevance of microbial modula-
tion of GABA signaling. In an autism spectrum disorder mouse model, reduced abun-
dance of Lactobacillus reuteri correlated with diminished expression of GABA receptor
subunits in the brain, whereas supplementation restored hippocampal GABA levels and
improved cognitive performance [122,123]. Intriguingly, related metabolites such as lactate,
whose production is also influenced by microbial activity, have similarly been shown to in-
crease hippocampal GABA levels and enhance memory [123], suggesting that intermediary
metabolites may participate in this signaling cascade.

In the context of epilepsy, modulation of the gut microbiota has been directly linked
to seizure outcomes through GABA-related mechanisms. Administration of Lactobacillus-
based probiotics reduced seizure severity in PTZ-kindled rats, potentially via increased
brain GABA availability [53], supporting a mechanistic link between gut microbiota and
modulation of seizure outcomes. Likewise, administration of the GABA-producing strain
Levilactobacillus brevis LAB6 causally reduced PTZ-induced seizures, an effect associated
with both increased colonic GABA levels and enhanced production of beneficial SC-
FAs [124]. Furthermore, mono-association of germ-free mice with Bifidobacterium den-
tium demonstrated that this organism alone is sufficient to drive GABA production from
multiple substrates, including glutamate, glutamine, and succinate [125]. This finding high-
lights the metabolic capacity of microbial GABA synthesis and provides direct evidence
linking a specific microbial species to host GABA availability. Multiple anatomical and
signaling routes may mediate the influence of gut-derived GABA on the CNS. GABAB

receptors are expressed along central vagal pathways, particularly within the nucleus
tractus solitarius (NTS) and dorsal vagal complex (DVC), providing a plausible neural sub-
strate for microbiota-driven modulation of central GABAergic circuits [126]. Additionally,
experimental evidence in rodents suggests that GABA can cross the BBB under certain
conditions [107,108,127], although comparable evidence in humans remains limited.

Collectively, these data support a model in which microbial GABA influences CNS
function through multiple, potentially convergent mechanisms, including modulation of
vagal signaling, alteration of systemic metabolite pools, and regulation of central neuro-
transmitter systems. However, definitive evidence linking luminal microbial GABA directly
to seizure control in humans remains lacking.

5.1.2. Glutamate

In parallel with GABA, glutamate occupies a central position in gut–brain communica-
tion, although its biology across the gastrointestinal tract and CNS is governed by markedly
different rules of synthesis, utilization, and transport. Within the gut, glutamate arises from
multiple sources, including free dietary glutamate and glutamine, the digestion of dietary
proteins, endogenous production by gut microbes, and host epithelial metabolism, where
it is generated as a by-product of the tricarboxylic acid (TCA) cycle [128]. Yet, despite its
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abundance in the intestinal lumen, glutamate is not simply a passive nutrient pool. Rather,
it is avidly consumed by enterocytes, which preferentially utilize glutamate as a major
oxidative substrate, often in preference to glucose, making intestinal glutamate catabolism
a key determinant of how much ultimately reaches the portal circulation [129]. This periph-
eral handling stands in contrast to glutamate metabolism within the CNS, where glutamate
must be synthesized locally because circulating glutamate does not readily cross the BBB
under normal physiological conditions [130]. Thus, although glutamate is the principal
excitatory neurotransmitter in the brain, its central pools are ordinarily insulated from fluc-
tuations in the periphery. This segregation is, however, not absolute. BBB permeability can
be altered by stress, dietary factors, inflammation, and microbiome-related changes, with
experimental evidence suggesting that such perturbations may permit increased glutamate
accumulation in both blood and brain [131]. These observations raise the possibility that
gut-derived glutamate, even if indirectly, may contribute to central excitatory tone under
conditions of barrier compromise.

Several mechanisms may link luminal glutamate to the CNS. Glutamate can be trans-
ported across the intestinal barrier and detected by vagal afferent endings innervating the
gastrointestinal tract, or it can be absorbed through glutamate transporters expressed on
the apical membrane of intestinal epithelial cells [131]. Supporting evidence from infant
pigs demonstrates that glutamate absorption and transport into the portal circulation in-
crease with higher intraduodenal glutamate intake, although only a small fraction escapes
intestinal utilization and systemic glutamate and brain glutamate concentrations remain
largely unchanged [132]. This study demonstrates that luminal glutamate availability can
influence intestinal absorption and portal glutamate transport, although it does not estab-
lish a corresponding increase in brain glutamate levels. Consistent with this, glutamate
transport systems are prominently expressed on the apical surface of epithelial cells in the
small intestine and, to a lesser extent, in the stomach, thereby providing the molecular
machinery required for luminal sensing and regulated uptake [133].

The gastrointestinal tract is also equipped with a robust receptor system for gluta-
matergic signaling. Ionotropic and metabotropic glutamate receptors (mGluRs) have been
identified on epithelial cells and enteric neurons throughout the stomach, small intestine
and colon [134–140]. This broad receptor distribution indicates that glutamate may function
locally as a signaling molecule in addition to serving as a metabolic substrate. Indeed, glu-
tamate can engage gut–brain communication indirectly through vagal pathways; luminal
administration of glutamate to the rat stomach increases vagal afferent firing and activates
downstream gut–brain signaling circuits [141]. These findings suggest that, even in the
absence of substantial systemic transport, luminal glutamate can be transduced into neural
signals capable of influencing central processing.

Microbial communities shape both fecal and plasma glutamate profiles and shifts
in microbial composition can alter the balance of glutamate synthesis, consumption, and
downstream conversion to related metabolites such as GABA and glutamine [142]. Such
changes may have functional consequences for brain excitability. For example, glutamate
dysregulation has been implicated in schizophrenia, and germ-free mice colonized with
microbiota associated with schizophrenia-related phenotypes exhibited lower gut glu-
tamate levels, reduced microbial α-diversity, and elevated hippocampal glutamine and
GABA [121]. These findings support the concept that microbial remodeling of peripheral
glutamate metabolism can reverberate through central amino acid and neurotransmit-
ter pathways.

A similar convergence of immune and excitatory mechanisms is evident in depres-
sion. Individuals with depression exhibit elevated circulating levels of proinflammatory
cytokines such as TNF-α and IL-6 compared with healthy controls [143], suggesting that

https://doi.org/10.3390/cells15161492

https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 15 of 57

peripheral inflammatory signaling contributes to central dysfunction. These cytokines,
in turn, modulate glutamatergic neurotransmission by increasing synaptic glutamate re-
lease, enhancing glutamate receptor activity and impairing astrocytic glutamate clear-
ance [144]. Collectively, these effects elevate excitatory signaling and promote excitotoxic
pathways linked to neurodegeneration. This provides an indirect and biologically plausible
route through which peripheral inflammatory and metabolic disturbances, including those
shaped by the gut microbiome, may intersect with glutamatergic signaling to influence
brain function.

Although dietary intake contributes substantially to luminal glutamate, the abundance
of glutamate within the gut is also strongly shaped by microbial ecology. Certain bacterial
families show positive associations with fecal or circulating glutamate levels, whereas
others are inversely correlated, underscoring the importance of microbial composition in
determining glutamate bioavailability [142]. In a human study, the relative abundance of
Coriobacteriaceae was positively associated with plasma glutamate, whereas Streptococcaceae
showed a negative correlation with fecal glutamate levels [142]. These associations suggest
that microbial community structure may contribute to variation in glutamate availability,
although causal relationships between specific taxa and host glutamate pools remain to
be established.

These relationships may be particularly relevant in epilepsy. Comparative analyses of
the gut microbiota of patients with epilepsy and healthy family members revealed an in-
creased abundance of Verrucomicrobia in epilepsy, accompanied by a corresponding increase
in glutamate levels [145]. This finding represents an association between epilepsy status,
microbial composition and glutamate levels rather than direct evidence that microbial
glutamate contributes to seizure generation. Nevertheless, it raises the possibility that
microbial shifts favoring excitatory metabolite profiles may contribute to seizure suscepti-
bility. This interpretation is strengthened by evidence from dietary interventions known
to modify both microbial composition and seizure outcomes. The KD, a well-established
therapy for drug-resistant epilepsy, induces characteristic restructuring of the gut micro-
biome [45,49]. In rodent seizure models, microbiota-dependent experiments demonstrated
that ketogenic diet-induced enrichment of Akkermansia and Parabacteroides was necessary
and sufficient for seizure protection and was accompanied by an increased hippocampal
GABA/glutamate ratio [21], suggesting that microbiome-mediated modulation of excita-
tory and inhibitory neurotransmission contributes to the antiseizure effects of the ketogenic
diet. Thus, although ketogenic therapy is often framed in metabolic terms, its effects
may also depend in part on microbiome-mediated recalibration of excitatory–inhibitory
neurotransmitter balance.

Further support for this concept comes from studies of glutamate-metabolizing bacte-
ria. Oral administration of Bifidobacterium adolescentis IPLA60004, a strain capable of convert-
ing glutamate to GABA, reduced circulating glutamate concentrations [146], demonstrating
that targeted bacterial metabolism can alter peripheral glutamate pools. Such findings
suggest that targeted manipulation of microbial glutamate metabolism may represent a
plausible strategy for attenuating peripheral excitatory load and, potentially, downstream
neuronal hyperexcitability. Yet, important caveats remain. Glutamate itself is not readily
permeable to the BBB under physiological conditions, and systemic transport is additionally
constrained by competing metabolic demands, including glutathione synthesis, which con-
sumes glutamate within the gut and other peripheral tissues [133]. These factors complicate
any direct causal link between luminal glutamate and central glutamatergic transmission.

The available evidence suggests that gut-derived glutamate may influence CNS func-
tion through several convergent mechanisms: local sensing by epithelial and enteric gluta-
mate receptors, activation of vagal afferent pathways, microbiome-dependent modulation
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of glutamate and related amino acid pools, and indirect effects on inflammatory and ex-
citatory signaling networks. However, as with microbial GABA, the extent to which gut
glutamate directly contributes to seizure susceptibility remains unresolved. More targeted
studies are therefore needed to clarify how intestinal glutamate synthesis, uptake, microbial
metabolism, and neural sensing intersect with central excitability and epileptogenesis.

5.1.3. Tryptophan/Serotonin

In parallel with GABA and glutamate, tryptophan and its downstream serotonergic
metabolites occupy a central position in gut–brain communication. Yet they do so through
a distinct metabolic logic in which precursor availability, compartment-specific synthesis,
and receptor-level signaling all shape neurophysiological outcomes. Tryptophan is an es-
sential amino acid that cannot be synthesized endogenously and must therefore be obtained
through dietary protein [147]. Once absorbed in the gut, tryptophan enters the circulation
and can cross the BBB through a specialized amino acid transporter, thereby supplying
substrate for 5-HT synthesis within the CNS [147]. By contrast, 5-HT itself does not readily
cross the BBB [148], necessitating independent serotonergic pools in the periphery and
brain. In the periphery, the vast majority of 5-HT is produced within the gastrointestinal
tract, where enterochromaffin cells and enteric neurons synthesize it from tryptophan
using the rate-limiting enzyme tryptophan hydroxylase 1 (TPH1) [149–151]. This periph-
eral serotonergic system exerts broad effects on gastrointestinal physiology through a
diverse repertoire of receptor subtypes, most of which are G protein-coupled receptors
expressed across the gut epithelium, enterochromaffin cells, and enteric neurons [152–154].
Through these receptors, 5-HT regulates peristalsis, secretion, vasodilation, nociception,
and nausea, underscoring its central role in coordinating intestinal homeostasis [152–154].
Peripheral serotonergic signals also communicate with the CNS through vagal pathways.
Consistent with this, vagus nerve stimulation, an established therapy for drug-resistant
epilepsy, has been shown to enhance serotonergic signaling, including significant increases
in extracellular 5-HT in experimental models [155].

Within the CNS, 5-HT is synthesized locally from L-tryptophan by the neuron-specific
enzyme TPH2. Central 5-HT influences mood, appetite, memory, stress responsiveness,
and pain perception [153,154]. Its effects on neuronal excitability are complex and highly
context-dependent. Depending on receptor subtype, cellular localization, and circuit
state, serotonergic signaling can promote either depolarization or hyperpolarization by
modulating both glutamatergic and GABAergic transmission [156–158]. Thus, rather than
acting as a uniformly inhibitory or excitatory signal, 5-HT is better understood as a dynamic
regulator of network tone, capable of shifting the balance of excitation and inhibition in
ways that may either protect against or facilitate seizure generation [156–158].

Experimental and associative evidence indicates that the gut microbiome shapes the
serotonergic system, beginning early in development. The maturation of gut microbial
communities overlaps with the development of the enteric serotonergic network, in part
because gut microbes regulate intestinal 5-HT production and signaling during a critical de-
velopmental window [150]. This temporal relationship supports an association between mi-
crobial colonization and serotonergic maturation, although colonization studies are needed
to establish causality for specific developmental effects. Microbiota-mediated increases
in enterochromaffin-derived 5-HT promote enteric neuron proliferation and maturation
through serotonergic pathways, thereby linking microbial colonization to the developmen-
tal assembly of gut neural circuits [159]. This relationship is highlighted in germ-free mice,
which exhibit pronounced abnormalities in 5-HT metabolism, including reduced intestinal
5-HT levels [160] and decreased colonic TPH1 expression; notably, these deficits can be
normalized by colonization with conventional or human microbiota [161]. Restoration of
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intestinal 5-HT levels and TPH1 expression following microbiota colonization provides
evidence of a direct role for microbial regulation of intestinal serotonergic pathways.

Specific microbial strains have been shown to increase enteric 5-HT availability
through distinct metabolic mechanisms. Administration of Escherichia coli Nissle
1917 increased levels of 5-hydroxytryptophan and reduced its breakdown product, 5-
hydroxyindoleacetic acid (5-HIAA) [162], supporting a direct effect of this strain on host
serotonergic profile. Colonization with Clostridium ramosum in germ-free mice likewise
increases host 5-HT levels [159], showing that a defined bacterial species can modulate
host serotonergic metabolism. In addition, multiple lactic acid bacteria, including Bifidobac-
terium dentium, B. longum, Bifidobacterium infantis, Lacticaseibacillus rhamnosus, Lactobacillus
acidophilus, and Limosilactobacillus reuteri, have been implicated in the regulation of trypto-
phan and 5-HT metabolism [163]. For example, probiotic administration of Bifidobacterium
infantis has been associated with increased circulating tryptophan and reduced 5-HIAA,
consistent with altered 5-HT turnover [164]. Beyond effects on 5-HT synthesis itself, micro-
bial metabolites such as SCFAs can modulate serotonergic signaling by regulating 5-HT
transporter function and altering the expression of multiple 5-HT receptor subtypes. In cell
culture models, individually and combined SCFAs modulated 5-HT transporter function
and altered expression of several 5-HT receptor subtypes including 5-HT1A, 5-HT2B, and
5-HT7 [165], indicating a mechanistic role for microbial metabolites in regulating compo-
nents of serotonergic signaling. These findings suggest that the microbiome influences
serotonergic tone not only by regulating precursor availability and synthesis but also by
shaping receptor responsiveness.

Evidence linking serotonergic signaling to epilepsy further underscores the relevance
of this pathway to seizure susceptibility. Elevations in extracellular 5-HT suppress both focal
and generalized seizures, whereas depletion of brain 5-HT lowers seizure threshold and
increases susceptibility to convulsions [166–168]. In the KA model of epilepsy, depletion
of 5-HT increased tonic–clonic seizure susceptibility and lethality [169], providing causal
evidence that reduced central serotonergic tone can worsen seizure outcomes. Conversely,
activation of the 5-HT1A receptor, which hyperpolarizes hippocampal neurons, has been
associated with increased seizure threshold [170]. At the same time, other studies have
reported proconvulsant actions of 5-HT1A and additional serotonergic receptor subtypes,
emphasizing that the net effect of 5-HT depends on receptor distribution, circuit context,
and the broader neurochemical environment [171,172]. This context dependency is further
highlighted by the fact that excessive serotonergic activity can itself be harmful; severe
5-HT syndrome is characterized by hyperthermia and seizures, demonstrating that both
serotonergic deficiency and excess may destabilize neural networks [173].

Tryptophan metabolism through the kynurenine pathway also appears to be relevant
to epilepsy. In a human study of patients with refractory epilepsy undergoing KD therapy,
specific blood kynurenine metabolites were associated with therapeutic response [174], sug-
gesting a potential link between tryptophan catabolism and seizure control, but not estab-
lishing causality. Strong mechanistic support for this concept comes from infantile spasms,
where inhibition of the indoleamine 2,3-dioxygenase 1–kynurenine pathway enhances
production of the anticonvulsant metabolite kynurenic acid and reduces spasms [175].
These findings extend the significance of tryptophan metabolism beyond 5-HT alone and
suggest that microbiome-sensitive tryptophan flux may influence seizure susceptibility
through multiple downstream branches.

Microbiome-associated serotonergic mechanisms are also evident in epilepsy-related
models and patient studies. A pediatric epilepsy plasma metabolomics study reported
reduced tryptophan and 5-HIAA levels relative to age-matched controls, providing associa-
tive evidence of altered serotonergic metabolism in the disease state [176]. However, these
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findings do not establish whether altered tryptophan/5-HT metabolism contributes to
seizure susceptibility or reflects downstream consequences of epilepsy or related metabolic
changes. Altered serotonergic signaling has likewise been implicated in sudden unexpected
death in epilepsy (SUDEP), where dietary modulation of tryptophan confers protective
effects. In the DBA/1 mouse model of SUDEP, a high-tryptophan diet increased brain
5-HT levels and reduced seizure activity, providing evidence that dietary tryptophan
can modulate seizure outcomes [58]. These effects were accompanied by shifts in gut
microbial composition, including increased Proteobacteria and Actinobacteria [58], al-
though the direct role of these microbial changes was not established. In a related DBA/1
study, seizure-induced respiratory arrest significantly decreased levels of the 5-HT precur-
sor 5-hydroxytryptophan (5-HTP), whereas exogenous administration of 5-HTP reduced
seizure-induced respiratory arrest [177]. This intervention demonstrates that serotonergic
precursor availability can modulate this seizure-related phenotype.

Although 5-HT itself does not cross the BBB, several mechanisms may nevertheless
permit gut-derived or microbiome-modulated serotonergic signaling to influence brain
excitability. One plausible route is through vagal pathways, which are essential for certain
antidepressant effects that depend on serotonergic signaling [178–180]. This provides a
mechanistic basis through which peripheral serotonergic changes, even without direct BBB
passage, may alter central excitability. Consistent with this view, some antidepressants that
enhance serotonergic tone have shown promise as adjunctive antiseizure therapies [181].

Together, these observations support a functional link between tryptophan availability,
serotonergic signaling, microbial composition and seizure-associated outcomes. The gut
microbiota can influence tryptophan availability, intestinal 5-HT synthesis, receptor sig-
naling, and downstream kynurenine metabolism, each of which has the potential to shape
neuronal excitability and seizure susceptibility. However, as with other microbiota-derived
neurotransmitter-related pathways, direct evidence that gut-derived 5-HT itself modulates
seizure activity in humans remains limited. Further studies are therefore needed to define
how microbial regulation of tryptophan and 5HT metabolism intersects with neural circuits
involved in epileptogenesis and seizure control.

5.1.4. Dopamine

Extending beyond amino acid-derived inhibitory and excitatory systems, dopaminer-
gic signaling represents an additional layer through which the gut microbiome can interface
with host neurophysiology. As with the serotonergic system, dopamine biology within the
gut–brain axis is defined by compartmentalized synthesis, localized signaling, and indirect
pathways of communication with the CNS. Within the gastrointestinal tract, dopamine
is synthesized through a two-step enzymatic process in which tyrosine is converted to
L-3,4-dihydroxyphenylalanine by tyrosine hydroxylase, followed by decarboxylation to
dopamine [182]. This synthesis is not restricted to neurons; rather, it occurs across a range of
peripheral cell types, including epithelial cells, enteric neurons, immune cells, and, notably,
select microbial populations [183].

Remarkably, the gut represents a major source of peripheral dopamine, with estimates
indicating that more than half of total body dopamine is produced outside the CNS, result-
ing in concentrations that exceed those found centrally [184,185]. In contrast to classical
neurotransmission within the brain, peripheral dopamine largely acts in an autocrine and
paracrine manner, binding to dopamine receptors on neighboring cells to regulate gastroin-
testinal motility, maintain barrier integrity, and modulate inflammatory responses [184,186].
These functions position dopamine as a key regulator of intestinal homeostasis, analogous
to the roles described for GABA and 5-HT in coordinating gut physiology.
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Despite this substantial peripheral pool, circulating dopamine does not readily cross
the BBB and is rapidly degraded by monoamine oxidase and catechol-O-methyltransferase
into inactive metabolites [187]. Consequently, as with peripheral 5-HT, dopamine must be
synthesized locally within the CNS to influence neural circuit activity. Several microbial
taxa contribute to the dopaminergic milieu within the gut. Dopamine-producing species
include Bacillus cereus, Bacillus mycoides, Bacillus subtilis, Proteus vulgaris, Serratia marcescens,
Staphylococcus aureus, Escherichia coli, Hafina alvei, and Klebsiella pneumoniae [188,189]. In
addition, broader microbial communities including Prevotella, Bacteroides, Lactobacillus,
Bifidobacterium, Clostridium, Enterococcus, and Ruminococcus have been implicated in modu-
lating dopaminergic pathways, highlighting the distributed nature of microbial influence
on this system [190,191].

Microbial metabolites further shape dopaminergic signaling by regulating key biosyn-
thetic enzymes. For example, in vitro studies demonstrated that butyrate upregulates
tyrosine hydroxylase expression in PC12 cells [192], indicating a mechanistic role for micro-
bial metabolites in regulating dopamine biosynthesis. Such findings suggest that microbial
metabolic activity can influence dopaminergic tone not only through direct neurotransmit-
ter production but also by controlling precursor availability and enzymatic capacity within
host cells.

Within the CNS, dopamine is synthesized in discrete brain regions, including the
substantia nigra, ventral tegmental area, and hypothalamus, where it exerts widespread
regulatory effects on motor control, reward processing, motivation, and cognitive func-
tion [193,194]. Dopaminergic signaling operates through G protein-coupled receptors to
regulate ion channel activity, thereby influencing neuronal excitability at both synaptic and
circuit levels [194]. Unlike GABA, which predominantly suppresses excitability, or gluta-
mate, which promotes it, dopamine functions as a modulatory transmitter whose effects
depend on receptor subtype and cellular context. This receptor-specific complexity is par-
ticularly evident in epilepsy. Activation of D1-like receptors generally promotes neuronal
excitability, whereas D2-like receptor signaling often exerts anticonvulsant effects, resulting
in bidirectional and sometimes opposing influences on seizure susceptibility [195]. In line
with these findings, altered expression of dopamine receptors and transporters, as well as
changes in dopamine availability, have been reported in patients with epilepsy [196–199].
Furthermore, both experimental and clinical studies support a role for dopaminergic cir-
cuits in epileptogenesis and seizure propagation, although the precise mechanisms remain
incompletely defined [199,200].

Although dopamine does not cross the BBB, its precursor L-tyrosine does, providing
a mechanistic route through which peripheral metabolic changes may influence central
dopamine synthesis [201]. Systemically, L-tyrosine is derived from dietary phenylalanine
via phenylalanine hydroxylase in the liver before entering the brain to support dopaminer-
gic neurotransmission [202]. This dependence on precursor availability introduces a poten-
tial interface through which diet and microbiome-dependent amino acid metabolism may
indirectly modulate CNS dopamine levels. Dopamine receptors are expressed throughout
the gastrointestinal tract, including the ileum, colon, stomach, duodenum, and esopha-
gus, highlighting the relevance of dopaminergic signaling in peripheral tissues [203–214].
In the liver, phenylalanine hydroxylase converts L-phenylalanine to L-tyrosine, which
subsequently crosses the BBB to support dopamine synthesis within the brain [202].

The microbiome sensitivity of dopaminergic pathways is further supported by germ-
free animal models. Germ-free mice exhibit alterations in tyrosine hydroxylase expres-
sion, region-specific changes in brain dopamine concentrations, and reduced peripheral
tyrosine hydroxylase mRNA levels, indicating that microbial signals are required for
normal dopaminergic system development and function [215]. Consistent with this, mono-
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association of germ-free mice with Bifidobacterium dentium increases both fecal and brain ty-
rosine levels [125], supporting a role for a single microbial species in modulating dopamine
precursor availability.

Emerging evidence suggests that microbiome-derived modulation of dopamine path-
ways can influence CNS function and behavior more broadly. A large-scale metagenomic
study in healthy individuals found that increased microbial production of dopamine-related
metabolites was associated with improved mental well-being, with butyrate-producing
bacteria such as Faecalibacterium and Coprococcus positively associated with quality-of-life
measures [216]. However, the causal relationship between metabolites associated with
dopamine and psychological outcomes was not evaluated. In neurodegenerative disease,
particularly Parkinson’s disease, a prevailing hypothesis posits that pathology may orig-
inate within the gut or peripheral nervous system before propagating to the brain [217],
implicating microbiome and dopamine interactions in disease progression, although direct
evidence remains incomplete. Supporting this concept, probiotic administration of Lacto-
bacillus plantarum PS128 improves motor symptoms in Parkinsonian mouse models, sug-
gesting functional restoration of dopaminergic signaling pathways [218]. This intervention
provides causal evidence that microbiome manipulation can influence dopamine-related
neurological outcomes in vivo.

Additional insights come from neurodevelopmental and neuropsychiatric models.
In a rodent autism model, deletion of the cell adhesion gene EphB6 resulted in gut mi-
crobiota dysbiosis, vitamin B6 deficiency, altered dopamine signaling, and behavioral
abnormalities [219]. In the same study, fecal microbiota transplantation experiments
demonstrated that gut microbiota-dependent alterations in vitamin B6 and dopamine
metabolism contribute to changes in behavior and cortical excitation/inhibition balance.
While direct evidence connecting peripheral dopaminergic alterations to epilepsy is more
limited, emerging studies suggest potential associations. For example, increased dopamine
receptor expression has been observed in peripheral immune cells from patients with tem-
poral lobe epilepsy [220], and elevated fecal dopamine levels have been reported in children
with cerebral palsy and comorbid epilepsy compared to non-epileptic controls [221].

Collectively, these observations suggest a model in which microbiome-dependent
modulation of dopaminergic pathways may influence CNS excitability through indirect
mechanisms, including regulation of precursor availability, enzyme expression, and pe-
ripheral signaling systems. However, the current data remains largely associative and does
not provide strong direct evidence for a causal link between gut-derived dopamine and
epileptogenesis, and the underlying mechanisms remain incompletely defined.

5.2. Short-Chain Fatty Acids (SCFAs)

Among the gut-derived metabolites implicated in host neurophysiology, SCFAs occupy
a particularly important position because they couple microbial fermentation to immune,
metabolic, and neural signaling across the gut–brain axis. SCFAs are saturated fatty acids
containing one to six carbon atoms [23], generated predominantly in the colon through
the microbial fermentation of indigestible dietary fibers that escape digestion in the small
intestine [222,223]. In this way, SCFAs may be viewed not merely as metabolic end products,
but as bioactive intermediaries through which the gut microbiota exerts distal effects on
host tissues, including the CNS.

Mechanistically, SCFAs exert their effects through both receptor-dependent and
receptor-independent pathways. They serve as endogenous ligands for several G protein-
coupled receptors, including FFAR2, FFAR3, hydroxycarboxylic acid receptor 1
(GPR109A/HCAR2), and GPR164 [224]. These receptors are expressed on ECCs, immune
cells, and other peripheral tissues, where they regulate energy homeostasis, inflammatory
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tone and gut–immune communication [225,226]. Although their roles within the nervous
system remain less fully resolved, SCFAs have been implicated in biological processes
highly relevant to brain function, including cognition, energy balance, chronic pain, neu-
roinflammation, and the secretion of neuroactive gut peptides such as peptide YY, insulin
and glucagon-like peptide-1 [227]. Beyond these systemic effects, in vitro evidence indi-
cates that butyrate can directly modulate hippocampal synaptic plasticity by enhancing
long-term potentiation [228], suggesting that SCFAs may influence neuronal excitability
not only indirectly through peripheral signaling, but also through more proximal effects on
neural function.

The capacity of SCFAs to influence CNS physiology depends, in part, on their ability
to move beyond the gut lumen and engage barriers, immune, and metabolic pathways that
shape the brain’s microenvironment. Experimental studies in both rodents and humans
demonstrate that SCFAs, particularly acetate, can cross the BBB via monocarboxylate
transporters [229–231]. Once available to the CNS, SCFAs participate in several mechanisms
relevant to seizure biology. They help maintain BBB integrity by strengthening tight
junctions and reducing permeability under inflammatory conditions [95,98,232], an effect
of particular importance given the growing evidence that barrier dysfunction contributes
to epileptogenesis. SCFAs can also influence neurotransmitter systems linked to excitability.
Acetate participates in metabolic pathways that support GABA synthesis [233], while
acetate and butyrate have both been shown to increase 5-HT levels in chromaffin cells [84].
These observations place SCFAs at the intersection of barrier regulation, neuroimmune
signaling, and neurotransmitter metabolism, thereby providing several plausible routes
through which microbial fermentation products could influence seizure susceptibility.

A growing body of evidence now implicates altered SCFA signaling in epilepsy. Clini-
cal studies have reported associations between disrupted SCFA profiles and several neuro-
logical conditions, including epilepsy [234]. In individuals with epilepsy, these changes
include alterations in both circulating and fecal SCFA levels, together with disruptions in
butyrate-producing microbial taxa [235,236]. Patients with drug-resistant epilepsy have
been reported to exhibit reductions in several SCFA-producing taxa [32]; however, these
studies do not establish whether SCFA alterations contribute to disease severity or arise as
a consequence of epilepsy or treatment. A study in children with intractable epilepsy found
decreased abundance of butyrate-producing bacteria that correlated with both seizure
severity and responsiveness to the KD [237], providing associative evidence linking SCFA-
producing taxa to disease outcomes. These observations suggest that SCFA disruption
may be functionally linked to disease severity and treatment response; however, the causal
nature of these relationships remains unclear.

Preclinical findings provide further mechanistic support for such a relationship. In
germ-free mice, the absence of the microbiota leads to dysregulated expression of genes
involved in controlling excitatory/inhibitory signaling, an effect that can be reversed by
colonization with specific-pathogen-free microbiota [234], supporting a direct role for the
microbiota in regulating these pathways. Given that SCFAs influence glutamate, glutamine,
and GABA metabolism [233], they represent a biologically plausible intermediary through
which microbial composition could shape neuronal excitability. Consistent with this,
administration of Lactobacillus helveticus R0052 increased acetate and butyrate levels while
simultaneously raising seizure thresholds in the 6-Hz seizure test [238]. These findings
suggest that microbiome-dependent SCFA production can influence seizure susceptibility.
Similarly, intragastric administration of butyrate and propionate prolonged latency to PTZ-
induced seizures and reduced Racine seizure scores [239]. Taken together, these findings
support the concept that SCFAs can dampen neuronal hyperexcitability and mitigate seizure
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severity, although the relative contributions of individual SCFAs, receptor pathways, and
downstream metabolic changes remain to be fully clarified.

The relationship between SCFAs and established antiseizure therapies adds a further
layer of complexity. At present, interactions between SCFAs and ASMs remain incompletely
characterized, reflecting a broader gap in understanding how microbiome-derived metabo-
lites influence pharmacological responsiveness. Valproic acid, one of the most widely used
ASMs, has been reported to alter SCFA production in the marine fungus Trichoderma reesei,
where it both inhibited and induced specific circulating SCFAs [240]. However, comparable
findings in humans have not been consistent. In one study, addition of valproic acid in pa-
tients with epilepsy did not significantly alter plasma or urinary SCFA concentrations [241].
By contrast, changes in SCFA profiles have been reported in individuals with epilepsy
undergoing KD therapy [242], raising the possibility that dietary interventions may more
robustly reshape SCFA-related pathways than conventional pharmacotherapy alone. These
divergent findings underscore the need to distinguish drug-specific effects from broader
metabolic and microbiome-mediated adaptations.

Taken together, the available evidence positions SCFAs as compelling molecular in-
termediaries linking gut microbial fermentation to seizure-relevant pathways in the host.
Through their ability to engage G protein-coupled receptors, preserve barrier integrity,
modulate immune signaling, influence neurotransmitter metabolism, and, in some cases,
access the CNS directly, SCFAs provide a mechanistic framework through which the micro-
biome may influence epileptogenesis and seizure control. Yet, despite this promise, their
therapeutic potential remains incompletely defined. Future work will need to determine
how specific SCFAs move from the gut lumen into systemic and cerebral compartments,
which cellular targets they engage once there, and how their actions integrate with diet,
microbiota composition, and existing antiseizure therapies to shape seizure susceptibility
and outcome.

5.3. Energy-Related Metabolite—Lactate

In parallel with SCFAs and neurotransmitter-related metabolites, lactate is increasingly
recognized as an important intermediary linking microbial metabolism to host neurophysi-
ology. Once regarded primarily as a by-product of anaerobic metabolism, lactate is now
understood to function both as an energy substrate and as a signaling molecule, thereby
expanding its relevance well beyond cellular bioenergetics. Within the gastrointestinal
tract, lactate is generated through anaerobic fermentation by a wide range of microbial taxa,
including members of the Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria
phyla, with many Bifidobacterium species serving as prominent producers [243–245]. In
microbial communities, lactate production contributes to redox balance, yet its accumu-
lation is not uniformly beneficial. Excess luminal lactate is associated with reduced pH
and adverse outcomes such as lactic acidosis and colitis [246–248]. Under homeostatic
conditions, however, lactate is further metabolized by lactate-utilizing bacteria into the ben-
eficial SCFAs butyrate and propionate, thereby preventing its accumulation and integrating
lactate metabolism into broader trophic networks that support intestinal health [249,250].

Within the CNS, lactate arises from several sources, including astrocytic glycolysis of
blood-derived glucose, circulating lactate, and glycogen stores, and it serves as a major
substrate for neuronal energy metabolism [251]. This view, however, captures only part
of its biological significance. Lactate is now established as an active signaling molecule
capable of mediating intercellular communication across multiple tissues, including skeletal
muscle and brain [251]. In the nervous system, astrocyte-derived lactate has been impli-
cated in memory consolidation, neuronal signaling, and neuroprotection [244,252–254],
underscoring its importance in sustaining activity-dependent brain function. Thus, as with
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other metabolites discussed in the gut–brain–microbiome axis, lactate occupies a functional
space in which metabolism and signaling converge.

The movement and action of lactate within the CNS are tightly regulated. Because
lactate does not freely diffuse across the BBB, its transport depends on monocarboxylate
transporters (MCTs), after which it can be enzymatically converted to pyruvate within
neurons and glia [255]. Beyond this metabolic role, lactate can also exert receptor-mediated
effects through HCAR1/GPR81, a G protein-coupled receptor expressed in peripheral
tissues such as muscle and adipose tissue, as well as in the brain [256]. In the CNS, HCAR1
is localized to hippocampal pyramidal neurons, interneurons, Purkinje cells, and the post-
synaptic membrane of excitatory neurons [256,257]. Activation of this receptor influences
inflammatory signaling, cell survival, and neuronal excitability through intracellular path-
ways involving alpha and beta gamma subunits of inhibitory G protein (Giα and Giβγ),
and Ras/Raf/Mitogen-activated protein kinase/ERK kinase (MEK)/extracellular-signal-
regulated kinase (ERK) [258]. These observations place lactate in a position of mechanistic
interest, as it may influence neural function through both substrate delivery and dedicated
signaling pathways.

The gut microbiome is positioned to shape this system in several ways. At the most
immediate level, microbial communities determine the extent of luminal lactate production
and its subsequent conversion into other metabolites, thereby influencing whether lactate
accumulates or is efficiently funneled into beneficial downstream pathways. Because lactate-
producing and lactate-consuming bacteria jointly determine intestinal lactate availability,
shifts in community composition could alter the amount of lactate entering circulation and
potentially the metabolic signals reaching the CNS. Although the movement of gut-derived
lactate from the intestinal lumen to the brain remains incompletely mapped, the existence
of MCT-mediated transport and receptor-based sensing provides a plausible mechanistic
basis through which peripheral lactate could influence central function [255,256]. In this
respect, lactate resembles other microbiome-sensitive metabolites that may act locally in
the gut while also participating in more distal signaling networks.

The relevance of lactate to epilepsy emerges most clearly when metabolic stress and
excitability are considered together. Seizures impose marked energetic demands on neural
tissue, and lactate accumulation is consistently observed during severe seizure activity [259],
although this observation alone does not establish whether elevated lactate contributes
to seizure generation or simply reflects the metabolic demands of seizures. However,
experimental evidence indicates that lactate is not merely a passive consequence of this
metabolic strain, but may contribute to epileptic activity itself. Across multiple seizure
models, inhibition of lactate dehydrogenase (LDH), the enzyme responsible for L-lactate
production, reduces seizure activity [260,261], supporting a mechanistic role for lactate
metabolism in sustaining neuronal hyperexcitable states. In this context, altered lactate
handling may represent one component of the broader metabolic reprogramming that
accompanies epileptogenesis.

Microbiome-related and dietary influences on lactate pathways may also intersect with
seizure susceptibility. In a PTZ seizure model, increased lactate production enhanced GABA
metabolism and contributed to the antiseizure effects of the KD [54], implicating lactate
metabolism in seizure modulation. This observation is particularly notable because it places
lactate within an established therapeutic setting for epilepsy and suggests that its actions
may extend beyond energy provision to influence inhibitory neurotransmitter systems.
Additional mechanistic support comes from a recent study showing that conditional knock-
out of LDHA, the gene encoding LDH-A, reduced L-lactate levels and decreased neuronal
excitability in the dorsomedial prefrontal cortex, whereas LDHA overexpression exerted the
opposite effect [262], demonstrating that manipulation of lactate metabolism directly alters
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neuronal excitability. Together, these findings support a model in which lactate availability
is linked to neuronal excitability in a bidirectional and context-dependent manner.

Lactate may also interact with seizure-relevant pathways through effects on neuro-
plasticity. Brain-derived neurotrophic factor (BDNF), a key regulator of synaptic plasticity
and neuronal excitability, exhibits bidirectional changes in epilepsy [263]. Peripheral lactate
administration has been shown to increase central BDNF levels and enhance neuroplas-
ticity [264], raising the possibility that systemic or microbiome-influenced lactate can
directly affect seizure-related processes through trophic signaling pathways in addition
to its metabolic and receptor-mediated actions. While these findings do not yet establish
a direct causal role for gut-derived lactate in epileptogenesis, they further broaden the
mechanistic landscape through which lactate may influence seizure biology.

Altogether, the available evidence positions lactate as a multifaceted metabolite at
the intersection of microbial fermentation, host metabolism, and neuronal signaling. It
functions not only as an energy substrate but also as a signaling molecule capable of
influencing inflammatory pathways, neuroplasticity and neuronal excitability. Yet, despite
these advances, the contribution of gut-derived lactate, and of the microbes that produce or
consume it, to CNS function and epileptogenesis remains incompletely defined.

5.4. Microbiota-Dependent Vitamins

Extending beyond metabolites derived from microbial fermentation and amino acid
metabolism, vitamins represent a class of microbiota-influenced compounds that bridge nu-
trient availability with systemic physiological regulation. Traditionally defined as essential
micronutrients required for normal growth, development, and cellular function, vitamins
are obtained primarily through dietary intake, as mammals lack the capacity to synthesize
most of these compounds endogenously. However, a substantial body of evidence now
indicates that the gut microbiota contributes meaningfully to the production and bioavail-
ability of several vitamin classes, thereby integrating microbial metabolic activity into host
nutritional and metabolic networks.

Within this framework, vitamins should be viewed not solely as passive cofactors
but as dynamic participants in the broader signaling landscape of the gut–brain axis. In
addition to their well-established roles in energy metabolism, particularly in facilitating
the conversion of macronutrients into adenosine triphosphate, many vitamins modulate
immune responses, inflammatory pathways, oxidative stress, and neurotransmitter syn-
thesis. These processes intersect directly with mechanisms implicated in epileptogenesis.
Accordingly, alterations in vitamin availability may influence seizure outcomes through
both direct and indirect mechanisms, shaping neuronal excitability and circuit stability
while also modifying systemic factors that contribute to disease progression.

In the sections that follow, we synthesize current evidence linking vitamin metabolism
to microbiome function and CNS regulation, with a particular emphasis on epilepsy. We fo-
cus on vitamins that are either produced or modulated by the gut microbiota and that have
demonstrated mechanistic relevance to neuronal excitability, neurotransmitter metabolism,
inflammation, or oxidative stress. Through this lens, we consider how dietary modula-
tion, microbial composition, and targeted supplementation strategies may be leveraged to
influence these pathways, with the goal of identifying adjunctive approaches to seizure
management grounded in the biology of the gut–brain–microbiome axis.

5.4.1. Folate (Vitamin B9)

Among microbiota-dependent vitamins, folate represents one of the most extensively
characterized links between microbial metabolism, host physiology and CNS function. As
an essential micronutrient, folate plays a central role in one-carbon metabolism, supporting
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(deoxyribonucleic acid) DNA synthesis, methylation reactions, and numerous aspects
of cellular homeostasis [265]. These biochemical functions position folate at a critical
intersection between metabolism and signaling, where subtle perturbations can propa-
gate across multiple physiological systems, including those governing neuronal integrity
and excitability.

Although dietary intake remains the primary source of folate, the gut microbiota
contributes to its availability through endogenous synthesis within the intestinal lumen.
Specific taxa, including Bifidobacterium species and Lactobacillus plantarum, particularly
in the presence of para-aminobenzoic acid, have been shown to produce folate, thereby
supplementing host-derived pools [266]. This microbial contribution highlights a broader
principle within the gut–brain axis. These findings suggest that micronutrient availability re-
flects both dietary intake and microbial metabolic activity. Following luminal production or
ingestion, active forms of folate are absorbed predominantly in the small intestine through
a combination of passive diffusion and carrier-mediated transport mechanisms [267]. In
healthy adults, maintaining the recommended daily intake of approximately 400 µg/day is
essential to support systemic metabolic demands [268].

The physiological importance of folate extends well beyond its classical metabolic
roles. Deficiency states disrupt multiple interconnected pathways, leading to impaired
nucleotide synthesis, reduced glutathione production, compromised immune cell function,
and increased susceptibility to malignancy [268–270]. Within the context of the gut–brain
axis, these effects are particularly relevant because they converge on processes, such as
oxidative stress, inflammation, and cellular repair, that influence CNS stability. Notably,
appropriate delivery of folate to the brain depends on intact BBB transport systems. Disrup-
tion of this interface has been linked to cerebral folate deficiency, a condition characterized
by reduced levels of the biologically active form, 5-methyltetrahydrofolate, within the CNS
despite normal systemic folate concentrations [271]. This compartmentalized deficiency
underscores the importance of barrier integrity in mediating nutrient access to neural
circuits. The gut microbiome may influence this process at multiple levels. By contributing
to luminal folate production and potentially modulating intestinal absorption and barrier
function, microbial communities may shape the effective delivery of folate to systemic
and cerebral compartments. Although the precise dynamics of microbiome-dependent
folate transport to the CNS remain to be fully elucidated, this interplay provides a plausible
mechanistic framework linking microbial composition with neurochemical homeostasis.
Moreover, because folate participates in methylation pathways that regulate gene expres-
sion, alterations in its availability may have downstream effects on neuronal development,
synaptic plasticity, and neurotransmitter synthesis.

Evidence linking folate to epilepsy provides further support for its relevance within
this framework. Clinically, folate deficiency has been associated with increased seizure
susceptibility and severity, particularly in conditions characterized by impaired folate trans-
port or metabolism. Cerebral folate deficiency, for example, is frequently accompanied by
intractable seizures, and restoration of central folate levels through folinic acid supplemen-
tation leads to significant improvements in seizure control [272–276]. These observations
support a causal role for central folate deficiency in seizure susceptibility, as restoration of
folate levels improves seizure control. The improvement in seizure control underscores the
importance of maintaining adequate central folate availability for stabilizing neuronal net-
works. In pediatric epilepsy cohorts, peripheral folate deficiency has been associated with
increased seizure frequency and duration, whereas folic acid supplementation significantly
reduced seizure activity [277], suggesting that folate availability may influence seizure
outcomes. Similarly, clinical trials have reported reductions in seizure frequency following
folic acid supplementation over defined treatment periods, although results in adult popu-
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lations have shown greater variability [278]. These differences may reflect heterogeneity in
underlying pathophysiology, dietary status, or ASM use across patient populations. The
influence of folate on seizure susceptibility is further highlighted in conditions affecting
its absorption and metabolism. Children with genetic defects impairing folate transport
exhibit neurological manifestations including cognitive dysfunction, ataxia, and seizures,
illustrating the consequences of disrupted folate homeostasis during critical developmental
periods [279]. Conversely, excessive folate exposure may also carry risks. Elevated maternal
folate supplementation has been associated with adverse neurodevelopmental outcomes,
including memory deficits and increased seizure susceptibility in offspring, indicating that
both deficiency and excess may perturb neural circuit stability [280], although the extent to
which excess folate contributes to these outcomes remains unresolved.

Experimental models provide additional mechanistic insight. In rodent studies, folate
administration reduces seizure-induced neuronal damage, an effect attributed in part to the
preservation of BBB integrity and attenuation of oxidative stress [281,282]. These findings
indicate that experimental folate administration can directly influence seizure-associated
neuropathology. This neuroprotective effect aligns with the broader concept that folate
exerts protective effects not only on neurons but also on the structural and metabolic envi-
ronment that sustains neural function. Finally, the interaction between folate metabolism
and antiseizure medications introduces an important clinical dimension. Several ASMs can
reduce folate levels, thereby contributing to deficiency states and potentially influencing
seizure control or comorbid outcomes [283]. This highlights the need for routine monitor-
ing and targeted supplementation in appropriate patient populations, particularly when
long-term pharmacotherapy is required.

Evidence linking folate to seizure susceptibility is supported by both observational and
intervention studies, whereas evidence specifically connecting microbiota-derived folate to
epilepsy remains comparatively limited. Together, these observations support folate as a
key micronutrient within the gut–brain–microbiome axis. Importantly, both insufficient
and excessive folate levels may contribute to neurological dysfunction, including seizure
susceptibility, emphasizing the need for a balanced and context-dependent approach to
folate supplementation.

5.4.2. Pyridoxine (Vitamin B6)

Pyridoxine (vitamin B6) is an essential micronutrient obtained from both dietary
sources and microbial synthesis within the gut. It exists in multiple forms, including
pyridoxine, pyridoxal, and pyridoxamine, which are converted to the biologically active
cofactor pyridoxal-5′-phosphate (PLP). Several gut bacterial taxa, including Helicobacter
pylori (Proteobacteria), Bifidobacterium longum and Collinsella aerofaciens (Actinobacteria),
and Bacteroides fragilis and Prevotella copri (Bacteroidetes), have been identified as contrib-
utors to pyridoxine production [284]. Typical daily intake recommendations range from
approximately 1.6–2 mg/day [285].

PLP serves as a critical coenzyme in more than 100 enzymatic reactions and plays a
central role in amino acid metabolism, myelin synthesis, and neurotransmitter production,
underscoring its importance in CNS function [286]. Notably, PLP is required for the final
step in the synthesis of key neurotransmitters, including dopamine and serotonin [287].
Circulating forms of pyridoxine are capable of crossing the BBB, enabling their contribution
to cerebral metabolic processes [288]. Disruptions in pyridoxine availability or metabolism
have significant neurological consequences. Deficiency has been associated with a range of
disorders, including cognitive impairment, depression, Wernicke’s encephalopathy, and
seizures [287]. Low pyridoxine levels may arise from multiple mechanisms, including
inborn errors that impair its synthesis or activation, the accumulation of metabolites that
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inactivate its active cofactor form, the use of medications that interfere with its metabolism,
and conditions that impair intestinal absorption [289]. In particular, several drugs, includ-
ing enzyme-inducing antiepileptic agents, can alter pyridoxine metabolism, necessitating
supplementation in certain clinical contexts to prevent adverse neurological outcomes [290].

The relevance of pyridoxine to epilepsy is well established. Both deficiency and inher-
ited defects in pyridoxine metabolism are strongly linked to seizure susceptibility, including
neonatal and convulsive disorders [291–294]. Clinically, reduced pyridoxine levels have
also been observed in individuals with epilepsy and are associated with poorer seizure
control [294]; however, these observations do not establish whether pyridoxine deficiency
contributes to seizure severity. However, pyridoxine-dependent epilepsy represents a rare
but important example of this relationship, in which accumulation of metabolic intermedi-
ates leads to inactivation of PLP, resulting in drug-resistant seizures in infancy that respond
to pyridoxine supplementation [295]. This condition provides causal evidence linking
disruption of pyridoxine metabolism to seizure generation, as restoration of pyridoxine
availability suppresses otherwise drug-resistant seizures. Given that PLP is an essential
cofactor in GABA synthesis, its depletion disrupts inhibitory neurotransmission, providing
a mechanistic basis for seizure development.

Experimental studies further support a role for pyridoxine in modulating excitatory–
inhibitory balance within the brain. For instance, at the molecular level, maternal pyri-
doxine deficiency has been associated with altered expression of GABA-related genes in
offspring [296], suggesting a relationship between pyridoxine availability and inhibitory
neurotransmission. Meanwhile supplementation increases expression of glutamic acid
decarboxylase, a key enzyme in GABA synthesis, and decreases GABA transaminase ac-
tivity in the hippocampus [297], indicating a role for pyridoxine in regulating inhibitory
neurotransmission. Consistent with these effects on inhibitory neurotransmission, early ex-
perimental studies investigating pyridoxine and brain function, pyridoxine deficiency was
shown to increase susceptibility to audiogenic and electroconvulsive seizures in mice, while
supplementation exerted protective effects [298]. More recently, findings from disease-
specific models have further highlighted the importance of pyridoxine availability in main-
taining neuronal stability. In an Aldh7a1-deficient mouse model of pyridoxine-dependent
epilepsy, reduced pyridoxine availability precipitated seizures, while pyridoxine treat-
ment suppressed seizure activity and improved survival [299]. Supporting these in vivo
observations, Girgis and colleagues demonstrated in primary mouse neuronal cultures
that moderate reductions in pyridoxal-5′-phosphate activity increased neuronal firing and
calcium signaling, resulting in a hyperexcitable neural phenotype [300].

Collectively, these findings underscore the importance of pyridoxine in maintaining
neuronal function and highlight its dual role as both a metabolic cofactor and a thera-
peutic target in epilepsy. Ongoing efforts, including the development of international
registries, continue to advance understanding of pyridoxine-dependent disorders and their
clinical management, emphasizing the importance of this pathway in epilepsy research
and treatment.

5.4.3. Biotin (Vitamin B7)

In parallel with folate, biotin represents a microbiota-influenced micronutrient that
links metabolic homeostasis with neural function, albeit through distinct biochemical and
signaling pathways. Biotin is a water-soluble vitamin that, like most vitamins, cannot
be synthesized by mammals and must therefore be obtained through a combination of
dietary intake and microbial production within the gut ecosystem [301]. This dual ori-
gin underscores a recurring theme within the gut–brain axis: host micronutrient status
reflects not only nutritional input but also the metabolic capacity and composition of the
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intestinal microbiota. Indeed, biotin-producing bacteria are distributed across multiple
phylogenetic groups, including representatives of the Proteobacteria, Fusobacteria, and
Bacteroidetes phyla [302], suggesting that microbial ecology may strongly influence luminal
biotin availability.

Following production or ingestion, biotin participates in a range of essential cellular
processes. Classically, it functions as a covalently bound cofactor for carboxylase en-
zymes, including acetyl-CoA carboxylase and pyruvate carboxylase, thereby supporting
lipid metabolism, gluconeogenesis, and energy production [303]. However, as with other
metabolites emerging from the gut–brain axis, its functional repertoire extends beyond
metabolic catalysis. Biotin is increasingly recognized for its roles in cell signaling, epigenetic
regulation, and chromatin remodeling, processes that collectively influence gene expression
and cellular differentiation [303]. Importantly, biotin is actively transported across the BBB
via the sodium-dependent multivitamin transporter [304] enabling it to contribute directly
to central metabolic and regulatory pathways. An intake of approximately 30 µg/day is
considered sufficient to support these physiological functions [267].

The gut microbiome likely influences biotin biology through its synthesis, availability,
and potentially its absorption, while also shaping host biotin status via barrier interactions
and metabolic competition. Disruptions in microbial composition, therefore, have the
potential to alter both the quantity and functional impact of biotin available to host tissues.
Indeed, recent experimental evidence demonstrates that biotin deficiency, whether induced
by intestinal deletion of the biotin transporter or through dietary restriction, leads to a shift
in microbial composition characterized by expansion of opportunistic taxa such as Klebsiella,
Enterobacter, and Helicobacter [305]. Such changes highlight a bidirectional relationship in
which biotin availability both reflects and influences the structure of the gut microbiome.

The relationship between biotin deficiency and seizures is most clearly illustrated
in biotinidase deficiency, a genetic disorder caused by mutations in the gene encoding
the enzyme responsible for recycling biotin [306]. In affected individuals, impaired bi-
otin reutilization results in reduced availability of active biotin, despite normal dietary
intake. Clinically, this condition presents with neurological and dermatological symptoms,
including seizures, which are thought to arise from the accumulation of neurotoxic metabo-
lites and disruption of metabolic homeostasis [306]. These observations underscore the
importance of sustained biotin availability for maintaining neuronal stability. Reduced
biotin levels have been reported in the cerebrospinal fluid of patients with epilepsy [307],
providing associative evidence of altered central availability in disease states. Further-
more, long-term use of ASMs has been associated with decreased biotin levels [308,309],
paralleling observations made with other micronutrients and reinforcing the importance
of monitoring vitamin status in chronically treated patients. However, whether these
ASM-induced deficiencies in biotin contribute to metabolic vulnerability and potentially
influence seizure control or comorbid outcomes remains unclear. Therapeutically, biotin
supplementation has demonstrated efficacy in specific contexts. Seizures associated with
biotinidase deficiency are often refractory to conventional antiseizure therapies but re-
spond dramatically to biotin replacement, with resolution of seizure activity following
supplementation [310]. More broadly, studies have reported reductions in seizure fre-
quency in children receiving biotin supplementation, although continued therapy appears
necessary to maintain these effects [311]. These findings support a causal role for biotin
deficiency in at least a subset of seizure disorders and highlight the potential for targeted
supplementation strategies.

Experimental models further elucidate the relationship between biotin and neuronal
excitability. In rodent studies, biotin deficiency accelerates seizure kindling and pro-
longs seizure duration, whereas supplementation reduces seizure severity, including
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tonic hindlimb extension in maximal electroshock models [312,313]. However, not all
models recapitulate seizure phenotypes. For instance, genetic knockout of biotinidase in
C57BL/6 mice results in neurological abnormalities such as demyelination and axonal
degeneration without overt seizures [314,315]. These findings emphasize the importance
of genetic background and experimental context in determining phenotypic outcomes, as
well as the complexity of linking metabolic perturbations to seizure generation.

Together, these data support biotin as a mechanistically relevant micronutrient within
the gut–brain–microbiome axis. As with folate, these observations underscore the impor-
tance of maintaining balanced vitamin homeostasis, as perturbations in either direction
may contribute to neurological dysfunction, including seizure susceptibility.

5.4.4. Cobalamin (Vitamin B12)

Cobalamin represents a critical micronutrient at the interface of microbial metabolism,
systemic physiology, and CNS function [316]. Unlike many other vitamins, cobalamin is
derived almost exclusively from dietary sources of animal origin, including meats, fish,
eggs, dairy products, and certain fungi, while also being synthesized by a diverse array
of gut microorganisms [316]. Microbial taxa implicated in cobalamin biosynthesis span a
broad phylogenetic range, including Acetobacterium, Bacillus, Clostridium, Corynebacterium,
Escherichia, Eubacterium, Flavobacterium, Mycobacterium, Propionibacterium, Rhodopseudomonas,
Streptococcus, Lactobacillus plantarum, and Bifidobacterium animalis [316]. This widespread
biosynthetic capacity suggests that microbial ecology may contribute to shaping cobalamin
availability within the gut environment, although the extent to which microbially produced
cobalamin contributes to host systemic stores remains an area of active investigation.

Following absorption in the ileum, cobalamin is transported in the circulation bound
to transcobalamin II and subsequently delivered to peripheral tissues, including the CNS,
where it enters cells via receptor-mediated endocytosis [317]. Through this transport path-
way, cobalamin supports a range of essential physiological processes. Its functions extend
from hematopoiesis and DNA synthesis to immune regulation and maintenance of myelin
integrity, positioning it as a key regulator of both systemic and neural homeostasis [287,318].
Importantly, cobalamin has also been implicated in preserving BBB integrity, further rein-
forcing its relevance within the gut–brain axis. A daily intake of approximately 1–4 µg is
generally sufficient to support these functions [319].

The mechanistic significance of cobalamin becomes particularly apparent in the con-
text of neurological health. Deficiency is associated with disruptions in myelin synthesis
and broader neurodegenerative processes that impair cognitive function and neural sig-
naling [320,321]. Increasingly, cobalamin has also been implicated in protein homeostasis
pathways relevant to neurodegeneration. For example, experimental evidence suggests that
cobalamin may attenuate neurodegenerative processes by reducing tau aggregation and the
formation of neurofibrillary tangles [322]. Clinical observations align with these findings,
as decreased cobalamin levels have been reported in conditions such as Parkinson’s disease,
whereas higher levels are associated with improved cognitive outcomes [320,321].

Within the gut–brain–microbiome axis, microbial contributions to cobalamin metabolism
may add an additional layer of regulation. Microbial synthesis may influence luminal
cobalamin availability and shifts in microbial composition could alter the balance between
production, utilization, and host accessibility. Moreover, cobalamin-dependent metabolic
pathways intersect with broader microbial processes, including amino acid and neuro-
transmitter metabolism, suggesting that microbiome composition may indirectly influence
host neural signaling through cobalamin-sensitive pathways. Experimental studies further
support a functional link between microbial cobalamin and neural signaling, as cobalamin-
producing gut bacteria have been shown to modulate excitatory cholinergic signaling in C.
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elegans, illustrating a conserved interaction between microbial vitamin metabolism and
host neural circuits [323].

Evidence linking cobalamin deficiency to epilepsy provides additional insight into
its role in neuronal excitability. Inborn errors of intracellular cobalamin metabolism result
in early-onset deficiency, leading to the accumulation of toxic metabolites and the devel-
opment of neurological features including microencephaly and seizures [324]. Similarly,
maternal dietary deficiency, such as that associated with vegetarian diets lacking adequate
B12, has been linked to focal seizures in offspring [325]. However, cobalamin supple-
mentation reduced seizure burden, although not fully reversing associated neurological
deficits. In children with intractable epilepsy, long-term use of ASMs has been associated
with reduced cobalamin levels, suggesting that pharmacological treatment itself may con-
tribute to micronutrient depletion [326,327]. In certain cases, supplementation alongside
ASMs has been reported to improve epilepsy-associated symptoms [326,327], indicating
that restoration of cobalamin homeostasis may support neurological function in selected
patient populations. Experimental evidence provides additional mechanistic support, as
cobalamin administration has been shown to suppress penicillin-induced epileptiform
activity in rodent models [328], suggesting that cobalamin availability can direct effect on
neuronal excitability. The interaction between cobalamin status and the gut microbiome
introduces a further dimension of complexity. While supplementation does not appear
to significantly alter microbial composition in healthy states, it can induce measurable
shifts under inflammatory conditions such as colitis, indicating that its microbial effects are
context-dependent [329].

5.4.5. Riboflavin (Vitamin B2)

Riboflavin is an essential water-soluble vitamin that mammals are unable to synthesize
and must therefore obtain from dietary sources, including animal products, vegetables,
legumes, and plant-derived foods [330]. Complementing this dietary contribution, nu-
merous gut bacteria, particularly Bifidobacterium and Lactobacillus species, can produce
riboflavin, and advances in microbial fermentation technologies have further expanded
their availability for nutritional and therapeutic applications [284,331]. As such, riboflavin
availability reflects a convergence of diet, microbial biosynthesis, and host absorption.

At the molecular level, riboflavin serves as a precursor for key coenzymes, including
flavin adenine dinucleotide and flavin mononucleotide, which are essential for redox reac-
tions and mitochondrial energy metabolism. Through these roles, riboflavin contributes to
cellular bioenergetics, oxidative phosphorylation, and metabolic homeostasis. However,
consistent with emerging paradigms in gut–brain biology, its functional repertoire extends
beyond classical metabolism. Experimental evidence indicates that riboflavin exerts antiox-
idant and anti-inflammatory effects [332,333], positioning it as a modulator of oxidative
stress and immune signaling, two processes intimately linked to neuronal excitability and
the pathophysiology of epilepsy.

Riboflavin absorption occurs predominantly in the small intestine, where it is trans-
ported across epithelial cells and enters circulation via specific carrier-mediated pathways.
Transport into the bloodstream is facilitated by riboflavin transporters 1 and 2 located on
the basolateral membrane [334]. Once in circulation, riboflavin can cross the BBB to be
taken up by neurons and astrocytes [335], thereby directly contributing to central metabolic
processes and redox balance. Maintaining an adequate intake, approximately 1.3 mg/day
in adults, is essential to sustain these functions [336].

Within the gut ecosystem, riboflavin also participates in a bidirectional relationship
with the microbiome. Microbial synthesis contributes to luminal vitamin pools, while
riboflavin availability can influence microbial metabolic activity. Although supplementation
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exerts limited effects on overall microbial composition under basal conditions, it enhances
butyrate production [337], a key SCFA with established roles in gut–brain communication.
Given that butyrate has been implicated in the modulation of GABAergic signaling and
neuronal excitability [338,339], this interaction suggests that riboflavin may indirectly
influence CNS function through microbiome-mediated metabolic pathways.

Riboflavin deficiency is associated with a range of neurological and metabolic dis-
turbances, reflecting its central role in cellular energy metabolism and redox regulation.
Deficiency states have been linked to impaired nerve function, migraine, abnormal brain
development, and neurodegeneration, as well as rare genetic disorders such as riboflavin
transporter deficiency (Brown–Vialetto–Van Laere syndrome) [340]. These observations
emphasize the importance of efficient riboflavin transport and utilization in maintaining
neuronal integrity. Clinical studies have further shown that supplementation can im-
prove motor symptoms in Parkinson’s disease patients with low riboflavin levels [341],
supporting its role in neuronal maintenance and resilience.

Evidence linking riboflavin to epilepsy, while limited, provides several mechanistic
and clinical insights. In a clinical case of epilepsy associated with short-chain acyl-CoA
dehydrogenase deficiency, seizures that were initially unresponsive to valproate improved
following riboflavin addition to the treatment regimen [342], suggesting that restoration
may influence seizure outcomes in selected metabolic disorders. This finding suggests
that riboflavin may enhance mitochondrial function and metabolic stability in conditions
where energy metabolism is compromised, although its direct influence on seizure suscep-
tibility remains unclear. Mechanistic studies further support a potential anticonvulsant
role. Riboflavin has been shown to suppress endogenous glutamate release by reducing
presynaptic voltage-gated calcium currents in cortical nerve terminals [343]. Given the
central contribution of glutamatergic signaling to neuronal excitation and seizure gener-
ation, this effect provides a biologically plausible mechanism through which riboflavin
may modulate excitability and seizure threshold. Clinical observations also highlight the
interaction between riboflavin status and antiseizure therapies. Reduced riboflavin levels
have been reported in pregnant women with epilepsy receiving ASMs [344], suggesting that
long-term pharmacological treatment may contribute to depletion of this micronutrient.

While direct causal effects on seizure control remain unclear, such findings highlight
the importance of monitoring vitamin status in populations exposed to chronic ASM ther-
apy. Despite these observations, human studies directly linking riboflavin supplementation
to improved seizure outcomes remain limited.

5.4.6. Vitamin K

Vitamin K is a fat-soluble micronutrient that exists primarily as phylloquinone (vitamin
K1) and menaquinones (vitamin K2). Phylloquinone is obtained predominantly from green
leafy vegetables and other plant-derived foods, whereas menaquinones are produced
largely by the gut microbiota, including species such as Eubacterium lentum and Bacteroides
spp. [285,345,346]. Recommended daily intake generally ranges from 70–300 µg/day [347].
The absorption of vitamin K is mediated by multiple transport systems, including Niemann–
Pick C1-like 1 protein, scavenger receptor class B type I, and cluster determinant 36,
facilitating its uptake within the intestine and subsequent distribution throughout the
body [348].

Beyond dietary intake, the gut microbiota represents a significant source of vita-
min K2 in the form of menaquinones. Numerous intestinal bacterial species synthesize
menaquinones, and experimental evidence suggests that microbially derived vitamin K can
be absorbed by the host and contribute to circulating vitamin K pools [285]. Consequently,
alterations in microbial community composition may influence vitamin K availability. In-
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deed, disruption of menaquinone-producing bacteria, including during antibiotic exposure,
has been associated with reduced endogenous vitamin K production and an increased
risk of vitamin K insufficiency [349]. Although the quantitative contribution of microbial
vitamin K synthesis to overall vitamin K status remains incompletely resolved, these find-
ings provide a mechanistic link between the gut microbiome and vitamin K-dependent
physiological processes [285]. While vitamin K is best known for its indispensable role
in coagulation through the activation of clotting factors, accumulating evidence indicates
that its physiological functions extend well beyond hemostasis to include cardiovascular
health, bone metabolism, and cognitive function [350]. In addition, vitamin K has emerged
as an important regulator of immune and inflammatory pathways. Experimental studies
demonstrate that vitamin K exerts both direct and indirect anti-inflammatory, antioxidant,
and immunomodulatory effects, suggesting that it may influence diverse physiological
systems, including the CNS [351].

Consequently, inadequate vitamin K status has been associated with a range of patho-
logical outcomes, including cognitive dysfunction [352]. A potential role for vitamin K in
brain function is further supported by its unique distribution within the nervous system.
Notably, menaquinone-4 (MK-4), a vitamin K2 isoform synthesized from phylloquinone,
is the predominant form detected in the brain [353]. Evidence from experimental studies
suggests that vitamin K contributes to neuronal survival, as alterations in vitamin K sta-
tus influence brain lipid composition and pathways important for maintaining neuronal
integrity [354]. Experimental studies further indicate that vitamin K exerts neuropro-
tective effects by limiting oxidative stress-induced neuronal and oligodendrocyte injury,
supporting a role in maintaining cellular redox homeostasis [355].

Evidence directly linking vitamin K to epilepsy remains limited but intriguing. In the 6-
Hz psychomotor seizure model, vitamin K3 derivatives reduced seizure activity, providing
early evidence that vitamin K-related pathways may influence neuronal excitability [356].
Similarly, vitamin K-related quinone compounds have demonstrated anticonvulsant effi-
cacy in the maximal electroshock seizure model, a finding that further supports a potential
role for vitamin K-associated signaling pathways in seizure modulation [357]. Although
the precise mechanisms underlying these effects remain unclear, the established roles of vi-
tamin K in regulating oxidative stress, neuronal survival, and membrane lipid metabolism
suggest that it may contribute to the maintenance of neural network stability through mul-
tiple complementary mechanisms. Clinical evidence is currently sparse; however, children
with febrile seizures have been reported to exhibit higher circulating concentrations of
vitamin K1 and vitamin K2 compared with healthy controls [358], highlighting the need
for further investigation into the complex relationship between vitamin K metabolism and
seizure susceptibility.

Vitamin K may also be relevant to epilepsy through indirect clinical mechanisms.
Maternal use of certain antiseizure medications during pregnancy can impair fetal vitamin
K status, increasing the risk of coagulopathy and severe hemorrhagic complications in
newborns [359]. Importantly, focal seizures are among the major neurological manifesta-
tions of neonatal vitamin K deficiency, emphasizing the critical importance of maintaining
adequate vitamin K levels during early development. Collectively, these findings suggest
that although evidence directly linking vitamin K to epilepsy remains relatively limited
compared with other vitamins, emerging data supports further exploration of vitamin
K-dependent mechanisms at the intersection of the gut microbiome, neuroinflammation,
and neuronal excitability.
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5.4.7. Vitamin D

In contrast to the water-soluble B vitamins discussed above, vitamin D represents a
fat-soluble micronutrient and prohormone that integrates environmental exposure, dietary
intake, and systemic signaling to influence CNS function. Vitamin D is synthesized endoge-
nously in the skin following exposure to ultraviolet radiation, with additional contributions
from dietary sources such as fatty fish, egg yolk, and certain mushrooms [360]. This dual ori-
gin reinforces its unique positioning within the gut–brain axis, where nutrient availability
reflects not only dietary intake and microbial influences but also environmental factors.

Following synthesis or ingestion, vitamin D undergoes hepatic conversion to
25-hydroxyvitamin D [25(OH)D], the primary circulating form, which can cross the
BBB [361]. Within the CNS, 25(OH)D is subsequently converted by neurons and glial
cells into its active form, 1,25-dihydroxyvitamin D [1,25(OH)2D], which exerts its effects
through the vitamin D receptor (VDR) [361]. Notably, VDR expression is widespread across
brain regions implicated in seizure generation and modulation, including the cerebellum,
hippocampus, hypothalamus and substantia nigra [362]. This anatomical distribution
suggests that vitamin D signaling may directly influence neural circuits associated with
excitability and seizure susceptibility.

Beyond its classical role in calcium and bone homeostasis, vitamin D exhibits a broad
range of biological activities relevant to CNS health. It participates in anti-inflammatory and
antioxidant pathways, regulates intracellular calcium dynamics, modulates reactive oxygen
species, and influences cell cycle processes, neurodevelopment, and brain volume [363].
These functions intersect with key mechanisms implicated in epileptogenesis, including
neuroinflammation, oxidative stress, and dysregulated calcium signaling, positioning
vitamin D as a critical regulator of neuronal stability. Serum levels ≥30 ng/mL are generally
considered necessary to support these diverse physiological functions [360].

Although gut microbes do not synthesize vitamin D, the relationship between vitamin
D and the microbiome is nevertheless bidirectional. Vitamin D signaling influences micro-
bial community composition, and supplementation has been shown to shift microbiota
profiles in multiple contexts. For example, increases in beneficial taxa such as Ruminococ-
caceae and Akkermansia have been reported, alongside reductions in certain Firmicutes
genera [364]. Other studies describe broader compositional shifts, including changes in
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria, with reductions in taxa such
as Veillonellaceae and Oscillospiraceae following supplementation [365].

Deficiency of vitamin D is relatively common, particularly in older adults, and has been
associated with a wide range of autoimmune, neuropsychiatric, and neurodegenerative
disorders [361]. Mechanistically, vitamin D deficiency impacts multiple neurotransmitter
systems, including dopaminergic, glutamatergic, and GABAergic pathways [366], thereby
influencing the balance of excitatory and inhibitory signaling within neural circuits. Given
the central role of this balance in seizure susceptibility, disruptions in vitamin D signal-
ing may contribute to neuronal hyperexcitability through both direct neurochemical and
indirect immune-mediated mechanisms.

Evidence linking vitamin D to epilepsy remains heterogeneous but increasingly sug-
gestive of a modulatory role. Case reports have described seizure activity associated with
severe hypocalcemia secondary to vitamin D deficiency, with resolution following vita-
min D and calcium supplementation [367], supporting a causal role for severe vitamin D
deficiency in seizure generation in this clinical context. More robust clinical evidence is
emerging from interventional studies. A recent randomized clinical trial demonstrated
that long-term vitamin D3 supplementation reduced seizure frequency, particularly bilat-
eral tonic–clonic seizures, with efficacy correlating with achieving serum 25(OH)D levels
above 30 ng/mL [368]. These findings support a dose-dependent relationship between
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vitamin D status and seizure control. Additional clinical observations implicate vitamin D
in treatment responsiveness. Cross-sectional analyses indicate that vitamin D levels may
vary according to the number and type of ASMs used [369], suggesting that both disease
severity and pharmacological treatment may influence vitamin D status. However, these
observations do not establish whether altered vitamin D status influences seizure control.
Small pilot trials in adults have reported reductions in seizure activity following vitamin
D3 supplementation [370,371], although results are not consistent across studies, with some
studies showing no significant benefit. These discrepancies likely reflect heterogeneity in
patient populations, baseline vitamin D status, and study design.

Experimental models provide further mechanistic support for the role of vitamin
D in regulating neuronal excitability. Genetic deletion of the vitamin D receptor pro-
vides causal evidence that VDR-mediated signaling contributes to maintaining neural
stability, as receptor deletion increases seizure susceptibility [372]. At the molecular level,
VDR-dependent transcription regulates proteins involved in excitability, including compo-
nents of GABAergic signaling pathways [372], thereby linking vitamin D activity directly to
inhibitory neurotransmission. Further support comes from pharmacological studies demon-
strating that administration of active vitamin D metabolites increases electroconvulsive
threshold and potentiates the anticonvulsant effects of ASMs [373]. Similarly, earlier work
in rodent models showed that vitamin D3 administration elevates hippocampal seizure
threshold [374], reinforcing its role in modulating seizure susceptibility.

5.4.8. Vitamin E

In contrast to the vitamin pathways described above, many of which are partially
supported by microbial biosynthesis, vitamin E represents a microbiota-influenced, but not
microbiota-derived, fat-soluble micronutrient that exerts its effects primarily through an-
tioxidant and membrane-stabilizing mechanisms. Vitamin E, particularly in its biologically
active form α-tocopherol, is obtained predominantly from dietary sources such as vegetable
oils, soybeans, nuts, and green vegetables [375]. Although gut microbes do not synthesize
vitamin E, they participate in shaping the intestinal environment in which vitamin E is
absorbed and utilized.

At the molecular level, vitamin E functions as a major lipid-soluble antioxidant,
protecting cellular membranes from oxidative damage by scavenging reactive oxygen
species. Beyond this classical role, it also contributes to immune regulation, maintenance
of intestinal barrier integrity, and modulation of inflammatory signaling pathways [375].
The recommended daily intake for vitamin E is approximately 15 mg/day, reflecting its
essential role in maintaining systemic and cellular homeostasis [376].

Despite the absence of direct microbial synthesis, vitamin E engages in dynamic inter-
actions with the gut microbiome. Vitamin E supplementation has been shown to influence
microbial composition in a context-dependent manner [377]. Moreover, experimental
models demonstrate that vitamin E administration can ameliorate microbiome disruption
and intestinal barrier dysfunction, particularly in inflammatory states such as colitis [102].
These findings suggest that vitamin E contributes to gut homeostasis not only through
its direct effects on epithelial integrity and immune signaling but also through indirect
modulation of microbial communities.

Preclinical studies provide some evidence linking vitamin E to epilepsy. In PTZ-
induced seizure models, vitamin E supplementation reduces oxidative stress and mitigates
seizure-associated neuropathology [378], supporting its role as a neuroprotective agent.
Similarly, in KA-induced temporal lobe epilepsy models, pretreatment with vitamin E atten-
uates both the severity and frequency of seizures [379]. Vitamin E treatment has also been
shown to prevent KA-induced dendritic spine loss [379], a structural indicator of synap-

https://doi.org/10.3390/cells15161492

https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 35 of 57

tic dysfunction and seizure-associated network remodeling that contributes to neuronal
hyperexcitability. In addition, post-seizure administration of the active form of vitamin E,
α-tocopherol, confers neuroprotective effects by reducing neuronal cell death and limiting
neurodegeneration following epileptogenic injury [380], supporting a neuroprotective role
for vitamin E after seizure-related damage. Collectively, these results highlight the capac-
ity of vitamin E to influence both acute and chronic aspects of seizure-related pathology
through stabilization of neuronal membranes and suppression of oxidative damage.

5.5. Polyphenol-Derived Metabolite: S-Equol

Building on the role of vitamins and microbially derived metabolites, polyphenols
represent an additional class of diet-dependent compounds whose biological activity is
largely revealed through microbial transformation. These plant-derived molecules are
abundant in fruits, vegetables, tea, chocolate, and wine and are increasingly recognized
as modulators of the gut–brain–microbiome axis [381]. Their effects are mediated, in part,
through antioxidant and anti-inflammatory properties, as well as through their capacity
to influence microbial composition and function [381]. Among polyphenols, flavonoids
have received particular attention for their roles in neural differentiation, survival, and
neuroinflammatory regulation [382]. Among these, isoflavones are phytoestrogens struc-
turally related to estrogen. They are of particular interest due to their capacity to generate
bioactive metabolites through gut microbial metabolism. S-equol represents an example of
such a microbial-derived gut metabolite. It is generated exclusively from the isoflavone
daidzein, a dietary component of soy, through the action of gut bacteria [383]. Notably,
although equol exists as two enantiomers (R- and S-equol), only the S-enantiomer is pro-
duced in humans following microbial metabolism [384]. This dependence on microbial
conversion introduces an important determinant of bioavailability, as only a subset of
individuals harbors microbial communities capable of producing S-equol. Once formed,
S-equol exhibits high bioavailability, with approximately 50% circulating in an unbound
form, thereby facilitating receptor interaction in peripheral tissues and the CNS [385].

Following production in the gut, S-equol demonstrates efficient permeability across
both the intestinal barrier and the BBB (Figure 2), enabling it to exert direct effects on
central neural circuits [386]. Mechanistically, S-equol functions as a phytoestrogen with
high affinity for estrogen receptor beta (ERβ), exhibiting preferential binding compared
to estrogen receptor alpha (ERα) [387]. ERβ is widely expressed in brain regions relevant
to seizure generation, including the cortex, hippocampus, and cerebellum, positioning
S-equol to directly influence neuronal signaling networks. In addition to classical nuclear
receptor signaling, S-equol activates membrane-associated estrogen receptors, including
the G protein-coupled receptor GPER1/GPR30, which is expressed in several CNS regions
and contributes to rapid signaling cascades [388]. S-equol also modulates ion channels,
including large-conductance Ca2+-activated K+ channels (BK). In particular, it enhances
the activity of BK channels, increasing outward potassium currents that promote mem-
brane repolarization and reduce neuronal firing in the sub-micromolar to low-micromolar
range [389]. This dual capacity of modulating both receptor signaling and ion channel
function positions S-equol as a multifaceted regulator of neuronal excitability.

The broader functional properties of S-equol further support its relevance to CNS
biology. It exhibits potent antioxidant activity, with greater efficacy than many other
isoflavones, and exerts anti-inflammatory and neuroprotective effects across multiple ex-
perimental systems [390–392]. These properties intersect closely with pathways implicated
in neurodegeneration and neuropsychiatric disorders. Indeed, clinical and preclinical
studies indicate that S-equol may influence neurocognitive function, mood regulation,
and risk of neurodegenerative diseases. Higher dietary intake of soy isoflavones has been
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associated with reduced risk of cognitive impairment and dementia [385], although the
reported findings did not establish whether S-equol itself causally mediates the protective
association. In other studies, supplementation has been shown to improve mood and
cognitive outcomes in peri- and postmenopausal populations [393–399]. At the cellular
level, S-equol attenuates microglial activation, reduces apoptosis and excitotoxicity, and
promotes dendritic growth and astrocyte-mediated repair processes [400–405], collectively
supporting neuronal resilience.

Figure 2. Schematic illustrating the production of the bioactive metabolite S-equol by specific gut
bacteria through the conversion of the dietary isoflavone daidzein. S-equol enters the circulation,
crosses the BBB, and may influence central nervous system function via the gut–brain axis. S-equol
is presented as an illustrative example of a microbiota-derived bioactive metabolite. Created in
BioRender. Guo, X. (2026); https://biorender.com/n5jzch5 (accessed on 21 July 2026).

Several of these mechanisms converge on pathways directly relevant to epilepsy. ERβ
signaling within the hippocampus and cortex has been implicated in regulating the balance
between excitation and inhibition, and selective modulation of this receptor has been
associated with anticonvulsant effects, although these responses may be sex-dependent
and context-specific [406–408]. In parallel, activation of BK channels by S-equol provides a
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direct mechanism for dampening neuronal hyperexcitability by facilitating repolarization
and limiting intracellular calcium accumulation, consistent with observations that loss-of-
function BK channel mutations increase seizure susceptibility [387,389,406,409].

The involvement of GPER1 adds an additional signaling dimension. Experimental
studies demonstrate that disruption of GPER1 signaling alters seizure dynamics. For
example, knockdown of GPER1 reduces latency to seizure onset and increases seizure
severity in rodent models [192]. Reduced GPER1/PKA signaling has also been observed in
epilepsy-associated pathologies, including focal cortical dysplasia type IIb and tuberous
sclerosis complex, with associations to increased seizure frequency [410]. Pharmacological
modulation of this receptor produces complex effects: GPER1 agonists attenuate neuronal
injury and aberrant circuit remodeling in certain models, such as reducing mossy fiber
sprouting in temporal lobe epilepsy [411], yet may also exacerbate seizure susceptibility in
other settings, including PTZ-kindling paradigms [412].

At the level of neuronal injury and excitotoxicity, S-equol directly attenuates glutamate-
induced toxicity and protects against hypoxia-induced cell death [401,402], aligning with
established mechanisms of seizure-induced neuronal damage. Importantly, recent work has
linked S-equol production to microbiome-dependent modulation of seizure susceptibility.
In the TMEV model of epilepsy, S-equol-producing bacteria were depleted in mice that
developed seizures, providing associative evidence linking loss of S-equol-producing taxa
with seizure susceptibility [413]. In the same model, exogenous S-equol administration
reduced neuronal hyperexcitability in affected animals [413,414], supporting a functional
role for this metabolite in modulating seizure-related neuronal activity. These findings
provide evidence for a functional axis linking gut microbial metabolism, S-equol production,
and neuronal excitability.

S-equol thus emerges as a microbiome-dependent neuromodulator that integrates
dietary polyphenol intake, microbial metabolism, and host signaling pathways. Its ability to
engage estrogen receptors, modulate BK channels, attenuate oxidative stress, and regulate
neuroinflammatory responses provides multiple convergent mechanisms through which
it may influence seizure susceptibility. The dependence of its production on specific
microbial communities further underscores the importance of interindividual variability in
gut microbiota composition. Future studies aimed at defining the causal impact of S-equol
supplementation or microbiome modulation on seizure outcomes will be essential for
determining its translational potential in epilepsy.

6. Conclusions
Over the past several decades, advances in microbiome research have reshaped our

understanding of how peripheral biological systems influence CNS function. Accumulating
evidence from both preclinical and clinical studies now firmly positions the gut micro-
biota as a key regulator within the gut–brain axis, with emerging relevance to epilepsy
and seizure susceptibility. Alterations in microbial composition have been observed in
both drug-responsive and drug-resistant epilepsy, suggesting that the microbiome may
participate not only in disease pathophysiology but also in therapeutic response.

Despite this progress, important gaps remain in defining the mechanistic pathways
that connect microbial composition to neuronal excitability. As highlighted throughout
this review, the gut–brain axis operates through a network of interacting systems, neu-
ral, endocrine, immune, and metabolic, rather than a single linear pathway. Within this
framework, gut-derived metabolites, micronutrients, and signaling molecules act as inter-
mediaries that translate microbial activity into host physiological responses. However, the
precise integration of these pathways and the extent to which specific metabolites exert
causal effects on seizure generation or suppression remain incompletely resolved.
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A central challenge in the field lies in the inherent complexity and variability of mi-
crobiomes. Differences across experimental systems, including animal models, diet, age,
sex, and analytical approaches, contribute to heterogeneity in findings. At the same time,
the microbiome itself introduces an additional layer of variability, as individual differences
in microbial composition influence the production and activity of key metabolites such as
SCFAs, neurotransmitter-related compounds, vitamins, and polyphenol-derived molecules
like S-equol. This variability complicates efforts to identify consistent biomarkers or thera-
peutic targets but also underscores the potential for personalized, microbiome-informed
approaches to epilepsy management. Interpretation of the current literature is further com-
plicated by methodological limitations across both preclinical and clinical studies. These
challenges include differences in microbiome sequencing and analytical methodologies,
small sample sizes, and potential confounding factors such as diet, medication exposure,
and host-specific factors. Consequently, findings should be interpreted with appropriate
caution until validated in larger, standardized and reproducible studies.

The recognition that gut microbes contribute to CNS function represents a significant
conceptual shift. It highlights that neural homeostasis depends not only on intrinsic
cellular mechanisms but also on the metabolic outputs of a dynamic microbial ecosystem.
Within this context, an important unresolved question is whether microbial alterations
act as drivers of epileptogenesis or primarily modulate disease severity and progression.
Determining whether specific microbial changes increase or decrease seizure susceptibility,
and under what conditions, remains a priority for future research. Equally critical is
the need to delineate how distinct classes of gut-derived molecules, including SCFAs,
neurotransmitter analogs, vitamins, and polyphenol metabolites, interact within shared
signaling networks that regulate excitability.

From a translational perspective, microbial-derived metabolites hold promise as both
biomarkers and therapeutic targets. Their accessibility in peripheral compartments and
their mechanistic links to CNS function make them attractive candidates for diagnostic and
intervention strategies. However, substantial challenges remain. Current approaches are
largely correlative, and efforts to selectively manipulate disease-associated microbes or
metabolic pathways are still in early stages. Future studies will require greater method-
ological standardization, larger and more diverse cohorts, and rigorous control of potential
confounding variables to improve reproducibility and strengthen confidence in reported
associations. Progress in this area will require more precise tools to establish causality,
including controlled dietary interventions, targeted microbial modulation, and mechanistic
studies that connect peripheral metabolic changes to defined neural circuit outcomes.

The findings summarized in this review illustrate the breadth of interactions between
the gut microbiome and seizure-related pathways, spanning metabolism, immune regula-
tion, neurotransmission, and barrier integrity. Continued investigation of these interactions
is essential to move beyond descriptive associations toward mechanistic clarity. As this field
advances, integrating microbiome profiling with functional and translational studies will
be critical for determining how gut-derived signals can be harnessed to improve outcomes
in epilepsy.

Author Contributions: Conceptualization, A.G.; Methodology, A.G., D.S. and X.G.; Validation, A.G.
and S.L.C.; Writing—Original Draft Preparation, A.G. and D.S.; Writing—Review and Editing, A.G.,
X.G. and S.L.C.; Supervision, S.L.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Institute of Health, National Institute of Neuro-
logical Disorders and Stroke (R01NS128421).

https://doi.org/10.3390/cells15161492

https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 39 of 57

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank Kylie Klinkhammer and Elizabeth Gilbert for
editorial assistance and for providing critical insights. Graphical Abstract was created in BioRender.
Guo, X. (2026); https://BioRender.com/ak5qij0 (accessed on 10 August 2026).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ACTH adrenocorticotropic hormone
CNS central nervous system
ASMs anti-seizure medications
BDNF brain-derived neurotrophic factor
BBB blood–brain barrier
CRH corticotropin-releasing hormone
DNA deoxyribonucleic acid
L-DOPA L-3,4-dihydroxyphenylalanine
DMNV dorsal motor nucleus of the vagus
DVC dorsal vagal complex
EECs enteroendocrine cells
ERβ estrogen receptor beta
FFAR free fatty acid receptor 2, 3
GABA γ-aminobutyric acid
HPA hypothalamic–pituitary–adrenal
5-HIAA 5-hydroxyindoleacetic acid
5-HTP 5-hydroxytryptophan
HCAR1/GPR81 hydroxycarboxylic acid receptor 1
IL-6 interleukin 6
KA kainic acid
KD ketogenic diet
LDH lactate dehydrogenase
JB-1 Lactobacillus rhamnosus
BK large-conductance calcium-activated K+ channels
MK-4 menaquinone-4
mGluRs metabotropic glutamate receptors
MCTs monocarboxylate transporters
PTZ pentylenetetrazole
PLP pyridoxal-5′-phosphate
5-HT serotonin
SCFAs short-chain fatty acids
SUDEP sudden unexpected death in epilepsy
TMEV Theiler’s murine encephalomyelitis virus
TCA tricarboxylic acid
TPH1 tryptophan hydroxylase 1
TH tyrosine hydroxylase
TNF-α tumor necrosis factor-alpha
VDR vitamin D receptor

References
1. Ngugi, A.K.; Bottomley, C.; Kleinschmidt, I.; Sander, J.W.; Newton, C.R. Estimation of the burden of active and life-time epilepsy:

A meta-analytic approach. Epilepsia 2010, 51, 883–890. [CrossRef] [PubMed]
2. Steiger, B.K.; Jokeit, H. Why epilepsy challenges social life. Seizure 2017, 44, 194–198. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15161492

https://BioRender.com/ak5qij0
https://doi.org/10.1111/j.1528-1167.2009.02481.x
https://www.ncbi.nlm.nih.gov/pubmed/20067507
https://doi.org/10.1016/j.seizure.2016.09.008
https://www.ncbi.nlm.nih.gov/pubmed/27756511
https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 40 of 57

3. Stafstrom, C.E.; Carmant, L. Seizures and epilepsy: An overview for neuroscientists. Cold Spring Harb. Perspect. Med. 2015, 5,
a022426. [CrossRef] [PubMed]

4. WHO. Epilepsy: A Public Health Imperative; World Health Organization: Geneva, Switzerland, 2024.
5. Shorvon, S.D. The etiologic classification of epilepsy. Epilepsia 2011, 52, 1052–1057. [CrossRef] [PubMed]
6. Levite, M.; Goldberg, H. Autoimmune Epilepsy—Novel Multidisciplinary Analysis, Discoveries and Insights. Front. Immunol.

2021, 12, 762743. [CrossRef] [PubMed]
7. Treiman, D.M. GABAergic mechanisms in epilepsy. Epilepsia 2001, 42, 8–12. [CrossRef] [PubMed]
8. Patel, D.C.; Tewari, B.P.; Chaunsali, L.; Sontheimer, H. Neuron–glia interactions in the pathophysiology of epilepsy. Nat. Rev.

Neurosci. 2019, 20, 282–297. [CrossRef] [PubMed]
9. Vezzani, A.; Ravizza, T.; Bedner, P.; Aronica, E.; Steinhäuser, C.; Boison, D. Astrocytes in the initiation and progression of epilepsy.

Nat. Rev. Neurol. 2022, 18, 707–722. [CrossRef] [PubMed]
10. Robel, S.; Buckingham, S.C.; Boni, J.L.; Campbell, S.L.; Danbolt, N.C.; Riedemann, T.; Sutor, B.; Sontheimer, H. Reactive astrogliosis

causes the development of spontaneous seizures. J. Neurosci. 2015, 35, 3330–3345. [CrossRef] [PubMed]
11. Tewari, B.P.; Chaunsali, L.; Campbell, S.L.; Patel, D.C.; Goode, A.E.; Sontheimer, H. Perineuronal nets decrease membrane

capacitance of peritumoral fast spiking interneurons in a model of epilepsy. Nat. Commun. 2018, 9, 4724. [CrossRef] [PubMed]
12. Vezzani, A.; Balosso, S.; Ravizza, T. Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy. Nat. Rev.

Neurol. 2019, 15, 459–472. [CrossRef] [PubMed]
13. Li, G.; Bauer, S.; Nowak, M.; Norwood, B.; Tackenberg, B.; Rosenow, F.; Knake, S.; Oertel, W.H.; Hamer, H.M. Cytokines and

epilepsy. Seizure 2011, 20, 249–256. [CrossRef] [PubMed]
14. Patel, D.C.; Wallis, G.; Dahle, E.J.; McElroy, P.B.; Thomson, K.E.; Tesi, R.J.; Szymkowski, D.E.; West, P.J.; Smeal, R.M.; Patel, M.

Hippocampal TNFα signaling contributes to seizure generation in an infection-induced mouse model of limbic epilepsy. eNeuro
2017, 4, e0105. [CrossRef] [PubMed]

15. Brodie, M.; Barry, S.; Bamagous, G.; Norrie, J.; Kwan, Y. Patterns of treatment response in newly diagnosed epilepsy. Neurology
2012, 78, 1548–1554. [CrossRef] [PubMed]

16. Löscher, W.; Schmidt, D. Modern antiepileptic drug development has failed to deliver: Ways out of the current dilemma. Epilepsia
2011, 52, 657–678. [CrossRef] [PubMed]

17. Perucca, E.; Brodie, M.J.; Kwan, P.; Tomson, T. 30 years of second-generation antiseizure medications: Impact and future
perspectives. Lancet Neurol. 2020, 19, 544–556. [CrossRef] [PubMed]

18. Mu, X.; Zhang, X.; Gao, H.; Gao, L.; Li, Q.; Zhao, C. Crosstalk between peripheral and the brain-resident immune components in
epilepsy. J. Integr. Neurosci. 2022, 21, 9. [CrossRef] [PubMed]

19. Yamanaka, G.; Morichi, S.; Takamatsu, T.; Watanabe, Y.; Suzuki, S.; Ishida, Y.; Oana, S.; Yamazaki, T.; Takata, F.; Kawashima, H.
Links between Immune Cells from the Periphery and the Brain in the Pathogenesis of Epilepsy: A Narrative Review. Int. J. Mol.
Sci. 2021, 22, 4395. [CrossRef] [PubMed]

20. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.; Sandhu, K.V.; Bastiaanssen, T.F.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.;
Golubeva, A.V. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef] [PubMed]

21. Olson, C.A.; Vuong, H.E.; Yano, J.M.; Liang, Q.Y.; Nusbaum, D.J.; Hsiao, E.Y. The Gut Microbiota Mediates the Anti-Seizure
Effects of the Ketogenic Diet. Cell 2018, 174, 497. [CrossRef] [PubMed]

22. Thai, K.; Taylor, M.W.; Fernandes, T.; Akinade, E.A.; Campbell, S.L. Topiramate alters the gut microbiome to aid in its anti-seizure
effect. Front. Microbiol. 2023, 14, 1242856. [CrossRef] [PubMed]

23. Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota-gut-brain communication.
Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461–478. [CrossRef] [PubMed]

24. Kennedy, K.M.; Plagemann, A.; Sommer, J.; Hofmann, M.; Henrich, W.; Surette, M.G.; Braun, T.; Sloboda, D.M. Delivery mode,
birth order, and sex impact neonatal microbial colonization. Gut Microbes 2025, 17, 2491667. [CrossRef] [PubMed]

25. Rautava, S.; Luoto, R.; Salminen, S.; Isolauri, E. Microbial contact during pregnancy, intestinal colonization and human disease.
Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 565–576. [CrossRef] [PubMed]

26. Yang, J.; Wu, J.; Li, Y.; Zhang, Y.; Cho, W.C.; Ju, X.; van Schothorst, E.M.; Zheng, Y. Gut bacteria formation and influencing factors.
FEMS Microbiol. Ecol. 2021, 97, fiab043. [CrossRef] [PubMed]

27. Heintz-Buschart, A.; Wilmes, P. Human Gut Microbiome: Function Matters. Trends Microbiol. 2018, 26, 563–574. [CrossRef]
[PubMed]

28. Fujimura, K.E.; Slusher, N.A.; Cabana, M.D.; Lynch, S.V. Role of the gut microbiota in defining human health. Expert Rev. Anti
Infect. Ther. 2010, 8, 435–454. [CrossRef] [PubMed]

29. Zhu, H.; Wang, W.; Li, Y. The interplay between microbiota and brain-gut axis in epilepsy treatment. Front. Pharmacol. 2024, 15,
1276551. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15161492

https://doi.org/10.1101/cshperspect.a022426
https://www.ncbi.nlm.nih.gov/pubmed/26033084
https://doi.org/10.1111/j.1528-1167.2011.03041.x
https://www.ncbi.nlm.nih.gov/pubmed/21449936
https://doi.org/10.3389/fimmu.2021.762743
https://www.ncbi.nlm.nih.gov/pubmed/35095841
https://doi.org/10.1046/j.1528-1157.2001.042suppl.3008.x
https://www.ncbi.nlm.nih.gov/pubmed/11520315
https://doi.org/10.1038/s41583-019-0126-4
https://www.ncbi.nlm.nih.gov/pubmed/30792501
https://doi.org/10.1038/s41582-022-00727-5
https://www.ncbi.nlm.nih.gov/pubmed/36280704
https://doi.org/10.1523/jneurosci.1574-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25716834
https://doi.org/10.1038/s41467-018-07113-0
https://www.ncbi.nlm.nih.gov/pubmed/30413686
https://doi.org/10.1038/s41582-019-0217-x
https://www.ncbi.nlm.nih.gov/pubmed/31263255
https://doi.org/10.1016/j.seizure.2010.12.005
https://www.ncbi.nlm.nih.gov/pubmed/21216630
https://doi.org/10.1523/eneuro.0105-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/28497109
https://doi.org/10.1212/wnl.0b013e3182563b19
https://www.ncbi.nlm.nih.gov/pubmed/22573629
https://doi.org/10.1111/j.1528-1167.2011.03024.x
https://www.ncbi.nlm.nih.gov/pubmed/21426333
https://doi.org/10.1016/s1474-4422(20)30035-1
https://www.ncbi.nlm.nih.gov/pubmed/32109411
https://doi.org/10.31083/j.jin2101009
https://www.ncbi.nlm.nih.gov/pubmed/35164445
https://doi.org/10.3390/ijms22094395
https://www.ncbi.nlm.nih.gov/pubmed/33922369
https://doi.org/10.1152/physrev.00018.2018
https://www.ncbi.nlm.nih.gov/pubmed/31460832
https://doi.org/10.1016/j.cell.2018.06.051
https://www.ncbi.nlm.nih.gov/pubmed/30007420
https://doi.org/10.3389/fmicb.2023.1242856
https://www.ncbi.nlm.nih.gov/pubmed/37942078
https://doi.org/10.1038/s41575-019-0157-3
https://www.ncbi.nlm.nih.gov/pubmed/31123355
https://doi.org/10.1080/19490976.2025.2491667
https://www.ncbi.nlm.nih.gov/pubmed/40251947
https://doi.org/10.1038/nrgastro.2012.144
https://www.ncbi.nlm.nih.gov/pubmed/22890113
https://doi.org/10.1093/femsec/fiab043
https://www.ncbi.nlm.nih.gov/pubmed/33705527
https://doi.org/10.1016/j.tim.2017.11.002
https://www.ncbi.nlm.nih.gov/pubmed/29173869
https://doi.org/10.1586/eri.10.14
https://www.ncbi.nlm.nih.gov/pubmed/20377338
https://doi.org/10.3389/fphar.2024.1276551
https://www.ncbi.nlm.nih.gov/pubmed/38344171
https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 41 of 57

30. He, X.; Zhang, Y. Changes in gut flora in patients with epilepsy: A systematic review and meta-analysis. Front. Microbiol. 2024, 15,
1480022. [CrossRef] [PubMed]

31. Chatzikonstantinou, S.; Gioula, G.; Kimiskidis, V.K.; McKenna, J.; Mavroudis, I.; Kazis, D. The gut microbiome in drug-resistant
epilepsy. Epilepsia Open 2021, 6, 28–37. [CrossRef] [PubMed]

32. Peng, A.; Qiu, X.; Lai, W.; Li, W.; Zhang, L.; Zhu, X.; He, S.; Duan, J.; Chen, L. Altered composition of the gut microbiome in
patients with drug-resistant epilepsy. Epilepsy Res. 2018, 147, 102–107. [CrossRef] [PubMed]

33. Chen, S.; Jiao, Y.; Han, C.; Li, Y.; Zou, W.; Liu, J. Drug-Resistant Epilepsy and Gut-Brain Axis: An Overview of a New Strategy for
Treatment. Mol. Neurobiol. 2023, 61, 10023–10040. [CrossRef] [PubMed]

34. Holmes, M.; Flaminio, Z.; Vardhan, M.; Xu, F.; Li, X.; Devinsky, O.; Saxena, D. Cross talk between drug-resistant epilepsy and the
gut microbiome. Epilepsia 2020, 61, 2619–2628. [CrossRef] [PubMed]

35. Özcan, E.; Lum, G.R.; Hsiao, E.Y. Interactions between the gut microbiome and ketogenic diet in refractory epilepsy. Int. Rev.
Neurobiol. 2022, 167, 217–249. [CrossRef] [PubMed]

36. Wang, X.; Yang, C.; Yang, L.; Zhang, Y. Modulating the gut microbiota ameliorates spontaneous seizures and cognitive deficits in
rats with kainic acid-induced status epilepticus by inhibiting inflammation and oxidative stress. Front. Nutr. 2022, 9, 985841.
[CrossRef] [PubMed]

37. Miljanovic, N.; Potschka, H. The impact of Scn1a deficiency and ketogenic diet on the intestinal microbiome: A study in a genetic
Dravet mouse model. Epilepsy Res. 2021, 178, 106826. [CrossRef] [PubMed]

38. Citraro, R.; Lembo, F.; De Caro, C.; Tallarico, M.; Coretti, L.; Iannone, L.F.; Leo, A.; Palumbo, D.; Cuomo, M.; Buommino, E. First
evidence of altered microbiota and intestinal damage and their link to absence epilepsy in a genetic animal model, the WAG/Rij
rat. Epilepsia 2021, 62, 529–541. [CrossRef] [PubMed]

39. Medel-Matus, J.S.; Shin, D.; Dorfman, E.; Sankar, R.; Mazarati, A. Facilitation of kindling epileptogenesis by chronic stress may be
mediated by intestinal microbiome. Epilepsia Open 2018, 3, 290–294. [CrossRef] [PubMed]

40. Mengoni, F.; Salari, V.; Kosenkova, I.; Tsenov, G.; Donadelli, M.; Malerba, G.; Bertini, G.; Del Gallo, F.; Fabene, P.F. Gut microbiota
modulates seizure susceptibility. Epilepsia 2021, 62, e153–e157. [CrossRef] [PubMed]

41. Guelpa, G. La lutte contre l’epiepsie par la desintoxication et par la reeducation alimentaire. Rev. Ther. Med. Chir. 1911, 78, 8.
42. Rm, W. The effects of ketonemia on the course of epilepsy. Mayo Clin. Proc. 1921, 2, 307–308.
43. Ko, A.; Kwon, H.E.; Kim, H.D. Updates on the ketogenic diet therapy for pediatric epilepsy. Biomed. J. 2022, 45, 19–26. [CrossRef]

[PubMed]
44. Sourbron, J.; Klinkenberg, S.; van Kuijk, S.M.J.; Lagae, L.; Lambrechts, D.; Braakman, H.M.H.; Majoie, M. Ketogenic diet for the

treatment of pediatric epilepsy: Review and meta-analysis. Child’s Nerv. Syst. 2020, 36, 1099–1109. [CrossRef] [PubMed]
45. Ang, Q.Y.; Alexander, M.; Newman, J.C.; Tian, Y.; Cai, J.; Upadhyay, V.; Turnbaugh, J.A.; Verdin, E.; Hall, K.D.; Leibel, R.L.; et al.

Ketogenic Diets Alter the Gut Microbiome Resulting in Decreased Intestinal Th17 Cells. Cell 2020, 181, 1263–1275.e16. [CrossRef]
[PubMed]

46. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al.
Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [CrossRef] [PubMed]

47. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]
[PubMed]

48. Dahlin, M.; Singleton, S.S.; David, J.A.; Basuchoudhary, A.; Wickström, R.; Mazumder, R.; Prast-Nielsen, S. Higher levels of
Bifidobacteria and tumor necrosis factor in children with drug-resistant epilepsy are associated with anti-seizure response to the
ketogenic diet. eBioMedicine 2022, 80, 104061. [CrossRef] [PubMed]

49. Lindefeldt, M.; Eng, A.; Darban, H.; Bjerkner, A.; Zetterström, C.K.; Allander, T.; Andersson, B.; Borenstein, E.; Dahlin, M.;
Prast-Nielsen, S. The ketogenic diet influences taxonomic and functional composition of the gut microbiota in children with
severe epilepsy. npj Biofilms Microbiomes 2019, 5, 5. [CrossRef] [PubMed]

50. Menzies, J.; Sundararaj, A.; Cardamone, M.; McHarg, A.; Leach, S.; Krishnan, U. Ketogenic Diets in Children With Intractable
Epilepsy and its Effects on Gastrointestinal Function, Gut Microbiome, Inflammation, and Quality of Life. J. Pediatr. Gastroenterol.
Nutr. 2023, 77, 679–685. [CrossRef] [PubMed]

51. Xie, G.; Zhou, Q.; Qiu, C.-Z.; Dai, W.-K.; Wang, H.-P.; Li, Y.-H.; Liao, J.-X.; Lu, X.-G.; Lin, S.-F.; Ye, J.-H. Ketogenic diet poses a
significant effect on imbalanced gut microbiota in infants with refractory epilepsy. World J. Gastroenterol. 2017, 23, 6164–6171.
[CrossRef] [PubMed]

52. Zhang, Y.; Zhou, S.; Zhou, Y.; Yu, L.; Zhang, L.; Wang, Y. Altered gut microbiome composition in children with refractory epilepsy
after ketogenic diet. Epilepsy Res. 2018, 145, 163–168. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15161492

https://doi.org/10.3389/fmicb.2024.1480022
https://www.ncbi.nlm.nih.gov/pubmed/39611090
https://doi.org/10.1002/epi4.12461
https://www.ncbi.nlm.nih.gov/pubmed/33681645
https://doi.org/10.1016/j.eplepsyres.2018.09.013
https://www.ncbi.nlm.nih.gov/pubmed/30291996
https://doi.org/10.1007/s12035-023-03757-2
https://www.ncbi.nlm.nih.gov/pubmed/38087164
https://doi.org/10.1111/epi.16744
https://www.ncbi.nlm.nih.gov/pubmed/33140419
https://doi.org/10.1016/bs.irn.2022.06.002
https://www.ncbi.nlm.nih.gov/pubmed/36427956
https://doi.org/10.3389/fnut.2022.985841
https://www.ncbi.nlm.nih.gov/pubmed/36105577
https://doi.org/10.1016/j.eplepsyres.2021.106826
https://www.ncbi.nlm.nih.gov/pubmed/34839144
https://doi.org/10.1111/epi.16813
https://www.ncbi.nlm.nih.gov/pubmed/33428780
https://doi.org/10.1002/epi4.12114
https://www.ncbi.nlm.nih.gov/pubmed/29881810
https://doi.org/10.1111/epi.17009
https://www.ncbi.nlm.nih.gov/pubmed/34324703
https://doi.org/10.1016/j.bj.2021.11.003
https://www.ncbi.nlm.nih.gov/pubmed/34808422
https://doi.org/10.1007/s00381-020-04578-7
https://www.ncbi.nlm.nih.gov/pubmed/32173786
https://doi.org/10.1016/j.cell.2020.04.027
https://www.ncbi.nlm.nih.gov/pubmed/32437658
https://doi.org/10.2337/db06-1491
https://www.ncbi.nlm.nih.gov/pubmed/17456850
https://doi.org/10.1038/nature12820
https://www.ncbi.nlm.nih.gov/pubmed/24336217
https://doi.org/10.1016/j.ebiom.2022.104061
https://www.ncbi.nlm.nih.gov/pubmed/35598439
https://doi.org/10.1038/s41522-018-0073-2
https://www.ncbi.nlm.nih.gov/pubmed/30701077
https://doi.org/10.1097/mpg.0000000000003928
https://www.ncbi.nlm.nih.gov/pubmed/37679873
https://doi.org/10.3748/wjg.v23.i33.6164
https://www.ncbi.nlm.nih.gov/pubmed/28970732
https://doi.org/10.1016/j.eplepsyres.2018.06.015
https://www.ncbi.nlm.nih.gov/pubmed/30007242
https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 42 of 57

53. Bagheri, S.; Heydari, A.; Alinaghipour, A.; Salami, M. Effect of probiotic supplementation on seizure activity and cognitive
performance in PTZ-induced chemical kindling. Epilepsy Behav. 2019, 95, 43–50. [CrossRef] [PubMed]

54. Eor, J.Y.; Tan, P.L.; Son, Y.J.; Kwak, M.J.; Kim, S.H. Gut microbiota modulation by both Lactobacillus fermentum MSK 408 and
ketogenic diet in a murine model of pentylenetetrazole-induced acute seizure. Epilepsy Res. 2021, 169, 106506. [CrossRef]
[PubMed]

55. Gómez-Eguílaz, M.; Ramón-Trapero, J.; Pérez-Martínez, L.; Blanco, J. The beneficial effect of probiotics as a supplementary
treatment in drug-resistant epilepsy: A pilot study. Benef. Microbes 2018, 9, 875–882. [CrossRef] [PubMed]

56. Wang, X.; Ma, R.; Liu, X.; Zhang, Y. Effects of long-term supplementation of probiotics on cognitive function and emotion in
temporal lobe epilepsy. Front. Neurol. 2022, 13, 948599. [CrossRef] [PubMed]

57. Kaur, H.; Bose, C.; Mande, S.S. Tryptophan metabolism by gut microbiome and gut-brain-axis: An in silico analysis. Front.
Neurosci. 2019, 13, 493713. [CrossRef] [PubMed]

58. Yue, Q.; Cai, M.; Xiao, B.; Zhan, Q.; Zeng, C. A High-Tryptophan Diet Reduces Seizure-Induced Respiratory Arrest and Alters the
Gut Microbiota in DBA/1 Mice. Front. Neurol. 2021, 12, 762323. [CrossRef] [PubMed]

59. Mu, C.; Nikpoor, N.; Tompkins, T.A.; Choudhary, A.; Wang, M.; Marks, W.N.; Rho, J.M.; Scantlebury, M.H.; Shearer, J. Targeted
gut microbiota manipulation attenuates seizures in a model of infantile spasms syndrome. JCI Insight 2022, 7, e158521. [CrossRef]
[PubMed]

60. Prescott, S.L.; Liberles, S.D. Internal senses of the vagus nerve. Neuron 2022, 110, 579–599. [CrossRef] [PubMed]
61. Bonaz, B.; Picq, C.; Sinniger, V.; Mayol, J.-F.; Clarençon, D. Vagus nerve stimulation: From epilepsy to the cholinergic anti-

inflammatory pathway. Neurogastroenterol. Motil. 2013, 25, 208–221. [CrossRef] [PubMed]
62. Dicks, L.M. Gut bacteria and neurotransmitters. Microorganisms 2022, 10, 1838. [CrossRef] [PubMed]
63. Bonaz, B.; Sinniger, V.; Pellissier, S. Vagus Nerve Stimulation at the Interface of Brain-Gut Interactions. Cold Spring Harb. Perspect.

Med. 2019, 9, a034199. [CrossRef] [PubMed]
64. Bercik, P.; Park, A.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.; Fahnestock, M.; Moine, D. The

anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for gut–brain communication. Neurogastroenterol.
Motil. 2011, 23, 1132–1139. [CrossRef] [PubMed]

65. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050–16055. [CrossRef] [PubMed]

66. González, H.F.; Yengo-Kahn, A.; Englot, D.J. Vagus nerve stimulation for the treatment of epilepsy. Neurosurg. Clin. N. Am. 2019,
30, 219. [CrossRef] [PubMed]

67. Wheless, J.W.; Gienapp, A.J.; Ryvlin, P. Vagus nerve stimulation (VNS) therapy update. Epilepsy Behav. 2018, 88, 2–10. [CrossRef]
[PubMed]

68. Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease. Nat.
Neurosci. 2017, 20, 145–155. [CrossRef] [PubMed]

69. Gaboriau-Routhiau, V.; Cerf-Bensussan, N. Microbiote intestinal et développement du système immunitaire. Med. Sci. 2016, 32,
961–967. [CrossRef] [PubMed]

70. McCoy, K.D.; Ronchi, F.; Geuking, M.B. Host-microbiota interactions and adaptive immunity. Immunol. Rev. 2017, 279, 63–69.
[CrossRef] [PubMed]

71. Hosseinkhani, F.; Heinken, A.; Thiele, I.; Lindenburg, P.W.; Harms, A.C.; Hankemeier, T. The contribution of gut bacterial
metabolites in the human immune signaling pathway of non-communicable diseases. Gut Microbes 2021, 13, 1882927. [CrossRef]
[PubMed]

72. Ginhoux, F.; Lim, S.; Hoeffel, G.; Low, D.; Huber, T. Origin and differentiation of microglia. Front. Cell. Neurosci. 2013, 7, 45.
[CrossRef] [PubMed]

73. Yang, W.; Cui, H.; Wang, C.; Wang, X.; Yan, C.; Cheng, W. A review of the pathogenesis of epilepsy based on the microbiota-gut-
brain-axis theory. Front. Mol. Neurosci. 2024, 17, 1454780. [CrossRef] [PubMed]

74. Bhattarai, Y.; Kashyap, P.C. Germ-Free Mice Model for Studying Host-Microbial Interactions. In Mouse Models for Drug Discovery;
Methods in Molecular Biology; Springer: Berlin/Heidelberg, Germany, 2016; Volume 1438, pp. 123–135. [CrossRef] [PubMed]

75. Rooks, M.G.; Garrett, W.S. Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 2016, 16, 341–352. [CrossRef]
[PubMed]

76. Cusick, M.F.; Libbey, J.E.; Patel, D.C.; Doty, D.J.; Fujinami, R.S. Infiltrating macrophages are key to the development of seizures
following virus infection. J. Virol. 2013, 87, 1849–1860. [CrossRef] [PubMed]

77. Howe, C.L.; Lafrance-Corey, R.G.; Sundsbak, R.S.; Lafrance, S.J. Inflammatory monocytes damage the hippocampus during acute
picornavirus infection of the brain. J. Neuroinflamm. 2012, 9, 50. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15161492

https://doi.org/10.1016/j.yebeh.2019.03.038
https://www.ncbi.nlm.nih.gov/pubmed/31026781
https://doi.org/10.1016/j.eplepsyres.2020.106506
https://www.ncbi.nlm.nih.gov/pubmed/33276243
https://doi.org/10.3920/bm2018.0018
https://www.ncbi.nlm.nih.gov/pubmed/30198325
https://doi.org/10.3389/fneur.2022.948599
https://www.ncbi.nlm.nih.gov/pubmed/35928136
https://doi.org/10.3389/fnins.2019.01365
https://www.ncbi.nlm.nih.gov/pubmed/31920519
https://doi.org/10.3389/fneur.2021.762323
https://www.ncbi.nlm.nih.gov/pubmed/34887831
https://doi.org/10.1172/jci.insight.158521
https://www.ncbi.nlm.nih.gov/pubmed/35730569
https://doi.org/10.1016/j.neuron.2021.12.020
https://www.ncbi.nlm.nih.gov/pubmed/35051375
https://doi.org/10.1111/nmo.12076
https://www.ncbi.nlm.nih.gov/pubmed/23360102
https://doi.org/10.3390/microorganisms10091838
https://www.ncbi.nlm.nih.gov/pubmed/36144440
https://doi.org/10.1101/cshperspect.a034199
https://www.ncbi.nlm.nih.gov/pubmed/30201788
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://doi.org/10.1073/pnas.1102999108
https://www.ncbi.nlm.nih.gov/pubmed/21876150
https://doi.org/10.1016/j.nec.2018.12.005
https://www.ncbi.nlm.nih.gov/pubmed/30898273
https://doi.org/10.1016/j.yebeh.2018.06.032
https://www.ncbi.nlm.nih.gov/pubmed/30017839
https://doi.org/10.1038/nn.4476
https://www.ncbi.nlm.nih.gov/pubmed/28092661
https://doi.org/10.1051/medsci/20163211011
https://www.ncbi.nlm.nih.gov/pubmed/28008836
https://doi.org/10.1111/imr.12575
https://www.ncbi.nlm.nih.gov/pubmed/28856735
https://doi.org/10.1080/19490976.2021.1882927
https://www.ncbi.nlm.nih.gov/pubmed/33590776
https://doi.org/10.3389/fncel.2013.00045
https://www.ncbi.nlm.nih.gov/pubmed/23616747
https://doi.org/10.3389/fnmol.2024.1454780
https://www.ncbi.nlm.nih.gov/pubmed/39421261
https://doi.org/10.1007/978-1-4939-3661-8_8
https://www.ncbi.nlm.nih.gov/pubmed/27150088
https://doi.org/10.1038/nri.2016.42
https://www.ncbi.nlm.nih.gov/pubmed/27231050
https://doi.org/10.1128/jvi.02747-12
https://www.ncbi.nlm.nih.gov/pubmed/23236075
https://doi.org/10.1186/1742-2094-9-50
https://www.ncbi.nlm.nih.gov/pubmed/22405261
https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 43 of 57

78. Varvel, N.H.; Neher, J.J.; Bosch, A.; Wang, W.; Ransohoff, R.M.; Miller, R.J.; Dingledine, R. Infiltrating monocytes promote brain
inflammation and exacerbate neuronal damage after status epilepticus. Proc. Natl. Acad. Sci. USA 2016, 113, E5665–E5674.
[CrossRef] [PubMed]

79. Gunawardene, A.R.; Corfe, B.M.; Staton, C.A. Classification and functions of enteroendocrine cells of the lower gastrointestinal
tract. Int. J. Exp. Pathol. 2011, 92, 219–231. [CrossRef] [PubMed]

80. Egerod, K.L.; Engelstoft, M.S.; Grunddal, K.V.; Nøhr, M.K.; Secher, A.; Sakata, I.; Pedersen, J.; Windeløv, J.A.; Füchtbauer, E.M.;
Olsen, J.; et al. A major lineage of enteroendocrine cells coexpress CCK, secretin, GIP, GLP-1, PYY, and neurotensin but not
somatostatin. Endocrinology 2012, 153, 5782–5795. [CrossRef] [PubMed]

81. Gribble, F.M.; Reimann, F. Function and mechanisms of enteroendocrine cells and gut hormones in metabolism. Nat. Rev.
Endocrinol. 2019, 15, 226–237. [CrossRef] [PubMed]

82. Nauck, M.A.; Bartels, E.; Orskov, C.; Ebert, R.; Creutzfeldt, W. Additive insulinotropic effects of exogenous synthetic human
gastric inhibitory polypeptide and glucagon-like peptide-1-(7-36) amide infused at near-physiological insulinotropic hormone
and glucose concentrations. J. Clin. Endocrinol. Metab. 1993, 76, 912–917. [CrossRef] [PubMed]

83. Vanuytsel, T.; van Wanrooy, S.; Vanheel, H.; Vanormelingen, C.; Verschueren, S.; Houben, E.; Salim Rasoel, S.; Tóth, J.; Holvoet, L.;
Farré, R.; et al. Psychological stress and corticotropin-releasing hormone increase intestinal permeability in humans by a mast
cell-dependent mechanism. Gut 2014, 63, 1293–1299. [CrossRef] [PubMed]

84. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161, 264–276. [CrossRef] [PubMed]

85. Huo, R.; Zeng, B.; Zeng, L.; Cheng, K.; Li, B.; Luo, Y.; Wang, H.; Zhou, C.; Fang, L.; Li, W.; et al. Microbiota Modulate Anxiety-Like
Behavior and Endocrine Abnormalities in Hypothalamic-Pituitary-Adrenal Axis. Front. Cell. Infect. Microbiol. 2017, 7, 489.
[CrossRef] [PubMed]

86. Foster, J.A.; Baker, G.B.; Dursun, S.M. The Relationship Between the Gut Microbiome-Immune System-Brain Axis and Major
Depressive Disorder. Front. Neurol. 2021, 12, 721126. [CrossRef] [PubMed]

87. Di Tommaso, N.; Gasbarrini, A.; Ponziani, F.R. Intestinal Barrier in Human Health and Disease. Int. J. Environ. Res. Public Health
2021, 18, 12836. [CrossRef] [PubMed]

88. Ménard, S.; Cerf-Bensussan, N.; Heyman, M. Multiple facets of intestinal permeability and epithelial handling of dietary antigens.
Mucosal Immunol. 2010, 3, 247–259. [CrossRef] [PubMed]

89. Paray, B.A.; Albeshr, M.F.; Jan, A.T.; Rather, I.A. Leaky Gut and Autoimmunity: An Intricate Balance in Individuals Health and
the Diseased State. Int. J. Mol. Sci. 2020, 21, 9770. [CrossRef] [PubMed]

90. Logsdon, A.F.; Erickson, M.A.; Rhea, E.M.; Salameh, T.S.; Banks, W.A. Gut reactions: How the blood-brain barrier connects the
microbiome and the brain. Exp. Biol. Med. 2018, 243, 159–165. [CrossRef] [PubMed]

91. Blikslager, A.T.; Moeser, A.J.; Gookin, J.L.; Jones, S.L.; Odle, J. Restoration of barrier function in injured intestinal mucosa. Physiol.
Rev. 2007, 87, 545–564. [CrossRef] [PubMed]

92. Löscher, W.; Friedman, A. Structural, Molecular, and Functional Alterations of the Blood-Brain Barrier during Epileptogenesis
and Epilepsy: A Cause, Consequence, or Both? Int. J. Mol. Sci. 2020, 21, 591. [CrossRef] [PubMed]

93. Parker, A.; Fonseca, S.; Carding, S.R. Gut microbes and metabolites as modulators of blood-brain barrier integrity and brain
health. Gut Microbes 2020, 11, 135–157. [CrossRef] [PubMed]

94. Li, H.; Sun, J.; Du, J.; Wang, F.; Fang, R.; Yu, C.; Xiong, J.; Chen, W.; Lu, Z.; Liu, J. Clostridium butyricum exerts a neuroprotective
effect in a mouse model of traumatic brain injury via the gut-brain axis. Neurogastroenterol. Motil. 2018, 30, e13260. [CrossRef]
[PubMed]

95. Hoyles, L.; Snelling, T.; Umlai, U.K.; Nicholson, J.K.; Carding, S.R.; Glen, R.C.; McArthur, S. Microbiome-host systems interactions:
Protective effects of propionate upon the blood-brain barrier. Microbiome 2018, 6, 55. [CrossRef] [PubMed]

96. Opp, M.R.; George, A.; Ringgold, K.M.; Hansen, K.M.; Bullock, K.M.; Banks, W.A. Sleep fragmentation and sepsis differentially
impact blood-brain barrier integrity and transport of tumor necrosis factor-α in aging. Brain Behav. Immun. 2015, 50, 259–265.
[CrossRef] [PubMed]

97. Leclercq, S.; Mian, F.M.; Stanisz, A.M.; Bindels, L.B.; Cambier, E.; Ben-Amram, H.; Koren, O.; Forsythe, P.; Bienenstock, J. Low-dose
penicillin in early life induces long-term changes in murine gut microbiota, brain cytokines and behavior. Nat. Commun. 2017, 8,
15062. [CrossRef] [PubMed]

98. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Tóth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Kundu, P.; et al.
The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ra158. [CrossRef] [PubMed]
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Untargeted metabolomics reveals key metabolic alterations in pediatric epilepsy with insights into Tryptophan metabolism and
the gut-brain axis. Sci. Rep. 2025, 15, 15262. [CrossRef] [PubMed]

177. Zhang, H.; Zhao, H.; Yang, X.; Xue, Q.; Cotten, J.F.; Feng, H.J. 5-Hydroxytryptophan, a precursor for serotonin synthesis, reduces
seizure-induced respiratory arrest. Epilepsia 2016, 57, 1228–1235. [CrossRef] [PubMed]

178. McVey Neufeld, K.A.; Bienenstock, J.; Bharwani, A.; Champagne-Jorgensen, K.; Mao, Y.; West, C.; Liu, Y.; Surette, M.G.; Kunze,
W.; Forsythe, P. Oral selective serotonin reuptake inhibitors activate vagus nerve dependent gut-brain signalling. Sci. Rep. 2019, 9,
14290. [CrossRef] [PubMed]

179. Neufeld, K.M.; Kang, N.; Bienenstock, J.; Foster, J.A. Reduced anxiety-like behavior and central neurochemical change in
germ-free mice. Neurogastroenterol. Motil. 2011, 23, 255–264+e119. [CrossRef] [PubMed]

180. West, C.L.; McVey Neufeld, K.A.; Mao, Y.K.; Stanisz, A.M.; Forsythe, P.; Bienenstock, J.; Barbut, D.; Zasloff, M.; Kunze, W.A.
Identification of SSRI-evoked antidepressant sensory signals by decoding vagus nerve activity. Sci. Rep. 2021, 11, 21130. [CrossRef]
[PubMed]

181. Sourbron, J.; Lagae, L. Serotonin receptors in epilepsy: Novel treatment targets? Epilepsia Open 2022, 7, 231–246. [CrossRef]
[PubMed]

182. Tsavkelova, E.A.; Botvinko, I.V.; Kudrin, V.S.; Oleskin, A.V. Detection of neurotransmitter amines in microorganisms with the use
of high-performance liquid chromatography. Dokl. Biochem. 2000, 372, 115–117. [PubMed]

183. Li, Z.S.; Pham, T.D.; Tamir, H.; Chen, J.J.; Gershon, M.D. Enteric dopaminergic neurons: Definition, developmental lineage, and
effects of extrinsic denervation. J. Neurosci. 2004, 24, 1330–1339. [CrossRef] [PubMed]

184. Serio, R.; Zizzo, M.G. The multiple roles of dopamine receptor activation in the modulation of gastrointestinal motility and
mucosal function. Auton. Neurosci. 2023, 244, 103041. [CrossRef] [PubMed]

185. Franco, R.; Reyes-Resina, I.; Navarro, G. Dopamine in Health and Disease: Much More Than a Neurotransmitter. Biomedicines
2021, 9, 109. [CrossRef] [PubMed]

186. Arreola, R.; Alvarez-Herrera, S.; Pérez-Sánchez, G.; Becerril-Villanueva, E.; Cruz-Fuentes, C.; Flores-Gutierrez, E.O.; Garcés-
Alvarez, M.E.; de la Cruz-Aguilera, D.L.; Medina-Rivero, E.; Hurtado-Alvarado, G.; et al. Immunomodulatory Effects Mediated
by Dopamine. J. Immunol. Res. 2016, 2016, 3160486. [CrossRef] [PubMed]

187. Suominen, T.; Piepponen, T.P.; Kostiainen, R. Permeation of Dopamine Sulfate through the Blood-Brain Barrier. PLoS ONE 2015,
10, e0133904. [CrossRef] [PubMed]

188. Strandwitz, P. Neurotransmitter modulation by the gut microbiota. Brain Res. 2018, 1693, 128–133. [CrossRef] [PubMed]
189. Roshchina, V.V. New Trends and Perspectives in the Evolution of Neurotransmitters in Microbial, Plant, and Animal Cells. In

Microbial Endocrinology: Interkingdom Signaling in Infectious Disease and Health; Advances in Experimental Medicine and Biology;
Springer: Berlin/Heidelberg, Germany, 2016; Volume 874, pp. 25–77. [CrossRef] [PubMed]

190. Hamamah, S.; Aghazarian, A.; Nazaryan, A.; Hajnal, A.; Covasa, M. Role of Microbiota-Gut-Brain Axis in Regulating Dopaminer-
gic Signaling. Biomedicines 2022, 10, 436. [CrossRef] [PubMed]

191. Hartstra, A.V.; Schüppel, V.; Imangaliyev, S.; Schrantee, A.; Prodan, A.; Collard, D.; Levin, E.; Dallinga-Thie, G.; Ackermans, M.T.;
Winkelmeijer, M.; et al. Infusion of donor feces affects the gut-brain axis in humans with metabolic syndrome. Mol. Metab. 2020,
42, 101076. [CrossRef] [PubMed]

192. Zuo, D.; Wang, F.; Rong, W.; Wen, Y.; Sun, K.; Zhao, X.; Ren, X.; He, Z.; Ding, N.; Ma, L.; et al. The novel estrogen receptor
GPER1 decreases epilepsy severity and susceptivity in the hippocampus after status epilepticus. Neurosci. Lett. 2020, 728, 134978.
[CrossRef] [PubMed]

193. Ayano, G. Dopamine: Receptors, functions, synthesis, pathways, locations and mental disorders: Review of literatures. J. Ment.
Disord. Treat. 2016, 2, 2.

194. Klein, M.O.; Battagello, D.S.; Cardoso, A.R.; Hauser, D.N.; Bittencourt, J.C.; Correa, R.G. Dopamine: Functions, Signaling, and
Association with Neurological Diseases. Cell. Mol. Neurobiol. 2019, 39, 31–59. [CrossRef] [PubMed]

195. Bozzi, Y.; Borrelli, E. The role of dopamine signaling in epileptogenesis. Front. Cell. Neurosci. 2013, 7, 157. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15161492

https://doi.org/10.1080/15563650.2020.1839662
https://www.ncbi.nlm.nih.gov/pubmed/33196298
https://doi.org/10.1016/j.seizure.2019.05.006
https://www.ncbi.nlm.nih.gov/pubmed/31129366
https://doi.org/10.1016/j.ebiom.2022.103833
https://www.ncbi.nlm.nih.gov/pubmed/35090836
https://doi.org/10.1038/s41598-025-99805-z
https://www.ncbi.nlm.nih.gov/pubmed/40307425
https://doi.org/10.1111/epi.13430
https://www.ncbi.nlm.nih.gov/pubmed/27302625
https://doi.org/10.1038/s41598-019-50807-8
https://www.ncbi.nlm.nih.gov/pubmed/31582799
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://www.ncbi.nlm.nih.gov/pubmed/21054680
https://doi.org/10.1038/s41598-021-00615-w
https://www.ncbi.nlm.nih.gov/pubmed/34702901
https://doi.org/10.1002/epi4.12580
https://www.ncbi.nlm.nih.gov/pubmed/35075810
https://www.ncbi.nlm.nih.gov/pubmed/10935181
https://doi.org/10.1523/jneurosci.3982-03.2004
https://www.ncbi.nlm.nih.gov/pubmed/14960604
https://doi.org/10.1016/j.autneu.2022.103041
https://www.ncbi.nlm.nih.gov/pubmed/36372052
https://doi.org/10.3390/biomedicines9020109
https://www.ncbi.nlm.nih.gov/pubmed/33499192
https://doi.org/10.1155/2016/3160486
https://www.ncbi.nlm.nih.gov/pubmed/27795960
https://doi.org/10.1371/journal.pone.0133904
https://www.ncbi.nlm.nih.gov/pubmed/26207745
https://doi.org/10.1016/j.brainres.2018.03.015
https://www.ncbi.nlm.nih.gov/pubmed/29903615
https://doi.org/10.1007/978-3-319-20215-0_2
https://www.ncbi.nlm.nih.gov/pubmed/26589213
https://doi.org/10.3390/biomedicines10020436
https://www.ncbi.nlm.nih.gov/pubmed/35203645
https://doi.org/10.1016/j.molmet.2020.101076
https://www.ncbi.nlm.nih.gov/pubmed/32916306
https://doi.org/10.1016/j.neulet.2020.134978
https://www.ncbi.nlm.nih.gov/pubmed/32302699
https://doi.org/10.1007/s10571-018-0632-3
https://www.ncbi.nlm.nih.gov/pubmed/30446950
https://doi.org/10.3389/fncel.2013.00157
https://www.ncbi.nlm.nih.gov/pubmed/24062645
https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 48 of 57

196. Bernedo Paredes, V.E.; Buchholz, H.G.; Gartenschläger, M.; Breimhorst, M.; Schreckenberger, M.; Werhahn, K.J. Reduced D2/D3
Receptor Binding of Extrastriatal and Striatal Regions in Temporal Lobe Epilepsy. PLoS ONE 2015, 10, e0141098. [CrossRef]
[PubMed]

197. Colliva, C.; Ferrari, M.; Benatti, C.; Guerra, A.; Tascedda, F.; Blom, J.M.C. Executive functioning in children with epilepsy: Genes
matter. Epilepsy Behav. 2019, 95, 137–147. [CrossRef] [PubMed]

198. Madhamanchi, K.; Madhamanchi, P.; Jayalakshmi, S.; Panigrahi, M.; Patil, A.; Phanithi, P.B. Dopamine and Glutamate Crosstalk
Worsen the Seizure Outcome in TLE-HS Patients. Mol. Neurobiol. 2023, 60, 4952–4965. [CrossRef] [PubMed]

199. Starr, M.S. The role of dopamine in epilepsy. Synapse 1996, 22, 159–194. [CrossRef]
200. Rektor, I.; Kuba, R.; Brázdil, M.; Chrastina, J. Do the basal ganglia inhibit seizure activity in temporal lobe epilepsy? Epilepsy

Behav. 2012, 25, 56–59. [CrossRef] [PubMed]
201. De Deurwaerdère, P.; Di Giovanni, G.; Millan, M.J. Expanding the repertoire of L-DOPA’s actions: A comprehensive review of its

functional neurochemistry. Prog. Neurobiol. 2017, 151, 57–100. [CrossRef] [PubMed]
202. Goldstein, D.S.; Swoboda, K.J.; Miles, J.M.; Coppack, S.W.; Aneman, A.; Holmes, C.; Lamensdorf, I.; Eisenhofer, G. Sources and

physiological significance of plasma dopamine sulfate. J. Clin. Endocrinol. Metab. 1999, 84, 2523–2531. [CrossRef] [PubMed]
203. Borcherding, D.C.; Tong, W.; Hugo, E.R.; Barnard, D.F.; Fox, S.; LaSance, K.; Shaughnessy, E.; Ben-Jonathan, N. Expression and

therapeutic targeting of dopamine receptor-1 (D1R) in breast cancer. Oncogene 2016, 35, 3103–3113. [CrossRef] [PubMed]
204. Ji, X.Y.; Wu, M. mRNA expression of dopamine receptor D2 and dopamine transporter in peripheral blood lymphocytes before

and after treatment in children with tic disorder. Chin. J. Contemp. Pediatr. 2016, 18, 297–300. [CrossRef] [PubMed]
205. Jiang, Q.; Lian, A.; He, Q. Dopamine inhibits somatolactin gene expression in tilapia pituitary cells through the dopamine D2

receptors. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2016, 197, 35–42. [CrossRef] [PubMed]
206. Li, B.; Liu, M.L.; Wu, X.P.; Jia, J.; Cao, J.; Wei, Z.W.; Wang, Y.J. Effects of ketamine exposure on dopamine concentrations and

dopamine type 2 receptor mRNA expression in rat brain tissue. Int. J. Clin. Exp. Med. 2015, 8, 11181–11187. [PubMed]
207. Li, Z.S.; Schmauss, C.; Cuenca, A.; Ratcliffe, E.; Gershon, M.D. Physiological modulation of intestinal motility by enteric

dopaminergic neurons and the D2 receptor: Analysis of dopamine receptor expression, location, development, and function in
wild-type and knock-out mice. J. Neurosci. 2006, 26, 2798–2807. [CrossRef] [PubMed]

208. Lladó-Pelfort, L.; Troyano-Rodriguez, E.; van den Munkhof, H.E.; Cervera-Ferri, A.; Jurado, N.; Núñez-Calvet, M.; Artigas, F.;
Celada, P. Phencyclidine-induced disruption of oscillatory activity in prefrontal cortex: Effects of antipsychotic drugs and receptor
ligands. Eur. Neuropsychopharmacol. 2016, 26, 614–625. [CrossRef] [PubMed]

209. Mezey, E.; Eisenhofer, G.; Hansson, S.; Hunyady, B.; Hoffman, B.J. Dopamine produced by the stomach may act as a
paracrine/autocrine hormone in the rat. Neuroendocrinology 1998, 67, 336–348. [CrossRef] [PubMed]

210. Mezey, E.; Eisenhofer, G.; Hansson, S.; Harta, G.; Hoffman, B.J.; Gallatz, K.; Palkovits, M.; Hunyady, B. Non-neuronal dopamine
in the gastrointestinal system. Clin. Exp. Pharmacol. Physiol. 1999, 26, S14–S22.

211. Sander, C.Y.; Hooker, J.M.; Catana, C.; Rosen, B.R.; Mandeville, J.B. Imaging Agonist-Induced D2/D3 Receptor Desensitization
and Internalization In Vivo with PET/fMRI. Neuropsychopharmacology 2016, 41, 1427–1436. [CrossRef] [PubMed]

212. Vaughan, C.J.; Aherne, A.M.; Lane, E.; Power, O.; Carey, R.M.; O’Connell, D.P. Identification and regional distribution of the
dopamine D(1A) receptor in the gastrointestinal tract. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2000, 279, R599–R609. [CrossRef]
[PubMed]

213. Watson, D.J.G.; King, M.V.; Gyertyán, I.; Kiss, B.; Adham, N.; Fone, K.C.F. The dopamine D3-preferring D2/D3 dopamine
receptor partial agonist, cariprazine, reverses behavioural changes in a rat neurodevelopmental model for schizophrenia. Eur.
Neuropsychopharmacol. 2016, 26, 208–224. [CrossRef] [PubMed]

214. Zhang, X.-L.; Liu, S.; Sun, Q.; Zhu, J.-X. Dopamine Receptors in the Gastrointestinal Tract. In Dopamine in the Gut; Zhu, J.-X., Ed.;
Springer: Singapore, 2021; pp. 53–85.

215. Wang, Y.; Qiao, H.; Zhang, Y. Changes of Dopamine and Tyrosine Hydroxylase Levels in the Brain of Germ-free Mice. Iran. J.
Biotechnol. 2023, 21, e2798. [CrossRef] [PubMed]

216. Valles-Colomer, M.; Falony, G.; Darzi, Y.; Tigchelaar, E.F.; Wang, J.; Tito, R.Y.; Schiweck, C.; Kurilshikov, A.; Joossens, M.;
Wijmenga, C.; et al. The neuroactive potential of the human gut microbiota in quality of life and depression. Nat. Microbiol. 2019,
4, 623–632. [CrossRef] [PubMed]

217. Borghammer, P.; Van Den Berge, N. Brain-First versus Gut-First Parkinson’s Disease: A Hypothesis. J. Park. Dis. 2019, 9,
S281–S295. [CrossRef] [PubMed]

218. Lee, Y.Z.; Cheng, S.H.; Chang, M.Y.; Lin, Y.F.; Wu, C.C.; Tsai, Y.C. Neuroprotective Effects of Lactobacillus plantarum PS128 in a
Mouse Model of Parkinson’s Disease: The Role of Gut Microbiota and MicroRNAs. Int. J. Mol. Sci. 2023, 24, 6794. [CrossRef]
[PubMed]

219. Li, Y.; Luo, Z.Y.; Hu, Y.Y.; Bi, Y.W.; Yang, J.M.; Zou, W.J.; Song, Y.L.; Li, S.; Shen, T.; Li, S.J.; et al. The gut microbiota regulates
autism-like behavior by mediating vitamin B6 homeostasis in EphB6-deficient mice. Microbiome 2020, 8, 120. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15161492

https://doi.org/10.1371/journal.pone.0141098
https://www.ncbi.nlm.nih.gov/pubmed/26544593
https://doi.org/10.1016/j.yebeh.2019.02.019
https://www.ncbi.nlm.nih.gov/pubmed/31054523
https://doi.org/10.1007/s12035-023-03361-4
https://www.ncbi.nlm.nih.gov/pubmed/37209264
https://doi.org/10.1002/(sici)1098-2396(199602)22:2%3C159::aid-syn8%3E3.0.co;2-c
https://doi.org/10.1016/j.yebeh.2012.04.125
https://www.ncbi.nlm.nih.gov/pubmed/22835431
https://doi.org/10.1016/j.pneurobio.2016.07.002
https://www.ncbi.nlm.nih.gov/pubmed/27389773
https://doi.org/10.1210/jcem.84.7.5864
https://www.ncbi.nlm.nih.gov/pubmed/10404831
https://doi.org/10.1038/onc.2015.369
https://www.ncbi.nlm.nih.gov/pubmed/26477316
https://doi.org/10.7499/j.issn.1008-8830.2016.04.003
https://www.ncbi.nlm.nih.gov/pubmed/27097571
https://doi.org/10.1016/j.cbpa.2016.03.008
https://www.ncbi.nlm.nih.gov/pubmed/26970582
https://www.ncbi.nlm.nih.gov/pubmed/26379921
https://doi.org/10.1523/jneurosci.4720-05.2006
https://www.ncbi.nlm.nih.gov/pubmed/16525059
https://doi.org/10.1016/j.euroneuro.2015.11.015
https://www.ncbi.nlm.nih.gov/pubmed/26781158
https://doi.org/10.1159/000054332
https://www.ncbi.nlm.nih.gov/pubmed/9641616
https://doi.org/10.1038/npp.2015.296
https://www.ncbi.nlm.nih.gov/pubmed/26388148
https://doi.org/10.1152/ajpregu.2000.279.2.R599
https://www.ncbi.nlm.nih.gov/pubmed/10938251
https://doi.org/10.1016/j.euroneuro.2015.12.020
https://www.ncbi.nlm.nih.gov/pubmed/26723167
https://doi.org/10.30498/ijb.2022.236732.2798
https://www.ncbi.nlm.nih.gov/pubmed/36811101
https://doi.org/10.1038/s41564-018-0337-x
https://www.ncbi.nlm.nih.gov/pubmed/30718848
https://doi.org/10.3233/jpd-191721
https://www.ncbi.nlm.nih.gov/pubmed/31498132
https://doi.org/10.3390/ijms24076794
https://www.ncbi.nlm.nih.gov/pubmed/37047769
https://doi.org/10.1186/s40168-020-00884-z
https://www.ncbi.nlm.nih.gov/pubmed/32819434
https://doi.org/10.3390/cells15161492


Cells 2026, 15, 1492 49 of 57

220. Vieira, É.L.M.; da Silva, M.C.M.; Gonçalves, A.P.; Martins, G.L.; Teixeira, A.L.; de Oliveira, A.C.P.; Reis, H.J. Serotonin and
dopamine receptors profile on peripheral immune cells from patients with temporal lobe epilepsy. J. Neuroimmunol. 2021, 354,
577534. [CrossRef] [PubMed]

221. Peng, Y.; Chiu, A.T.G.; Li, V.W.Y.; Zhang, X.; Yeung, W.L.; Chan, S.H.S.; Tun, H.M. The role of the gut-microbiome-brain axis in
metabolic remodeling amongst children with cerebral palsy and epilepsy. Front. Neurol. 2023, 14, 577534. [CrossRef] [PubMed]

222. Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut
Microbes 2016, 7, 189–200. [CrossRef] [PubMed]

223. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids from Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

224. Macia, L.; Tan, J.; Vieira, A.T.; Leach, K.; Stanley, D.; Luong, S.; Maruya, M.; Ian McKenzie, C.; Hijikata, A.; Wong, C.; et al.
Metabolite-sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the
inflammasome. Nat. Commun. 2015, 6, 6734. [CrossRef] [PubMed]

225. Bolognini, D.; Tobin, A.B.; Milligan, G.; Hodge, D. The Pharmacology and Function of Receptors for Short-Chain Fatty Acids.
Mol. Pharmacol. 2016, 89, 388–398. [CrossRef] [PubMed]

226. Cani, P.D.; Van Hul, M.; Lefort, C.; Depommier, C.; Rastelli, M.; Everard, A. Microbial regulation of organismal energy homeostasis.
Nat. Metab. 2019, 1, 34–46. [CrossRef] [PubMed]

227. Kimura, I.; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free Fatty Acid Receptors in Health and Disease. Physiol. Rev. 2020, 100,
171–210. [CrossRef] [PubMed]

228. Collins, M.K.; Rosell-Cardona, C.; Golubeva, A.V.; McDermott, M.M.; Cronin, A.M.; Clarke, G.; O’Riordan, K.J.; Cryan, J.F.
Modulation of Murine Hippocampal Synaptic Plasticity by Microbial Metabolites: Sex-Specific Effects of the Short-Chain Fatty
Acid Butyrate. J. Neurochem. 2026, 170, e70475. [CrossRef] [PubMed]

229. Commodari, F.; Arnold, D.L.; Sanctuary, B.C.; Shoubridge, E.A. 1H NMR characterization of normal human cerebrospinal fluid
and the detection of methylmalonic acid in a vitamin B12 deficient patient. NMR Biomed. 1991, 4, 192–200. [CrossRef] [PubMed]

230. Oldendorf, W.H. Carrier-mediated blood-brain barrier transport of short-chain monocarboxylic organic acids. Am. J. Physiol.
1973, 224, 1450–1453. [CrossRef] [PubMed]

231. Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vázquez-Fresno, R.; Sajed, T.; Johnson, D.; Li, C.; Karu, N.; et al.
HMDB 4.0: The human metabolome database for 2018. Nucleic Acids Res. 2018, 46, D608–D617. [CrossRef] [PubMed]

232. Li, H.; Sun, J.; Wang, F.; Ding, G.; Chen, W.; Fang, R.; Yao, Y.; Pang, M.; Lu, Z.Q.; Liu, J. Sodium butyrate exerts neuroprotective
effects by restoring the blood-brain barrier in traumatic brain injury mice. Brain Res. 2016, 1642, 70–78. [CrossRef] [PubMed]

233. Frost, G.; Sleeth, M.L.; Sahuri-Arisoylu, M.; Lizarbe, B.; Cerdan, S.; Brody, L.; Anastasovska, J.; Ghourab, S.; Hankir, M.; Zhang,
S.; et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat. Commun. 2014, 5, 3611.
[CrossRef] [PubMed]

234. Kim, S.; Park, S.; Choi, T.G.; Kim, S.S. Role of Short Chain Fatty Acids in Epilepsy and Potential Benefits of Probiotics and
Prebiotics: Targeting “Health” of Epileptic Patients. Nutrients 2022, 14, 2982. [CrossRef] [PubMed]

235. Zouganeli, S.; Mitsou, E.K.; Yannakoulia, M.; Intze, E.; Mountzouris, K.C.; Fessatou, S.; Attilakos, A.; Kyriacou, A.; Dinopoulos, A.
Gut microbiota shifts and short-chain fatty acids alterations in pediatric epilepsy patients on a Mediterranean ketogenic diet.
Epileptic Disord. 2026, 1–16. [CrossRef] [PubMed]

236. Riva, A.; Sahin, E.; Volpedo, G.; Catania, N.T.; Venara, I.; Biagioli, V.; Balagura, G.; Amadori, E.; De Caro, C.; Cerulli Irelli, E.; et al.
Medication-resistant epilepsy is associated with a unique gut microbiota signature. Epilepsia 2025, 66, 2268–2284. [CrossRef]
[PubMed]

237. Lee, K.; Kim, N.; Shim, J.O.; Kim, G.H. Gut Bacterial Dysbiosis in Children with Intractable Epilepsy. J. Clin. Med. 2020, 10, 5.
[CrossRef] [PubMed]
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