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and brain-gut axis in
epilepsy treatment

Hanxiao Zhu'?*!, Wei Wang>' and Yun Li*?*

'Department of Neurology, The First Affiliated Hospital of Dali University, Dali, China, ?Clinical Medical
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The brain-gut axis plays a vital role in connecting the cognitive and emotional
centers of the brain with the intricate workings of the intestines. An imbalance in
the microbiota-mediated brain-gut axis extends far beyond conditions like
Irritable Bowel Syndrome (IBS) and obesity, playing a critical role in the
development and progression of various neurological disorders, including
epilepsy, depression, Alzheimer's disease (AD), and Parkinson’s disease (PD).
Epilepsy, a brain disorder characterized by unprovoked seizures, affects
approximately 50 million people worldwide. Accumulating evidence suggests
that rebuilding the gut microbiota through interventions such as fecal microbiota
transplantation, probiotics, and ketogenic diets (KD) can benefit drug-resistant
epilepsy. The disturbances in the gut microbiota could contribute to the toxic side
effects of antiepileptic drugs and the development of drug resistance in epilepsy
patients. These findings imply the potential impact of the gut microbiota on
epilepsy and suggest that interventions targeting the microbiota, such as the KD,
hold promise for managing and treating epilepsy. However, the full extent of the
importance of microbiota in epilepsy treatment is not yet fully understood, and
many aspects of this field remain unclear. Therefore, this article aims to provide an
overview of the clinical and animal evidence supporting the regulatory role of gut
microbiota in epilepsy, and of potential pathways within the brain-gut axis that
may be influenced by the gut microbiota in epilepsy. Furthermore, we will discuss
the recent advancements in epilepsy treatment, including the KD, fecal
microbiota transplantation, and antiseizure drugs, all from the perspective of
the gut microbiota.

KEYWORDS

epilepsy, brain-gut-microbiota axis, viscerosensory pathway, endocrine pathway,
immune pathway

1 Introduction

Epilepsy is a neurological disease characterized by recurrent, unprovoked epileptic
seizures, temporary neurological dysfunction, and a host of other adverse effects (Fisher
et al.,, 2014; Thijs et al., 2019). Seizures are transient clinical manifestations arising from
synchronized, high-frequency, or abnormal excessive neuronal activity in the central
nervous system (CNS). They can stem from a diverse range of etiologies associated
with congenital or acquired brain malformations, structural injuries or lesions, and
other brain diseases or disorders (Fisher et al., 2017a; Balestrini et al., 2021; Zhu et al.,
2023). Recent study has revealed that the prevalence of active epilepsy worldwide stands at
6.38 per 1,000 individuals, whereas the lifetime prevalence is estimated at 7.60 per
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1,000 individuals (Fiest et al., 2017). The annual incidence rate of
epilepsy is 6.144 per 10,000 people, with an alarming long-term
recurrence rate of 83.6% within a decade (Beretta et al., 2017; Fiest
et al., 2017; Zhu et al., 2022). Moreover, it has been found to be
linked with patient stigmatization, concurrent neurological and
psychiatric disorders, as well as exorbitant medical expenses, all
of which significantly impair the patient’s wellbeing and quality of
life, especially in low-income nations.

The elaborate relationship between the brain and the gut is
commonly referred to as the “brain-gut axis,” serving as the central
nexus that connects the cognitive and emotional centers in the brain
to gut function. This connection begins during development and
persists throughout a person’s lifetime (Borre et al., 2014; Furness
et al.,, 2014). Recent advancements in research have expanded our
understanding of the brain-gut axis beyond its role in functional
gastrointestinal disorders. Furthermore, these studies are dedicated
to elucidating the impact of gut dysbiosis on the structure and
function of this axis. The “brain-gut-microbiota axis” has been
coined to describe this form of gut microbial involvement in
2012). Gut
microbiota influence brain-gut interactions primarily through

brain-gut communication (Cryan and Dinan,
nerve, endocrine, immune and metabolic signaling mechanisms,
spanning early life stages to neurodegenerative pathologies, and
from the gut lumen to the CNS (Quigley, 2017).

Dysfunction within the brain-gut-microbiota axis may
and pathophysiology of

gastrointestinal disorders such as IBS and obesity. Additionally, it

contribute to the pathogenesis
also plays a role in the development of numerous neurological
disorders, including epilepsy, depression, AD, autism spectrum
disorder (ASD), Parkinson’s disease, and more (Amaral et al,
2008; Mayer, 2011; Cryan and Dinan, 2012; Park et al., 2013;
Sampson et al., 2016; Vuong and Hsiao, 2017; Ding et al., 2021).
In recent years, numerous studies have provided evidence
supporting a close connection between the gut and epilepsy, both
in clinical observations and animal experiments (Peng et al., 2018;
Zhang et al., 2018; Lindefeldt et al., 2019; Gong et al., 2020; Citraro
et al,, 2021; Ding et al,, 2021; Eor et al., 2021; Lee et al., 2021). For
instance, significant differences in fecal microbial composition have
been observed between individuals with epilepsy and healthy
subjects, as well as before and after KD treatment in epilepsy
patients and in animal models of epilepsy (Lindefeldt et al., 2019;
Gong et al., 2020; Eor et al,, 2021; Lee et al., 2021).
Understanding the interactions between the brain and the gut in
individuals with epilepsy holds immense significance in unraveling
the mechanisms of communication between these vital centers of
activity in the body and the underlying pathophysiology of epilepsy.
This exploration not only has the potential to identify novel
therapeutic targets for epilepsy treatment but also strives to
develop tailored preventive strategies for this condition.
Numerous previous reviews have delved into the connection
between gut microbiota and epilepsy (De Caro et al, 2019a;
Dahlin and Prast-Nielsen, 2019; Fan et al., 2019; Utamek-Koziot
et al, 2019; Holmes et al, 2020; Amlerova et al, 2021;
Chatzikonstantinou et al, 2021; Ding et al, 2021; Tang et al,
2021; Arulsamy and Shaikh, 2022; Fusco et al, 2022; Iannone
et al., 2022; Russo, 2022; Yue et al., 2022; Ozcan et al., 2022;
Wang et al, 2023), but this paper stands out as the most
comprehensive analysis to date. We have curated an extensive
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body of clinical and animal evidence that supports the
involvement of the brain-gut-microbiota axis in epilepsy and
drug-resistant epilepsy. Furthermore, we meticulously outline
potential pathways through which gut flora mediate epilepsy
pathology. Our primary focus is on elucidating the mechanisms
by which gut microbiota can be harnessed for epilepsy therapy,
thereby contributing to a more profound comprehension of this
critical aspect of the condition.

2 The close relationship between the
gut microbiota and epilepsy

Several population-based studies have revealed differences in gut
microbiota between individuals with epilepsy and healthy controls,
albeit in relatively limited sample sizes. In a bi-directional Mendelian
randomization study, researchers explored the causal relationship
and identified specific gut microbe taxa associated with epilepsy,
using genome-wide association study (GWAS) data of epilepsy, gut
microbiota, and gut microbiota-dependent metabolites such as
trimethylamine N-oxide and its predecessors. Following multiple-
testing correction, the study identified a suggestive association of
host-genetic-driven increase in class Melainabacteria with a lower
risk of generalized epilepsy with tonic-clonic seizures, class
Betaproteobacteria and order Burkholderiales with a lower risk of
juvenile myoclonic epilepsy, and family Veillonellaceae with a
higher risk of childhood absence epilepsy (Ouyang et al., 2022).

In order to gain a better understanding of the changes in gut
microbiota in children with focal epilepsy before and after drugs
treatment, Zhou et al. conducted a study that involved dividing
10 children with newly diagnosed focal epilepsy into a pre-treatment
subgroup and a post-treatment subgroup (treated with oral
oxcarbazepine), and included 14 healthy children of the same age
as controls. The study revealed significant differences in a diversity
between the pre-treatment subgroup and the control group. The
relative abundance of Actinobacteria phylum, and Escherichia/
Shigella, Collinsella, Streptococcus, and Megamonas genus was
notably higher in the pre-treatment subgroup, while
Faecalibacterium and Anaerostipes were enriched in the control
group. After 3 months of antiseizure treatment, no significant
differences were found in a diversity between the post-treatment
and pre-treatment subgroups. Additionally, the differences in
bacterial composition between the post-treatment children and
controls were not significant. However, the relative abundance of
Actinobacteria phylum notably declined after treatment compared
to the pre-treatment subgroup, and the proportion of certain genera,
such as Escherichia/Shigella, Collinsella, Streptococcus, and
Megamonas, also decreased significantly (Zhou et al, 2022).
Gong S.Z.
Actinobacteria phylum and

Similarly, et al. also found higher levels of
Escherichia/Shigella,

Collinsella, Streptococcus, and Megamonas in children with focal

the genus

epilepsy. After treatment with Oxcarbazepine, patients exhibited
lower levels of Actinobacteria phylum and the genus Escherichia/
Shigella, Collinsella, Streptococcus, and Megamonas (Gong, et al.,
2022). These findings were consistent with the results of the study by
Zhou et al. (2022).

In a separate study examining the gut microbiota composition,
30 patients with idiopathic focal epilepsy and 10 healthy subjects
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TABLE 1 Alterations in gut microbiota in patients with epilepsy.

Participants

Children with refractory epilepsy

Children with therapy-resistant epilepsy

Age (years)

0.5-3.2

2.8-15.3

Treatment

KD

KD

10.3389/fphar.2024.1276551

Alteration in gut microbiota

Lower alpha diversity; increased levels of
Bacteroidetes phylum and decreased
abundance of Firmicutes phylum

No changes in alpha diversity; decreased the
genus Bifidobacterium (the species
Bifidobacterium longum and B. adolescentis)
as well as Eubacterium rectale and genus
Dialister; increased abundance in Escherichia
coli

References

Zhang et al. (2018)

Lindefeldt et al. (2019)

Childhood absence epilepsy

Host-genetic-driven increase in family
Veillonellaceae with a higher risk of
childhood absence epilepsy

Ouyang et al. (2022)

Generalized epilepsy with tonic-clonic
seizures

Juvenile myoclonic epilepsy

Paediatric patients with cerebral palsy and
epilepsy

70.43 +
20.93 months

Host-genetic-driven increase in class

Melainabacteria with a lower risk of

generalized epilepsy with tonic-clonic
seizures

Host-genetic-driven increase in class
Betaproteobacteria and order
Burkholderiales with a lower risk of juvenile
myoclonic epilepsy

Higher microbial diversity; incaresed genera
Bifidobacterium, Streptococcus,
Akkermansia, Enterococcus, Prevotella,
Veillonella, Rothia, and Clostridium IV;
reduced genera Bacteroides,
Faecalibacterium, Blautia, Ruminococcus,
Roseburia, Anaerostipes, and Parasutterella

Ouyang et al. (2022)

Ouyang et al. (2022)

Huang et al. (2019)

Children with focal epilepsy

Mean age 6.35

Oral antiepileptics

Pre-reatment vs. Control: significant
differences in alpha diversity; higer
Actinobacteria phylum; increased genera
Escherichia/Shigella, Streptococcus,
Collinsella, and Megamonas; decaresed
genera Faecalibacterium and Anaerostipes;
Post-treatment vs. Pre-treatment: reduced
Actinobacteria phylum and genera
Escherichia/Shigella, Streptococcus,
Collinsella, and Megamonas

Zhou et al. (2022)

Children with cerebral palsy and epilepsy

Infants with epilepsy

Children with cerebral palsy and epilepsy

Childhood Epilepsy

Children with drug refractory epilepsy

0-2

26.33 £ 12.05

Fluid diet

Bifidobacterium, Bacteroidetes, and
Prevotella were the top three abundant
genera

Lower abundance of Proteobacteria phylum
and higher abundance of Bifidobacterium
genus

Liquid diet vs. General diet: significant
differences in Bacteroidetes and
Actinobacteria phylum; increased genera
Bifidobacterium and Collinsella; decreased
genera Prevotella, Roseburia, Lactobacillus,
and Faecalibacterium

Higer the genera Flavobacterium,
Holdemania, and Hyphomicrobium; the
genera Megamonas and Coriobacterium were
observed only in the epilepsy

Increased richness and diversity, and
Actinobacteria phylum and the genus
Enterococcus, Anaerostipes, Bifidobacterium,
Bacteroides, and Blautia

Huang et al. (2022)

Liu et al. (2023)

Huang et al. (2021)

Tiiray et al. (2023)

Gong et al. (2021)

Children with drug refractory epilepsy

Frontiers in Pharmacology

26.33 £ 12.05

KD

03

Decreased the genus Bifidobacterium,
Akkermansia, Enterococcaceae and
Actinomyces, and increased the genus
Subdoligranulum, Dialister, Alloprevotella

(Continued on following page)

Gong et al. (2021)
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TABLE 1 (Continued) Alterations in gut microbiota in patients with epilepsy.

Participants

Age (years)

Treatment

10.3389/fphar.2024.1276551

Alteration in gut microbiota

References

An ASD patient with a history of
generalized seizures

17-year-old

KD

A reduction in Firmicutes, Bacteroidetes, and
Proteobacteria phylum;

Bertuccioli et al. (2022)

An ASD patient with a history of
generalized seizures

Children with epilepsy

Participants with cryptogenic epilepsy

Temporal lobe epilepsy patients with
anxiety disorders

17-year-old

3-16

53 £6.72

313+£72

Monosaccharides and polyols
diet

VPA treatment

Increased alpha biodiversity; Decreased
Actinobacteria, Firmicutes, Lactobacilli, and
Bifidobacteria, and the Firmicutes/
Bacteroidetes ratio

Reduced trend of bacterial abundances and
biodiversity; increased abundance in
Akkermansia spp. and Proteobacteria and a
decreased relative abundance in
Faecalibacterium spp.

Increased the ratio of phylum Firmicutes/
Bacteriodetes;

Higher abundances of Firmicutes (phylum),
Proteobacteria (phylum), Lachnospirales
(order), Enterobacterales (order),
Lachnospiraceae (family),
Enterobacteriaceae (family),
Gammaproteobacteria (class), and lower
abundances of Clostridia (class), Escherichia-
Shigella (genus), and Ruminococcus (genus);
more abundant in fungi: Saccharomycetales
fam. incertae sedis (family),
Saccharomycetales (order), Saccharomycetes
(class), and Ascomycota (phylum)

Bertuccioli et al. (2022)

Ceccarani et al. (2021)

Gong et al. (2022a)

Wei et al. (2023)

Patients with drug-resistant epilepsy

16-50

Ciprofloxacin

Increased Bacteroidetes/Firmicutes ratio

Cheraghmakani et al.
(2021)

Children with cerebral palsy and epilepsy

Children with cerebral palsy and drug-
resistant epilepsy

Patients with epilepsy

Children with focal epilepsy

Children with focal epilepsy

8.8 (4.5-16.9)

9.7 (4.5-15.4)

31.6 £ 122

6 (5, 9)

6(5,9)

Oxcarbazepine

Decreased abundances of Bacteroides fragilis
and Dialister invisus; increased abundances
of Phascolarctobacterium faecium and
Eubacterium limosum

Higher abundances of Veillonella parvula

Increased the genus Fusobacterium,
Megasphaera, Alloprevotella, and Sutterella

Higher Actinobacteria phylum and the genus
Escherichia/Shigella, Collinsella,
Streptococcus, and Megamonas

Lower Actinobacteria phylum
Actinobacteria phylum and the genus
Escherichia/Shigella, Collinsella,
Streptococcus, and Megamonas

Peng et al. (2023)

Peng et al. (2023)

Dong et al. (2022)

Gong et al. (2022)

Gong et al. (2022)

Drug-resistant epilepsy patients

27.70 £ 13.32

Lower microbial diversity; higher the
Phylum Firmicutes and the class Bacilli

Dai et al. (2022)

Rasmussen encephalitis with focal
intractable seizures

18

Probiotic kefir
supplementation

Increased Lactobacillus and Bifidobacterium
species

Lemos et al. (2022)

Children with Intractable Epilepsy

Pediatric patients with refractory epilepsy

Frontiers in Pharmacology

1.16-6.92

1.95 + 3.10

04

Lower microbiota richness; higher
abundance of Actinobacteria and lower
abundance of Bacteroidetes

Increased abundance of the Firmicutes and
Proteobacteria phylum; decreased
abundance of Bacteroidetes and
Actinobacteria; elevated abundance of
Cronobacter, and decreased the relative
abundance of beneficial genera such as
Bacteroides, Prevotella, and Bifidobacterium

Lee et al. (2020)

Xie et al. (2017)

(Continued on following page)
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TABLE 1 (Continued) Alterations in gut microbiota in patients with epilepsy.

Participants Treatment

Age (years)

10.3389/fphar.2024.1276551

Alteration in gut microbiota References

Pediatric patients with refractory epilepsy = 1.95 + 3.10 KD

Increased abundance of the Bacteroides and = Xie et al. (2017)
Prevotella; decreased abundance of the

Cronobacter, Erysipelatoclostridium,

Streptococcus, Alistipes, Ruminiclostridium,

Barnesiella and Enterococcus

Patients with idiopathic focal epilepsy 413 + 122 —

Higher levels of the Proteobacteria phylum,
which included genera such as
Campylobacter, Delftia, Lautropia,
Haemophilus, and Neisseria

Safak et al. (2020)

Patients with drug- responsive epilepsy 44 +17.2 —

41 £ 13.6 —

Patients with drug-resistant epilepsy

Patients with drug-resistant epilepsy 28.4 + 124 —

Increased relative abundance of Bacteroides
finegoldii and Ruminococcus_g2

Lee et al. (2021)

Increased relative abundance of
Negativicutes

Lee et al. (2021)

Greater microbial community richness and
evenness; higher abundance of the
Firmicutes phylum and relatively lower
abundance of the Bacteroidetes phylum;
elevated abundance of numerous rare
bacteria, including Clostridium XVIII,
Fusobacterium, Methanobrevibacter,
Atopobium, Holdemania, Delftia,
Coprobacillus, Dorea, Saccharibacteria,
Paraprevotella, Gemmiger, Akkermansia,
Ruminococcus, Neisseria, Coprococcus,
Phascolarctobacterium, and Roseburia

Peng et al. (2018)

Patients diagnosed with epilepsy 26.33 + 12.05 —

Increased levels of Actinobacteria and
Verrucomicrobia phylum and decreased
levels of Proteobacteria phylum; increased
Prevotella_9, Blautia, Bifidobacterium, and
others genus

Gong et al. (2020)

Patients with drug-resistant epilepsy 26.33 + 12.05 —

were analyzed (Safak et al., 2020). Patients with epilepsy exhibited
higher levels of the Proteobacteria phylum, which included genera
such as Campylobacter, Delftia, Lautropia, Haemophilus, and
Neisseria. Conversely, the healthy controls had lower abundance
of this phylum. The Clostridium phylum, specifically Leptotrichia
and Fusobacterium, were found in 10.6% of epileptic patients but
were absent in the healthy controls. Moreover, the levels of the
Firmicutes, Actinobacteria, and Bacteroidetes phylum were higher
in the healthy control group compared to epileptic patients. At the
genus level, Blautia, Coprococcus, Faecalibacterium and
Ruminococcus genus of the Firmicutes phylum, Bifidobacterium
and Collinsellagenus of the Actinobacteria phylum, Bacteroides
and Parabacteroides genus of the Bacteroidetes phylum were
significantly higher in the healthy volunteer group than in the
epilepsy group (Safak et al., 2020).

Furthermore, Huang et al. conducted a study to investigate the
gut microbiota characteristics in 25 children with both cerebral palsy
and epilepsy, comparing them with 21 healthy children. The results
revealed that pediatric patients with cerebral palsy and epilepsy
exhibited significantly higher microbial diversity and enrichment of
Bifidobacterium,  Streptococcus, — Akkermansia, — Enterococcus,
Prevotella, Veillonella, Rothia, and Clostridium IV genera, while
there was a noticeable reduction in Bacteroides, Faecalibacterium,

Frontiers in Pharmacology

Increased Actinobacteria, Verrucomicrobia,
and Nitrospirae phylum and several genera
including Blautia, Subdoligranulum,

Bifidobacterium, Dialister, and Anaerostipes

Gong et al. (2020)

Blautia, Ruminococcus, Roseburia, Anaerostipes, and Parasutterella
genera (Huang et al., 2019). Moreover, a separate study by Liu et al.
(2023) found that neonates aged 0-2 years with epilepsy showed a
lower abundance of Proteobacteria phylum and a higher abundance
of Bifidobacterium genus. These findings, in conjunction with the
data presented in Tables 1, 2, suggest a potential association between
epilepsy and alterations in gut microbiota. Notably, these studies
have too few subjects and risk for over fitting if the data. It is crucial
for future research to utilize larger and more diverse samples in
order to ensure the generalizability of the findings. Additionally,
researchers should employ appropriate statistical techniques to
avoid overfitting and ensure the robustness of their results.
However, a significant portion of current research aimed at
understanding the role of gut flora in epilepsy has primarily focused
on patients with drug-resistant epilepsy, which refers to cases where
seizures cannot be effectively controlled with antiseizure drugs.
epilepsy,
individuals with epilepsy are resistant to multiple anti-seizure

Drug-resistant where approximately 30%-40% of
drugs, presents a significant challenge in treatment (Tang et al.,
2017). To investigate potential factors contributing to drug
resistance, a study analyzed the gut microbiota of 42 patients
with drug-resistant epilepsy, 49 with drug-sensitive epilepsy, and
65 healthy controls. The results revealed that patients with drug-
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TABLE 2 Alterations in gut microbiota in animal models of epilepsy.

Animals

Age (years

Treatment

10.3389/fphar.2024.1276551

Alteration in gut microbiota

References

Dogs with idiopathic epilepsy 1-11 — No changes in a-diversity and Lactobacillus = Munana et al. (2020)
genus
Epileptic dogs 2-6 — Reduced abundance of Pseudomonadales, Garcia-Belenguer et al.
Pseudomonadaceae, Pseudomonas, (2021)
Pseudomona _graminis, Peptococcaceae,
Ruminococcaceae, Anaerotruncus as well as
Prevotellaceae
Epileptic dogs 56+ 1.9 — Higher abundance of Lactobacillus Garcia-Belenguer et al.
(2023)
Epileptic dogs 56+ 1.9 Ketogenic medium chain triglycerides | Higher abundance of Negativicutes and Garcia-Belenguer et al.
(MCT)- enriched diet Selenomonadales (2023)
Dogs with drug-refractory epilepsy = 6.8 + 1.8 MCT diet Increased the abundance of Firmicutes; Garcia-Belenguer et al.
decreased the abundance of Bacteroidetes (2023)
and Fusobacteria
The PTZ-induced kindled rats 90 days Prednisolone administration Increased abundance of Verrucomicrobia, de Lima et al. (2022)
Actinobacteria, and Saccharibacteria
Chronic PTZ-kindled model rats 7-8 weeks Anticonvulsant chemical Q808 Increased abundance of Lactobacillus, Li et al. (2022)
Roseburia, Alloprevptella,
Prevotellaceae_NK3B31_group,
Prevotellaceae_UCG-001, and Prevotella_9
Lithium chloride-pilocarpine- — — Reduced the genus Helicobacter, Gong et al. (2022b)
induced epilepsy rats Prevotellaceae_UCG-001, and
Ruminococcaceae_ UCG-005
Rats with Lithium-Pilocarpine- 60-day-old — Lower species richness; increased phylum Oliveira et al. (2022)

Induced Temporal Lobe Epilepsy

Neonatal rat model of infantile
spasms syndrome (IS)

Rat model of symptomatic IS

Four days after
birth

Four days after
birth

Switching KD to a normal diet

KD and antibiotic administration

Desulfobacterota and decreased
Patescibacteria

lower abundance of the genus Streptococcus,
Staphylococcus and higher Rothia; reduced
Streptococcus thermophilus and Streptococcus
azizii species; increased Enterococcus faecium
species

Increased abundance of Streptococcus
thermophilus and Lactococcus lactis

Shearer et al. (2023)

Mu et al. (2022a)

WAG/Rij rats (a genetic animal
model of absence epilepsy)

1, 4, and 8 months
of age

lower Bacteroidetes/Firmicutes ratio

Citraro et al. (2021)

WAG/Rij rats (a genetic animal
model of absence epilepsy)

6 months of age

FMT from Wistar non-epileptic
donors

Increased Coprococcus (C eutactus) and
Phascolarctobacterium (P succinatutens)
genera, and decreased Flexispira genera

Citraro et al. (2021)

Wistar rats

6 months of age

FMT from WAG/Rij rats

Decreased the relative abundance of C
eutactus and an increase of Bacteroides (B
dorei and B eggerthii), Parabacteroides (P
distasonis), and Akkermansia (A

Citraro et al. (2021)

muciniphila)

Mouse model of refractory epilepsy = 3-4 week old KD Decreased alpha-diversity; Increases A. Olson et al. (2018)
muciniphila and Parabacteroides

The Kcnal”~ mouse model for 3-4 week old KD Increases A. muciniphila and Parabacteroides | Olson et al. (2018)

generalized tonic-clonic seizures

The DBA/1 mouse model of
sudden unexpected death in

epilepsy

High-tryptophan diet

Increased richness and diversity and
Proteobacteria and Actinobacteria phylum

Yue et al. (2021)

Kainic acid (KA)-induced mouse
model

Lipopolysaccharide (LPS) injections
for 4 consecutive days

Increased the abundance of Ruminococcus

Ding et al. (2022)

Dravet mice

14-26 days after
birth

Reduced species richness; increased ratio of
Firmicutes and Bacteroidetes phylum;

Miljanovic and
Potschka (2021)
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10.3389/fphar.2024.1276551

TABLE 2 (Continued) Alterations in gut microbiota in animal models of epilepsy.

Animals Age (years) Treatment

Dravet mice P14-26 days after =~ KD

birth

Alteration in gut microbiota References
Increased the abundance of Firmicutes and
decreased the abundance of Bacteroidetes
phylum; elevated in Clostridium,
Oscillospira, Acetatifactor, and
Enterohabdus abundance

Miljanovic and
Potschka (2021)

Mouse model of trimethyltin —
chloride-induced epilepsy-like
seizure

resistant showcased an altered gut microbiome

epilepsy
composition, characterized by a pronounced increase in the
abundance of various rare bacteria. In contrast, the gut
microbiota of patients with drug-sensitive epilepsy closely
resembled that of healthy controls (Peng et al, 2018). At a
higher taxonomic level, patients with drug-resistant epilepsy
exhibited greater microbial community richness and evenness.
Specifically, they displayed relatively higher abundance of the
Firmicutes phylum and relatively lower abundance of the
Bacteroidetes phylum. Additionally, several rare phylum
demonstrated an increasing trend in patients with drug-resistant
epilepsy. For instance, the phylum Verrucomicrobia was also more
abundant in drug-resistant epilepsy patients compared to both drug-
sensitive epilepsy patients and healthy controls. Moreover, at the
genus level, patients with drug-sensitive epilepsy showed
significantly higher abundance of Bacteroidetes and two genera,
Bacteroides and Barnesiella. In contrast, the microbial composition
of drug-resistant epilepsy patients was characterized by an elevated
abundance of numerous rare bacteria, including Clostridium XVIII,
Atopobium,

Delftia, Coprobacillus, Dorea, Saccharibacteria, Paraprevotella,

Fusobacterium, Methanobrevibacter, Holdemania,
Gemmiger, Akkermansia, Ruminococcus, Neisseria, Coprococcus,
Phascolarctobacterium, and Roseburia (Peng et al., 2018). Gong
et al. (2020) examined the fecal microbiota of 55 patients
diagnosed with epilepsy and 46 healthy individuals to unravel the
intricate interplay between gut microbiome and epilepsy.
Differences were observed in the structure and composition of
the fecal microbiota among patients with various clinical
prognoses, as well as between patients and healthy controls. For
instance, Verrucomicrobia, and Nitrospirae phylum and several
Bifidobacterium,

Dialister, and Anaerostipes were enriched in patients with drug-

genera including Blautia, Subdoligranulum,
resistant epilepsy. The alterations in the microbiome observed in
patients with epilepsy included increased levels of Actinobacteria
and Verrucomicrobia phylum, while the levels of Proteobacteria
phylum were decreased. In addition, Prevotella_9, Blautia,
Bifidobacterium, and other genera were found to be increased in
epilepsy patients. Notably, the models constructed based on the gut
microbiome were capable of distinguishing between drug-resistant
and drug-sensitive epilepsy (Gong et al., 2020). Interestingly, an
exploratory study found that patients with drug-resistant epilepsy
and drug-sensitive epilepsy did not show significant differences in
alpha and beta diversity analyses, but the composition of the gut
microbiota did. In particular, the drug-sensitive group showed an
increased relative abundance of Bacteroides finegoldii and
Ruminococcus_g2, whereas the drug-resistant group showed an
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increased relative abundance of Negativicutes,

belonging to the Firmicutes (Lee et al., 2021).

a  phylum

A comprehensive analysis of the fecal microbiota in pediatric
patients with refractory epilepsy has unveiled significant differences
in the diversity of their intestinal microbiota compared to age-
matched healthy infants (Xie et al., 2017). For example, infants with
refractory epilepsy exhibited a notable increase in the abundance of
the Firmicutes and Proteobacteria phylum, while experiencing a
decrease in the presence of Bacteroidetes and Actinobacteria in their
fecal microbiota. Delving deeper into the microbial composition at
the genus level, infants with epilepsy displayed a significant rise in
the abundance of Cronobacter, a potential pathogenic bacterium,
while concurrently experiencing a decrease in the relative abundance
of beneficial genera such as Bacteroides, Prevotella, and
Bifidobacterium (Xie et al, 2017). In addition, Lindefeldt et al.
(2019) investigated the fecal microbiota of 12 children with
therapy-resistant epilepsy and unraveled compelling alterations in
the relative abundance of key phylum within the intestinal
microbiota. The patients with epilepsy exhibited a significant
decrease in the presence of the Bacteroidetes and Proteobacteria
phylum. Inversely, there was a substantial increase in the relative
abundance of the Actinobacteria and Firmicutes phylum.
Consistently, Lee et al. conducted a study focusing on the gut
microbiome of 8 children with intractable epilepsy and 32 age-
matched healthy participants. The results also revealed lower
microbiota richness in the epilepsy children compared to the
healthy controls. The epilepsy group exhibited higher abundance
of Actinobacteria and lower abundance of Bacteroidetes compared
to the healthy controls. What is more, Enterococcus faecium,
Bifidobacterium longum, and Eggerthella lenta emerged as strong
potential biomarkers in the refractory epilepsy patients (Lee
et al., 2020).

In addition to clinical studies, evidence from animal models of
epilepsy supports the relationship between gut microbiota and the
pathophysiology of epilepsy. Sprague-Dawley (SD) rats exposed to
chronic restraint stress exhibited heightened vulnerability to
seizures, as even a minimal amount of basolateral amygdala
stimulation was sufficient to trigger complete and persistent
seizures. Furthermore, when fecal contents from stressed donors
were transplanted into the gastrointestinal tract of specific
pathogen-free (SPF) rats, the recipients displayed an amplified
susceptibility to seizure-inducing stimuli, along with prolonged
seizure duration. SPF rats receiving fecal transplants from sham-
stressed subjects exhibited increased seizure thresholds and
shortened seizure duration. On the contrary, the implantation of
intestinal microbiota from non-stressed rats into stressed animals
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demonstrated a noteworthy reduction in the duration of epileptic
seizures within the stressed group of rats (Medel-Matus et al., 2018).
The induction of intestinal inflammation through the intracolonic
administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS) in
adult male rats resulted in an augmented susceptibility to
pentylenetetrazole (PTZ) seizures, which exhibited a strong
correlation with the severity and progression of intestinal
inflammation (Riazi et al., 2008). Central antagonism of TNF
alpha using a monoclonal antibody successfully prevented the
increase in seizure susceptibility. Analysis of the gut microbiota
between WAG/RIj rats (a recognized genetic model of absence
epilepsy)
differences in beta diversity and specific phylotypes across all age

and non-epileptic Wistar rats revealed notable
groups, as well as significant variations in the Bacteroidetes/
Firmicutes ratio (Citraro et al, 2021). Importantly, fecal
microbiota transplantation (FMT) from both Wistar and
ethosuximide-treated WAG/Rij donors to WAG/Rij rats resulted
in a significant reduction in the frequency and duration of seizures.
Further, histological findings further highlighted that WAG/Rij rats
displayed intestinal villi disruption and inflammatory infiltrates as
early as 1 month of age, prior to the onset of seizures. FMT partially
restored intestinal morphology while also significantly modifying
the gut microbiota, leading to a concurrent reduction in absence
seizures (Citraro et al., 2021).

Similarly, the dextran sulfate sodium (DSS)-induced intestinal
inflammation in mice led to an increased susceptibility to PTZ-
induced seizures (De Caro et al, 2019b). Reducing intestinal
inflammation through the administration of alpha-lactoalbumin
(ALAC) and sodium butyrate (NaB) exhibited significant anti-
seizure effects in mice, but failed to demonstrate efficacy as anti-
seizure agents in control mice without colitis at the same doses.
Notably, in DSS-treated mice, the anti-seizure efficacy of valproic
acid (VPA) was compromised compared to its ability to prevent
seizures in non-DSS-treated mice (De Caro et al., 2019b). Then
again, mice receiving microbiota from epileptic animals exhibited a
higher propensity to develop status epilepticus compared to
recipients of “healthy” microbiota, particularly after receiving
subclinical doses of pilocarpine. This indicates an increased
susceptibility to seizures influenced by the microbiota (Mengoni
et al.,, 2021).

In brief, a wealth of clinical and animal experimental evidence
(along with Tables 1, 2) supports the hypothesis of a close
relationship between gut microbiota and epilepsy.

3 The role of gut microbiota-mediated
visceral sensory pathways in epilepsy

The Enteric nervous system (ENS) is a peripheral nervous
system substructure that directly controls the gastrointestinal
tract and plays a vital role in the reflex physiological control of
the body (Costa et al, 2000). Comprising over 100 million
ENS is
microcircuit designed to function autonomously, independent of
the CNS and spinal cord (Gershon, 2010).

While the ENS is capable of autonomous behavior, it maintains

interconnected neurons, the a highly complex

bidirectional communication with the CNS. This communication is
usually through the sympathetic nervous system via afferent sensory
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pathways in the vagus nerve and efferent motor pathways in the
prevertebral ganglion, respectively (Khlevner et al., 2018). The ENS
innervates visceral smooth muscle and other organs involved in
gastrointestinal secretory, sensory, motor, endocrine, and immune
functions. It transmits sensory signals through the spinal cord and
vagus nerve to the brainstem and sensorimotor brain circuits, with
modulation from affective and cognitive networks (bottom-up
pathways) (Craig, 2003). Additionally, the autonomic nervous
system’s sympathetic and parasympathetic efferent branches
directly connect emotional arousal and autonomic brain circuits
to the ENS (top-down pathway) (Mayer, 2011; Van Oudenhove
et al,, 2016). The brain and gastrointestinal tract have a complex
bidirectional interaction to regulate normal digestive processes and
integrate them with the organism’s emotional and physiological
states (Craig, 2002).

Interestingly, emerging evidence suggests that the gut
microbiota plays a significant role in regulating the brain-gut
axis. The microbiota has the ability to influence the CNS directly
through the vagus nerve or indirectly by modulating the ENS (Bercik
et al,, 2011) (see Figure 1). On the side, an essential player in the
communication between the brain and gut is 5-hydroxytryptamine
(5-HT). It is present in both the ENS and CNS, acting as a crucial
mediator in brain-gut communication. As a hormone throughout
the loop, further highlighting its importance in this intricate system
(Wikoff et al., 2009).

Remarkably, vagus nerve stimulation (VNS) has emerged as a
widely utilized therapy for epilepsy since its initial discovery in 1988
(Attenello et al., 2015). The electrical stimulation of vagal afferent
fibers has been found to have an effect on the brain’s concentrations
of various neurotransmitters, such as 5-hydroxytryptamine,
acid (GABA), and glutamate. This
alteration in neurotransmitter levels may provide an explanation

gamma-aminobutyric

for the effectiveness of vagus nerve stimulation in treating epilepsy
(Ressler and Mayberg, 2007). Besides that, recent studies have shed
light on the connection between gut stimulation and modulation of
brain activity through the autonomic nervous system. In mice
administered live Campylobacter jejuni, it was observed that the
c-fos gene expression is upregulated in the vagus sensory ganglia and
the nucleus of the solitary tract (nTS), which serves as the primary
sensory relay nucleus for the vagus. This finding suggests that gut
stimulation may have the ability to influence brain activity through
the autonomic nervous system (Goehler et al., 2005). Specifically, the
enteroendocrine cells (EECs) can detect signals released by gut
with
neurotransmitters like GABA, glutamate, 5-hydroxytryptophan,

microbiota through various receptors, and interact
and norepinephrine, which are released by gut microbiota. The
signals from the EECs are then transmitted through vagal synapses
to neurons, ultimately modulating the excitability of the CNS (Wang
and Powley, 2007; Kaelberer et al., 2018; Gribble and Reimann, 2019;
Kuwahara et al., 2020; Yu et al., 2020) (see Figure 1). For instance,
Kaelberer et al. (2018) discovered the presence of intestinal
endocrine cells, known as neuropod cells, that can synapse with
vagal neurons and utilize glutamate as a neurotransmitter to rapidly
transmit intestinal luminal signals on a millisecond scale. These
neuroepithelial circuits establish a direct connection between the gut
lumen and the brainstem, creating a physical conduit for the brain to
perceive gut stimuli with remarkable temporal precision and

topographical resolution.
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FIGURE 1

Schematic representation of the role of gut microbiota-mediated visceral sensory pathways in epilepsy. The gut microbiota possesses the
remarkable capacity to directly affect the CNS through the vagus nerve, as well as indirectly by influencing the enteric nervous system (ENS) and
generating essential metabolites (such as 5-HT, NE, glutamate, GABA, and more) that can traverse the blood-brain barrier, ultimately regulating epilepsy
susceptibility by modulating the excitability of the CNS. Abbreviations: CNS, central nervous system; ENS, enteric nervous system; ANS, autonomic

nervous system; VN, vagus nerve; NE, norepinephrine.

4 The role of gut microbiota-mediated
endocrine pathways in epilepsy

4.1 Endocrine pathways in brain-
gut signaling

The intricate mechanisms through which the brain and gut
interact involve the release of endocrine mediators primarily derived
from the hypothalamic-pituitary-adrenal (HPA) axis (Mayer et al.,
2015). Part of the limbic system, the HPA axis is typically activated
by stressors or systemic pro-inflammatory cytokines, and it
primarily regulates emotional responses. Stress, in particular,
induces emotional responses and stimulates hypothalamic
activity. This stimulation triggers the secretion of corticotropin-
releasing factor (CRF) (Stengel and Tache, 2010), which, in turn,
stimulates the release of adrenocorticotropic hormone (ACTH)
from the pituitary gland. ACTH then acts on the adrenal glands
to promote the secretion of cortisol. Elevated levels of cortisol, a
crucial stress hormone, interact with the gut to modulate various
aspects of gastrointestinal function, visceral sensation, autonomic
activity, and behavior (Ulrich-Lai and Herman, 2009).

At the intestinal level, these effector molecules exert effects on
motility and secretion, intestinal permeability, local and systemic
immune function and inflammation, as well as microbiota
composition and function. For instance, increased intestinal
permeability can disrupt the intestinal microbiota, resulting in
elevated levels of pro-inflammatory cytokines (such as tumor
necrosis factor a29) and the release of serotonin (5-HT) from
enteroendocrine cells (Liebregts et al.,, 2007; Collins et al., 2012).
These processes can enhance the sensitivity of visceral afferent

nerves, amplifying stress-induced changes in motility, secretion,

Frontiers in Pharmacology

and permeability, which further heightens afferent signaling from
the ENS (Keightley et al., 2015).

Both animal and human studies indicate that chronic or
prolonged stress may lead to a sustained increase in the
responsiveness of the brain’s central stress loop, ultimately
resulting in functional and affective disturbances. Moreover,
chronic or prolonged stress has been associated with the onset
and exacerbation of symptoms in IBS (Whitehead et al., 1992).
Patients with IBS often exhibit stress-induced alterations in
gastrointestinal motility, gut sensation, autonomic regulation, and
the response of the HPA axis (Whitehead et al., 2002). Over time,
disruptions in the HPA axis can result in dysregulation of stress
responses, pain modulation, and various other brain circuits,
creating a maladaptive and mutually reinforcing cycle of brain-
gut interactions.

Additionally, a diverse array of peptide hormones secreted by
intestinal endocrine cells play a key role in regulating brain-gut
signaling (Steinert et al., 2017). These intestinal peptides not only
regulate motility and sensitivity but also
homeostatic brain circuits in the brainstem and hypothalamus

gastrointestinal

through vagal afferent-terminal receptors. By doing so, they
regulate food intake and energy homeostasis based on the body’s
energy resources and nutritional needs. And then this regulatory
neural network is involved in the motivational, emotional, and
learning aspects of food reward (Alonso-Alonso et al., 2015). The
combination of sensory signals from the gut, along with oral (taste)
and extra-sensory inputs such as vision and odor, ultimately
determines the rewarding value of food, thereby influencing
appetite and feeding behavior (Weltens et al, 2014). Under
normal circumstances, these gut peptides maintain a balance with
the homeostatic network established by brain regions. However,
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Overview of role of gut microbiota-mediated endocrine pathways in epilepsy. Chronic stress has emerged as a potential catalyst for disrupted gut
microbiota, which, in turn, can upregulate the production of metabolites (such as LPS) that promote epilepsy. Additionally, these imbalances in the gut
microbiota can trigger the secretion of inflammatory factors, further exacerbating the condition. Consequently, an abnormal GABA/glutamate ratio
ensues, ultimately leading to the onset of epilepsy. Conversely, a healthy gut microbiota has the ability to generate beneficial metabolites like SCFAs

and 5-HT, which play a crucial role in inhibiting the occurrence of epilepsy. Furthermore, the interaction between the microbiota-gut-brain axis and
epilepsy involves the HPA axis, thereby highlighting its significance in this intricate relationship. Notably, the question of whether metabolites, including
neurotransmitters, produced through the metabolism or regulation by the gut microbiota can permeate the BBB, and whether their effects on epilepsy
are direct, indirect, or both, remains an unresolved inquiry. Abbreviations: HPA axis, hypothalamic-pituitary-adrenal axis; CRF, corticotropin-releasing
factor; ACTH, adrenocorticotropic hormone; LPS, lipopolysaccharide; SCFAs, short-chain fatty acids; BBB, blood-brain barrier.

when dysfunction occurs at any level of the brain-gut axis, this
balance can be disrupted, leading to abnormal processing of signals,
both physiological and noxious. Prolonged enhancement of afferent
visceral signals may even impact mood, fear, anxiety, and other
emotional processes (Berthoud and Morrison, 2008; Mayer
et al.,, 2015).

4.2 Endocrine signaling between the gut
microbiota and the brain plays a vital role
in epilepsy

Stress has the potential to trigger seizures, and the HPA axis is
the primary regulatory system in the stress response (Cano-Lopez
and Gonzélez-Bono, 2019). Different hormones have distinct effects
on seizures: glucocorticoid levels are elevated in epilepsy patients,
while deoxycorticosterone, an anticonvulsant drug, exhibits
beneficial effects; Corticotropin-releasing hormone (CRH) and
the of
neurotransmitters like glutamate, which can induce seizures
(Baram and Schultz, 1991; Reddy and Rogawski, 2002; Werner

and Covenas, 2017). Recent research has revealed a correlation

corticosterone  promote signaling excitatory

between gut microbiota and the HPA axis. For instance,
structural and functional changes in the gut microbiota due to
stressful conditions regulate the expression of genes associated
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with the colonic CRH pathway (Vodicka et al, 2018) (see
Figure 2). Nevertheless, further investigation is required to
understand the mechanism connecting gut microbiota, the HPA
axis, and epilepsy.

Congruent lines of evidence have proposed that imbalances in
neurotransmitters have been strongly linked to the development of
epilepsy, with epileptic foci often exhibiting decreased levels of
inhibitory neurotransmitters, such as GABA, and elevated levels
of excitatory neurotransmitters like glutamate, dopamine, and
norepinephrine (Singh and Goel, 2016). For instance, the
disrupted balance of GABA and glutamate in brain tissue has
been observed in patients with epilepsy (Fisher et al., 2017b).
GABA is an inhibitory neurotransmitter widely distributed in the
nervous system, and a decrease in GABA levels can lead to changes
in neuronal cell permeability to synaptic interstitial chloride ions.
This alteration can result in lower seizure thresholds and an
increased susceptibility to epilepsy (Barrett et al, 2012; Peng
et al, 2018). It has been found that various types of gut
microbiome are capable of metabolizing and producing distinct
neurotransmitters. For example, Enterococcus spp., Streptococcus
spp., and Escherichia coli spp. can produce serotonin. Lactobacillus
spp. and Bifidobacterium spp. are responsible for synthesizing
GABA. Escherichia coli spp. and Bacillus spp., on the other hand,
produce noradrenaline and dopamine (Tsavkelova et al., 2000;
Ozogul, 2004; Shishov et al., 2009; Barrett et al., 2012; Ozogul
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et al,, 2012; Strandwitz, 2018) (see Figure 2). Recent studies have
shown the relative abundance of intestinal Ruminococcus and
Coprococcus was positively correlated with brain tissue glutamate
and glutamine levels (Sun et al., 2016; Zhang et al., 2021; Binh Tran
et al, 2023). The gut microbiota, specifically the presence of
beneficial bacteria such as A. mucinophilia and Parabacteroides,
may provide protective benefits against seizures by modulating brain
neurotransmitter levels, including GABA and glutamate in the
hippocampus. Bacterial dysbiosis may alter GABA levels, leading
to an exacerbation of seizures (Galland, 2014; McDonald et al.,
2018). In addition, Barrett et al. investigated that Bifidobacterium
spp. an important probiotic in the gut, not only stimulates
the
defenses against external pathogens but also secretes GABA that
may traverse the blood-brain barrier (BBB) and enter the CNS.
Notably, when mice were colonized with Ackermannia and

inflammatory responses and boosts immune system’s

Paramycetes in their gastrointestinal tracts, it led to reduced
levels of excitatory amino acids (glutamate) in both the serum
and intestines, along with increased expression of GABA in the
hippocampus. This colonization exerted anti-seizure effects (Olson
etal., 2018). However, current research has yet to confirm the direct
entry of neurotransmitters produced by gut microbiota into the
brain across the BBB and their role in shaping brain structure
and function.

Previous studies have demonstrated that approximately 90% of
5-HT is produced and distributed in intestinal enterochromaffin
cells (ECs), but the intestinal microbiota can play a role in its
production and secretion process (Yano et al, 2015; Lu et al,
2021). The commensal microbiota has the ability to directly
utilize luminal tryptophan to synthesize serotonin. Various
bacteria including Lactococcus, Lactobacillus,  Streptococcus,
Escherichia coli, and Klebsiella have been found to produce
serotonin by expressing tryptophan synthetase. Specifically,
strains such as Lactococcus lactis subsp. Cremoris (MG 1363),
Lactococcus lactis subsp. Lactis (IL 1403), Lactobacillus plantarum
(FI8595), Streptococcus thermophilus (NCFB2392), Eschericchia coli
K-12, Morganella morganii (NCIMB, 10466), Klebisella pneumoniae
(NCIMB, 673), and Hafnia alvei (NCIMB, 11999) have been
identified as capable of serotonin production. Furthermore, it has
been observed that commensal bacteria, particularly spore-forming
bacteria found in the mouse and human microbiota, can enhance
serotonin biosynthesis in colonic ECs through a metabolite or cell
component-dependent mechanism (Williams and
Chryssanthopoulos, 1997; Sudo et al., 2004; O’Mahony et al.,
2015; Yano et al., 2015; Clark and Mach, 2016; Eisenstein, 2016;
Mandic et al., 2019). For instance, specific microbiota within the
intestines of mice have been found to promote the production of 5-
HT by regulating the rate-limiting enzyme responsible for its
synthesis, tryptophan hydroxylase 1 (TPH1) (Yano et al.,, 2015).
Depletion of 5-HT induced by reserpine reduces the threshold for
seizures triggered by electrical stimulation in rats, thereby increasing
their susceptibility to seizures (Wenger et al., 1973). Therefore, it is
reasonable to hypothesize that the intestinal microbiota modulates
the production and release of 5-HT from endocrine cells,
subsequently affecting the electrical activity of the intestinal
vagus nerve and the immune-inflammatory response. This
modulation, in turn, leads to an increased susceptibility to
epilepsy. Besides, studies have revealed a reduction in brain tissue
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N-acetylaspartate (NAA) levels in both epileptic patients and animal
models of epilepsy (Ferrier et al., 2000; Gomes et al., 2007).

Specific intestinal microbiota, such as Firmicutes and
Bacteroidetes, have the ability to ferment and break down
insoluble dietary fiber, leading to the production of important
metabolites known as short-chain fatty acids (SCFAs), including
acetate, propionate, and butyrate (den Besten et al, 2013) (see
Figure 2). These SCFAs play a significant role in promoting the
maturation of microglia, and changes in microglial function and
BBB permeability have been linked to seizure susceptibility (De Caro
et al, 2019a). It is worth noting that in this context, patients with
drug-resistant epilepsy exhibited significantly different levels of
Firmicutes and Bacteroidetes phylum compared to those with
drug-sensitive epilepsy and healthy controls, as demonstrated in
studies by Xie et al. (2017), Peng et al. (2018), Lindefeldt et al. (2019),
Lee et al. (2020), Safak et al. (2020), and Lee et al. (2021). A rat model
of post-traumatic epilepsy caused by lateral fluid percussion injury
showed that the trauma itself did not result in significant alterations
in the gut microbiota. However, the risk of developing post-
traumatic seizure was strongly correlated with the disruption of
gut microbiota and a decrease in intestinal SCFAs content prior to
the traumatic event (Medel-Matus et al., 2022). In an absence seizure
model using WAG/Rij rats, it was observed that brain tissue levels of
SCFAs were significantly reduced, whereas the supplementation of
butyrate effectively controlled their absence seizures. This can be
attributed to the ability of butyrate to enhance mitochondrial
function, protect brain tissue from oxidative stress, and prevent
neuronal apoptosis, ultimately increasing the seizure threshold and
reducing seizure intensity (Li et al., 2021a). As such, propionate
supplementation has been shown to attenuate mitochondrial
damage, hippocampal apoptosis, and neurological deficits, leading
to a decrease in seizure intensity and an increase in seizure latency
(Cheng et al., 2019). Furthermore, the KD has been utilized for
nearly a century as a treatment for drug-resistant epilepsy in both
children and adults (Xie et al., 2017; Olson et al., 2018; Zhang et al.,
2018; Lindefeldt et al., 2019; Eor et al,, 2021; Gong et al., 2021;
Miljanovic and Potschka, 2021; Shearer et al., 2023). A high
consumption of cruciferous and leafy vegetables, berries, and
nuts on the KD has been linked to a positive impact on the
profile of SCFAs produced by the gut microbiome (Gudan
et al., 2022).

5 The role of gut microbiota-mediated
immune pathways in epilepsy

5.1 Gut microbiota in the immune system

The gut microbiota plays a crucial role in maintaining the
balance of the host immune system. Research conducted on
mouse models of multiple sclerosis and stroke has highlighted
the of gut the
autoimmunity, particularly impacting the development and

involvement microbes in regulation of
function of CNS-resident immune cells, such as microglia M1
(Ochoa-Reparaz et al., 2010; Wang et al., 2014b; Benakis et al,,
2016). For instance, when adult SPF mice were treated with
antibiotics to remove bacteria, microglia reverted to an immature

state. However, subsequent restoration to a normal state was
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possible through allogeneic gut microbiota transplantation,
demonstrating the intimate connection between gut microbial
signaling and the maintenance of a mature microglial state (Erny
etal, 2015). Plus, disruptions in T cell subset homeostasis, including
Thl, Th2, Th17, and Treg, due to intestinal malnutrition, can
contribute to the development of autoimmune and inflammatory
disorders (Lee and Kim, 2017).

Th1 cells, which secrete pro-inflammatory cytokines like IL-2,
IL-12, TNF-alpha, and IFN-y, play a critical role in promoting
cellular immune responses (Luckheeram et al, 2012). Recent
research has shown that alterations in the gut microbiota
composition leads to the accumulation of specific amino acids,
such as phenylalanine and isoleucine, which in turn promote the
differentiation and proliferation of Thl cells. Consequently,
Thl immune cells infiltrate the brain and engage in local
communication with M1 microglia, causing a shift towards a
pro-inflammatory state. This cascade ultimately contributes to
neuroinflammation and cognitive dysfunction associated with
conditions like AD (Wang et al.,, 2019).

IL-17, which is produced by Th17 and y8T cells during acute
infections, has been shown to contribute to the pro-inflammatory
response. Interestingly, in stroke models, there is an enrichment of
yOT cells in the gut, which are then transported to the delicate
membranes of the brain. This suggests a potential link between gut
inflammation and the onset of stroke (Weaver et al., 2007). On the
other hand, Treg cells play a crucial role in maintaining immune
homeostasis by secreting the anti-inflammatory cytokine IL-10,
which helps to suppress excessive immune responses (Zhu et al.,
2010). Animal models of stroke have demonstrated that the deletion
of Treg cells leads to a significant increase in the activation of
resident and infiltrating inflammatory cells, including microglia and
T cells. This heightened activation consequently attenuates the post-
ischemic inflammatory response (Liesz et al., 2009). Moreover, Treg
cells have been found to inhibit the differentiation of Th17 cells and
the proliferation of yOT cells in the gut, thereby contributing to the
maintenance of an anti-inflammatory environment (Huber
et al., 2011).

Fecal calprotectin, a protein involved in intestinal inflammation,
has emerged as a potential regulator of the inflammatory response in
neurodegenerative diseases like AD and PD. A study showed that
fecal calprotectin levels were elevated in nearly 70% of AD patients,
suggesting its role in promoting neuroinflammation (Leblhuber
et al,, 2015). Similarly, elevated levels of fecal calreticulin in PD
patients led to changes in the integrity of the intestinal epithelial
barrier and the immune system (Mulak et al., 2017). Calreticulin is a
calcium-binding  protein  consisting of the SI100A8
S100A9 heterodimer, which make up a significant proportion of

and

the soluble protein content of neutrophils. Both S100A8 and
S100A9 are capable of producing amyloid proteins and can form
associations with other amyloids like B-amyloid (AB) and alpha-
synuclein (a-syn), as well as amyloid oligomers and protofibrils
(Wang et al.,, 2014a; Walsham and Sherwood, 2016). Macrophages
and microglia secrete SI00A9 during amyloid plaque formation,
leading to its expression in neuronal cells. These effector molecules
interact with Toll-like Receptor 4 (TLR4) and Receptor for
Advanced Glycation End Products (RAGE) pathways, further
activating microglia. The increased levels of calreticulin in
cerebrospinal fluid (CSF) and the brain of AD patients may
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facilitate its co-aggregation with AP and amyloid formation
(Wang et al., 2014a).

Among the intestinal microbiota amyloids, the curli protein
(curli) produced by Escherichia coli is currently the most extensively
studied. It shares similarities in primary and tertiary structures with
CNS amyloids and forms biofilms with bacterial cells, providing
resistance against physical and immunological factors (Cherny et al.,
2005; Zhao et al., 2015). Exposure to intestinal bacterial amyloid can
activate the immune system, thereby enhancing the response to
endogenous amyloid production in the brain (Friedland and
Chapman, 2017). It has been demonstrated that exposure of rats
to bacteria capable of producing frizzled protein leads to increased
a-syn deposition in neurons, as well as higher numbers of microglia
and astrocytes in both the gut and brain. This exposure also results
in elevated expression of Toll-like Receptor 2 (TLR2), interleukin-6
(I1-6), and tumor necrosis factor (TNF) in the brain (Chen
et al.,, 2016).

5.2 Involvement of the gut microbiota-
mediated immune response in
epilepsy pathology

A cohort study conducted in northern Denmark, encompassing
children born between 1998 and 2008, revealed a significant link
between maternal infection during pregnancy and an increased risk
of epilepsy in their offspring (Norgaard et al., 2012). It is worth
noting that this outcome is not specific to any particular pathogens
or drugs but rather can be attributed to common processes
associated with infections. Corroborating this finding, another
cohort study examining Danish births from 1982 to
2012 reported a noteworthy 78% surge in the prevalence of
epilepsy among children and young adults who had been
hospitalized for an infection (Ahlers et al., 2019). The infants
affected by group B streptococcus (GBS) infection, a leading cause
of neonatal infections, faced a significantly elevated risk of
developing epilepsy or other neurological disorders later in life
(Yeo et al,, 2019). The impact of infectious diseases on epilepsy is
further amplified by epidemiological investigations from Norway,
which demonstrated a significant rise in the incidence of infection-
associated febrile seizures following the 2009 influenza A (HIN1)
outbreak (Bakken et al., 2015). Furthermore, an association has been
established between human herpesvirus type 6 (HHV-6) and medial
temporal lobe sclerosis, a common cause of refractory epilepsy. For
instance, infected individuals with medial temporal lobe sclerosis
experience more frequent seizures and exhibit higher viral DNA
loads indicative of HHV-6 involvement in the development of this
condition through the induction of an aberrant immune-
inflammatory response (Kawamura et al., 2015; Leibovitch and
Jacobson, 2015). These findings collectively emphasize the critical
role that infections (or immune-inflammatory response), both
during pregnancy and throughout early life, play in shaping the
risk and development of epilepsy.

Evidence from animal models further supports the notion that
infections heighten the risk of developing epilepsy by engaging
immunoinflammatory pathways, involving factors such as TNF-a,
monocyte chemoattractant protein-1 (MCP-1), and others (Lv et al.,
2014; Cusick et al., 2017; Patel et al., 2017; Sewal et al., 2017; Medel-
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Schematic diagram of the role of gut microbiota-mediated immune pathways in epilepsy. The gut microbiota plays a crucial regulatory role in the
expression of key proteins responsible for maintaining the integrity of the intestinal mucosal barrier (IMB) and blood-brain barrier (BBB), such as Occludin
and Claudin. When the permeability of these barriers is increased, it paves the way for the escape of pathogenic microorganisms, metabolites (such as LPS
and PGN), and toxins from the intestinal tract. Consequently, compromised barriers allow for a significant influx of immune cells (including
peripheral monocytes or macrophages, T-cells) and inflammatory factors (such as TNF-A and IL-1b) to enter the CNS. These immune cells and
inflammatory factors then interact with central immune components like microglia and astrocytes, ultimately triggering seizures. Furthermore, specific
intestinal microbiota, such as those belonging to the Bacteroidetes phylum, can modulate the secretion of IL-17. These gut bacteria have the ability to
influence the activation and differentiation of Th17 cells, leading to alterations in the secretion of IL-17. Abbreviations: LPS, lipopolysaccharide; PGN,
peptidoglycan; AHRG, aryl hydrocarbon receptor agonist; VEGF-B, vascular endothelial growth factor-B; IMB, intestinal mucosal barrier; BBB, blood-

brain barrier.

Matus et al., 2018). For instance, studies utilizing rodent models
have demonstrated that the injection of lipopolysaccharide, a
component found in bacterial cell walls, triggers an upsurge in
pro-inflammatory factors like TNF-a, IL-6, and IL-1p within brain
tissue. This inflammatory response consequently lowers the
threshold for seizures induced by chemical (PTZ) and electrical
stimulation (Kolosowska et al., 2014; Russo et al., 2014; Leo et al,,
2020; Hu et al., 2022) (see Figure 3). Intracerebral infection of
C57BL/6] mice with the Daniels (DA) strain of Theiler’s murine
encephalomyelitis virus (TMEV) leads to approximately 50% of the
behavioral The primary
mechanism elevated levels of

mice acute seizures.
pathophysiological
inflammatory factors in the hippocampus and limbic system,
particularly IL-6 and TNF-a (Cusick et al, 2017). Remarkably,
when IL-6 and TNF receptor 1 (TNFRI) and TNF receptor 2
(TNFR2) knockout mice were injected with TMEV, a significant

reduction in seizures was observed, highlighting the key role of these

exhibiting
involves

inflammatory factors in the epileptic process (Cusick et al., 2017).

Th17 cells, identified as CD4" T cell subset, hold a pivotal role in
orchestrating the adaptive immune response (Weaver et al., 2007;
Chow and Mazmanian, 2009; Huber et al., 2011; Lee and Kim, 2017).
Their production of IL-17 can be modulated by specific intestinal
flora, such as those belonging to the Bacteroidetes phylum. These gut

bacteria can influence the activation and differentiation of
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Th17 cells, consequently altering the secretion of IL-17 (Ivanov
et al., 2008) (see Figure 3). Notably, patients suffering from epilepsy
exhibit markedly elevated levels of IL-17 in both cerebrospinal fluid
and peripheral blood. In line with this, alterations in the expression
of IL-17 showcase a positive correlation with both seizure frequency
and severity. This intriguing link suggests that the gut flora may
influence epilepsy susceptibility by intricately mediating the IL-17
pathway (Mao et al., 2013).

The pathogenesis of epilepsy is intertwined with the
inflammatory pathways that are regulated by the brain-gut-
microbiota axis (Gong et al., 2022b; Ding et al., 2022; Gernone
etal, 2022; Mu et al., 2022). For instance, the composition of the gut
flora may influence the immune function and modulate the
susceptibility of hosts to seizures (Wu et al, 2016; Li et al,
2021b) (see Figure 3). Specifically, gut microbiota metabolizes
dietary tryptophan into an aryl hydrocarbon receptor agonist.
This agonist, in turn,
promoting  their
ultimately leading to increased release of inflammatory factors
(Ochoa-Reparaz et al., 2010; Wang et al., 2014a; Benakis et al,
2016; Rothhammer et al, 2018). Additionally, the activation of
microglia further upregulates the expression of transforming
growth factor-alpha (TGF-a) and vascular endothelial growth
factor-B (VEGF-B)

interacts with microglia receptors,

migration, apoptosis, and phagocytosis,

in astrocytes. As a consequence, an
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inflammatory response is triggered within astrocytes (Rothhammer
et al, 2018). The crosstalk between astrocytes and microglia can
potentiate an enhanced inflammatory response and disrupt the
homeostasis of the BBB, facilitating the entry of peripheral blood
immune cells and inflammatory factors into the CNS. This chronic
inflammation, in turn, significantly elevates the risk of epilepsy
(Rothhammer et al., 2018). Experimental evidence supports the role
of gut flora in maintaining microglial immune function (Erny et al.,
2015; Rothhammer et al., 2016). For instance, observations in mice
reared in a sterile environment or treated with antibiotics to
suppress gut flora reveal that microglia in these animals exhibit
morphological, functional, differentiation, and activation defects,
leading to innate immunodeficiencies against pathogens. Since there
is no evidence to support that this pathological elimination of
microbiomes does not affect the absorption of nutrients,
exclusion of toxins, migration of cells, or other effects at a gut
level, which could potentially have a multistep downstream effect on
microglia. Therefore, it is reasonable to hypothesize that microglial
changes are primarily an indirect result of changes in the microbiota.
However, upon recolonization of the gastrointestinal tract, the
immune function of these microglia is restored, underscoring the
criticality of gut microbiota in regulating microglial function
(Rothhammer et al, 2016). Moreover, abnormalities in the
function of peripheral immune cells have been implicated in the
development of epilepsy. T-lymphocytes and monocytes, upon
migration to the CNS, can differentiate into macrophages and
invade brain tissue, ultimately inducing seizures (Erny et al,
2015). Lin et al. (2021) demonstrated an increase in gut
Klebsiella pneumoniae in patients with epilepsy. Subsequent
animal studies have shed light on the impact of Klebsiella
pneumoniae in the intestinal tract on seizure susceptibility and
the activation of microglial cells to release inflammatory factors
(Lin et al., 2021). This discovery highlights the intricate interplay
between neuroinflammation and epilepsy pathogenesis. All told, the
deep involvement of gut flora in both peripheral and
neuroinflammation strongly suggests that gut flora-mediated
neuroinflammation may play an important role in epileptogenesis
that must not be overlooked (see Figure 3).

Intestinal microbiota exerts a regulatory role on the expression
of key proteins involved in the integrity of the intestinal mucosal
barrier, such as Occludin and Claudin. Animal studies have
demonstrated a significant increase in BBB permeability in mice
reared in a germ-free environment or treated with antibiotics to
inhibit gut microbiota (Amasheh et al., 2011; Braniste et al., 2014).
Dysbiosis of gut microbiota may downregulate the expression of
Occludin and Claudin, leading to compromised integrity of the
intestinal mucosal and BBB (see Figure 3). Consequently, this
increased permeability facilitates the leakage of pathogenic
microorganisms, metabolites, and toxins from the intestinal tract,
and then the compromised barriers allow a large influx of immune
cells and inflammatory factors to enter the CNS, ultimately
triggering seizures (Rahman et al, 2018; Vezzani et al, 2019;
Welcome, 2019). For instance, studies have found reduced
expression levels of occludin and ZO-1, crucial components of
the tight junctions in the BBB, in patients with drug-resistant
temporal lobe epilepsy (Castafieda-Cabral et al., 2020). Besides
that, the gut harbors a vast population of bacteria, many of
which possess cell wall components, such as peptidoglycan
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(PGN) (Clarke et al, 2010). PGN and its fragments possess
strong proinflammatory properties, signaling through Toll-like
receptors (TLR), NOD-like receptors (NLR), and specialized
PGN recognition proteins (such as PGLYRP1-4) (Laman et al,
2020). Alterations in the permeability of the intestinal mucosal
barrier allow flora-associated metabolites, including PGN, to
cross into the CNS. As a consequence, chronic inflammation is
induced within the CNS, further contributing to the pathogenesis of
epilepsy (Gales and Prayson, 2017). The collective findings from the
aforementioned studies strongly implicate the involvement of
intestinal flora in the regulation of epilepsy susceptibility through
its influence on barrier permeability and immune-inflammatory
responses. Although these studies provide valuable insights, it is
important to note that only a limited number have investigated the
intricate  relationship between gut microbiota, immune-
inflammatory responses, and epilepsy. Therefore, further well-
designed studies are imperative to corroborate and expand upon
these findings, in order to fully elucidate the role of the brain-gut-
microbiota axis in the pathogenesis of epilepsy.

Significantly, epidemiological studies have established a clear
association between inflammatory gastrointestinal diseases (GI) and
the incidence of epilepsy. For instance, patients with epilepsy have
been found to have up to eight times higher incidence of peptic
ulcers compared to the general population (Keezer et al., 2016).
Furthermore, a perforated peptic ulcer can trigger or complicate a
generalized tonic-clonic seizure (Magon, 2010). Huang et al. (2010)
demonstrated that even mild gastroenteritis could precede the
development of benign infantile convulsions. Neurological
complications are also observed in a considerable percentage of
patients with inflammatory bowel disease (IBD), ranging from
0.25% to 47.50%. In severe cases of IBD, seizures of all types,
including status epilepticus, can occur during the clinical course
(Ferro and Oliveira Santos, 2021). Based on this evidence, it is
plausible to hypothesize that some cases of epilepsy may be caused
by autoimmune disorders that have manifestations in both the gut
and the brain, with the direction of causality attributed to an
extraneous factor (i.e., neither epilepsy nor the gut microbiome).
Consider the example of Celiac disease, a well-documented systemic
autoimmune condition  characterized by gluten-triggered
autoimmune intestinal villous atrophy, malabsorption, and a
range of systemic and gastrointestinal symptoms. Approximately
10% of individuals with celiac disease experience neurological
complications, including seizures. Conversely, about 0.78%-9.10%
of epilepsy patients develop celiac disease (Djuri¢ et al., 2012; Istkay
and Kocamaz, 2014). The precise mechanism behind these
neurological manifestations remains poorly understood, likely
linked to immune mechanisms. This hypothesis is supported by
the presence of anti-Purkinje cells and anti-ganglioside antibodies in
individuals with celiac disease who develop neurological symptoms
(Pratesi et al., 2003). Moreover, drug-resistant epilepsy is more
prevalent in children with celiac disease as a comorbidity.
Remarkably, adherence to a gluten-free diet has led to the
resolution of epilepsy in many celiac disease patients.
Furthermore, maintaining a gluten-free diet alongside appropriate
antiseizure medications has shown to reduce seizure frequency and
severity in individuals with celiac disease and drug-resistant epilepsy
(Swartwood et al., 2021). In these scenarios, it is plausible that a

reduction in the inflammatory state, possibly through dietary
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changes, may significantly impact both gut microbiota and the
severity of epilepsy. Nevertheless, these hypotheses necessitate
further research to validate their potential implications.

6 Gut microbiota in epilepsy treatment

6.1 The KD is a highly promising dietary
intervention strategy with extraordinary
potential for seizure control

Dr. Russell Wilder in the 1920s noted that seizures were halted
during states of absolute fasting (Wheless, 2008; Winesett et al.,
2015). With this observation, Dr. Wilder formulated a diet that
emulated the effects of fasting by relying on a high-fat, moderate-
protein, and low-carbohydrate composition. Specifically, the KD
adheres to a calculated ratio of fat to the combined intake of
proteins and carbohydrates, typically ranging between 2:1 and 4:
1. To illustrate, a 4:1 ratio involves consuming four servings of fat
and

for every one

Therefore, 90% of the body’s required calories are derived

serving of proteins carbohydrates.
from fat, while adequate protein is included to prevent the
utilization of lean body mass. By metabolizing fat into ketone
bodies, the brain is provided with an alternative fuel source to
glucose, which is typically utilized when carbohydrates are
consumed in excess.

Over the years, the dietary regimen developed by Dr. Wilder
remains the foundation of KD therapy used today. Simultaneously,
less strict variations of the original diet have also been introduced,
including the Modified Atkins diet (MAD) and low glycemic index
treatment (LGIT) (Kossoff and Doward, 2008; Pfeifer et al., 2008).
Further, extensive exploration into the potential applications of the
KD has expanded its use beyond epilepsy to other neurological
disorders such as Alzheimer’s disease and Parkinson’s disease,
among others. In recent vyears, the diet has even been
investigated as a potential therapeutic intervention for non-
neurological diseases. However, its foremost role remains as an
effective treatment for epilepsy (Winesett et al., 2015; Xie et al., 2017;
Olson et al., 2018; Zhang et al., 2018; Lindefeldt et al., 2019; Li et al.,
2021b; Eor et al,, 2021; Gong et al., 2021; Miljanovic and Potschka,
2021; Gudan et al., 2022; Shearer et al., 2023). In the pediatric age
group, the KD has demonstrated significant benefits. In one study, it
resulted in a 50% reduction in seizure frequency for at least 56% of
patients, a 90% reduction in seizures for 32% of patients, and
complete cessation of seizures in 16% of patients (Lefevre and
Aronson, 2000). In a 2008 clinical trial conducted in England,
children were randomly assigned either to receive the KD after a
I-month delay (treatment arm) or to undergo a 4-month delay
(control arm) with no changes to their anticonvulsant medications.
Five out of 54 patients in the treatment arm experienced a
remarkable 90% reduction in seizures, while none of the patients
in the control arm achieved such a response at the 4-month mark.
Moreover, a greater than 50% decrease in seizures was observed in
38% of the patients in the treatment arm, compared to only 6% in
the control arm. It is important to note that these findings were
particularly significant considering the patients in the study were
classified as quite refractory, having previously failed multiple
antiseizure drugs (Neal et al., 2008).

Frontiers in Pharmacology

15

10.3389/fphar.2024.1276551

Another study by Guzel et al. examined the effects of a 1-year
KD intervention on 389 patients with drug-resistant epilepsy. The
results revealed a significant improvement in the anti-seizure effect
of the KD, with sustained efficacy over time. At 1, 3, 6, and
12 months, 65.8%, 74.7%, 70.6%, and 83.1% of the patients,
respectively, demonstrated a positive response to the treatment
(Guzel et al,, 2019). The broad efficacy of the KD in treating
various seizure types and childhood epilepsy syndromes,
including symptomatic generalized, partial, and genetic epilepsies,
is worth noting (Hartman, 2008; Hara et al., 2018). In fact, certain
subgroups of epilepsy syndromes exhibit a particularly favorable
response to the KD compared to available pharmacological
treatments. One such remarkable subgroup is patients with
glucose transporter (Glut-1) deficiency syndrome, where the
efficacy of the KD may exceed 80% (Hartman, 2008; Leen et al.,
2010). Recent research has delved into the effectiveness of
combining the MAD with standard drug therapy (SDT) in the
treatment of drug-resistant epilepsy. The findings of the study
revealed that the combination of MAD and SDT was superior to
SDT alone in reducing seizure frequency and improving overall
outcomes, at the 6-month mark in adolescents and adults with non-
surgical drug-resistant epilepsy (Manral et al., 2023). Moreover, the
KD has demonstrated benefits beyond seizure control. It has been
found to have a positive impact on the cognitive, emotional, verbal,
and intellectual development of children (Zhu et al., 2016).
However, KD or dietary treatment for seizures has thus far only
shown effectiveness in pediatric populations. There is currently a
lack of concrete evidence to support its benefits or effectiveness in
adult populations. As a result, all the KD-related patients we discuss
below are from studies focused on pediatric epilepsy.

6.2 Anti-seizure effects of the KD mediated
by the gut microbiota

A growing body of evidence suggests that the gut microbiota
may play a significant role in the therapeutic effects of the KD for
epilepsy (Olson et al., 2018; Spinelli and Blackford, 2018; Dahlin and
Prast-Nielsen, 2019; Lindefeldt et al., 2019; Pittman, 2020; Ding
et al., 2021; Yue et al., 2022; Ozcan et al., 2022; Garcia-Belenguer
et al., 2023; Kundu et al., 2023; Shearer et al., 2023) (see Figure 4). A
cross-sectional study conducted with 12 children suffering from
drug-refractory epilepsy examined the impact of a 6-month KD
treatment. The results were remarkable, with one patient
experiencing complete cessation of seizures, three patients
achieving a staggering 90%-99% reduction in seizure frequency,
and five out of twelve children achieving a reduction of over 50% in
seizure frequency. Cognitive and motor function improvements
were observed in ten out of twelve children after 6 months on
the KD. Importantly, a comparison of fecal samples taken before
and after the 6-month KD intervention showcased that there was a
notable decrease in the abundance of Bifidobacterium, Akkermansia,
Enterococcaceae, and Actinomyces, along with a significant increase
in the abundance of Subdoligranulum, Dialister, Alloprevotella, and
Bifidobacterium (Gong et al., 2021). Another study conducted with
20 children suffering from refractory epilepsy who followed a KD for
6 months also yielded similar results. Two patients became
completely seizure-free, three experienced a seizure reduction of
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The intricate connection between gut microbiota and the treatment of epilepsy. Various approaches, including KD, FMT, probiotics, antibiotics, and
ASMs, can affect the composition and function of gut microbiota. This, in turn, triggers a cascade of effects leading to alterations in inflammation
response, peripheral and central metabolites (such as short-chain fatty acids, 5-HT, and GABA, among others), as well as the activity of the ENS, ultimately
modulating brain function and effectively controlling seizures. Abbreviations: KD, ketogenic diet; FMT, fecal microbiota transplantation; ASMs, anti-
seizure medications; ENS, enteric nervous system; SCFAs, short-chain fatty acids.

90% or more, five achieved a reduction between 50%-89%, and ten
saw a reduction of less than 50%. Remarkably, all ten responders
showed an improvement in their electroencephalogram (EEG)
readings. In addition, analysis of fecal microbial profiles revealed
a lower alpha diversity after KD therapy, along with significantly
decreased abundance of Firmicutes and increased levels of
Bacteroidetes (Zhang et al., 2018).

A significant increase in the abundance of the Bacteroidetes
phylum within the intestinal flora was observed following KD
treatment. This
associated with the modulation of interleukin 6 and interleukin

shift in microbial composition has been

17 secretion in dendritic cells, as well as promoting the production of
SCFAs. These alterations play a key role in the reduction of seizure
severity (Olson et al., 2018; Lindefeldt et al., 2019). Animal studies
have also provided evidence supporting the efficacy of the KD in
increasing seizure thresholds. In mice with a 6-Hz-induced
refractory seizure model, the KD demonstrated the ability to
raise seizure thresholds (Samala et al, 2008; Hartman et al,
2010; Olson et al, 2018). The KD also induced rapid and
significant changes in the composition of the mouse gut
microbiota. For instance, it led to an increase in the relative
abundance of Akkermansia muciniphila and Parabacteroides
(Samala et al., 2008; Hartman et al., 2010; Olson et al., 2018). To
delve deeper into the relationship between the gut microbiota and
the protective effects of the KD, Olson et al. conducted experiments
involving germ-free feeding or antibiotic treatment (consisting of
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ampicillin, vancomycin, neomycin, and metronidazole) followed by
6 Hz electrical stimulation to induce epilepsy modeling. The results
revealed that the protective effects of the KD were attenuated in
germ-free fed and antibiotic-treated mice. However, when germ-free
fed mice received the intestinal microbiota from normal mice, the
seizure-protective efficacy was restored to that observed in normal
mice receiving the KD. These findings strongly suggest that the
presence of a healthy gut microbiota is necessary for the KD to exert
(Olson et al, 2018). Further
investigations have indicated co-administration of Akkermansia

its seizure-protective effects

muciniphila and Parabacteroides to the gastrointestinal tracts of
germ-free or antibiotic-treated mice resulted in a notable increase in
seizure thresholds upon 6 Hz electrical stimulation, supporting that
the enriched intestinal flora associated with the KD possess anti-
seizure properties (Frost et al., 2014; Vuong et al., 2017; Olson et al.,
2018).
muciniphila or Parabacteroides alone did not restore the

Interestingly, colonization with only Akkermansia
protective effect of the KD. This indicates that the presence of
both bacteria is necessary for the anti-seizure effect of the KD (Olson
et al, 2018). The metabolomic studies have suggested that
administration of the KD resulted in decreased peripheral blood
y-D-glutamine levels, which was associated with an increase in the
hippocampal GABA/glutamate ratio in mice, suggesting that the gut
flora may modulate peripheral metabolites and central
neurotransmitter —metabolism, ultimately regulating seizure

susceptibility (Frost et al., 2014; Vuong et al,, 2017; Olson et al,,
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2018). The transplantation of KD-associated intestinal flora
(Akkermansia muciniphila and Parabacteroides) into the gut of
Kcnal™™ sudden epileptic death model mice demonstrated
elevated seizure thresholds, reduced seizure frequency, and
shortened seizure duration. Instead, inhibition of both bacteria
with antibiotics led to an increase in spontaneous tonic-clonic
seizures in mice. These results highlight the broad applicability of
the anti-seizure effects of the intestinal flora to various seizure types
and model mice (Fenoglio-Simeone et al., 2009; Olson et al., 2018).

Remarkably, the manipulation of intestinal flora in models of IS
using a KD and antibiotics has been shown to impact hippocampal
epilepsy
targeting

function and alter
This that
mitochondrial function-related flora could hold promise as a

potential therapeutic strategy for epilepsy (Mu et al., 2022b). The

mitochondrial subsequently

susceptibility. observation  suggests

major metabolite of ginsenosides Rb1, Rb2, and Rc in the intestinal
microbiota, Ginsenoside compound K (GCK), has been found to
have beneficial effects in a rat model of PTZ-induced epilepsy. GCK
increases the levels of GABA, ultimately leading to a reduction in the
intensity and prolongation of seizure latency (Zeng et al., 2018).
The disparities observed between animals in a germ-free
environment and control animals are indeed fascinating
(Fenoglio-Simeone et al., 2009; Frost et al., 2014; Vuong et al,
2017; Olson et al., 2018). However, it is crucial to approach the
physiological effects of a germ-free environment with caution, as it
represents an extreme condition that profoundly impacts the health
and wellbeing of animals. Hence, it is imperative to build on these
studies by conducting a thorough evaluation of the significance of
the findings and delving deeper into the causation that precedes the

observed factors.

6.3 FMT, probiotics and epilepsy treatment

FMT is an increasingly promising strategy for reconstructing the
gut microbiota and has shown efficacy in various disease, such as
epilepsy, Clostridium difficile infection, IBD, constipation, and other
related disorders (Hartman et al., 2010; Borody and Khoruts, 2011;
Surawicz et al., 2013; Reinisch, 2017; Olson et al., 2018). In a notable
case study, a patient with both Crohn’s disease and refractory
epilepsy underwent fecal transplantation, resulting in remarkable
improvements. Following three consecutive transplants, the Crohn’s
disease activity index (CDAI) significantly decreased from 361 to
131. Also, the patient’s seizures were completely controlled without
the need for anti-seizure drugs 20 months after the fecal
transplantation (He et al., 2017). However, this case is unique
because it potentially involves an autoimmune etiology of
Crohn’s disease as well as epilepsy. In another study, the
administration of a probiotic mixture consisting of Lactobacillus
acidophilus  DSM32241, Lactobacillus  plantarum DSM32244,
Lactobacillus casei DSM32243, Lactobacillus helveticus DSM32242,
Lactobacillus brevis DSM 11988, Bifidobacterium lactis DSM32246, B.
lactis DSM32247, and Streptococcus salivarius subsp. thermophilus
DSM32245 in patients with drug-resistant epilepsy for four
consecutive months yielded promising outcomes. Notably, 28.9%
of the patients experienced a significant reduction of more than 50%
in the frequency of seizures (Gomez-Eguilaz et al, 2018).
Furthermore, the

administration of probiotics, specifically
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Saccharomyces boulardii or Lactobacillus casei, to neonates within
24 h of birth has displayed promising effects in reducing the risk of
seizures. This effect was observed regardless of whether the infants
were infected with rotavirus or not. Conversely, rotavirus-infected
infants who did not receive probiotics exhibited an increased risk of
seizures (Yeom et al.,, 2019). One potential mechanism underlying
the anti-seizure effect of Saccharomyces boulardii in rotavirus-
infected infants involves the inhibition of rotavirus non-structural
protein 4 (NSP4). NSP4 has been implicated in increasing reactive
oxygen species (ROS) production, white matter damage, and
By NSP4,
Saccharomyces boulardii may mitigate these detrimental effects,

immune-inflammatory  responses. inhibiting
thereby reducing the frequency and severity of seizures in these
infants (Buccigrossi et al., 2014; Yeom et al., 2019) (see Figure 4).

Animal models have also provided evidence for the anti-seizure
effects of probiotics (see Figure 4). Studies involving rat and mouse
brain tissues have shown that the application of Lactobacillus
rhamnosus and/or Bifidobacterium longum leads to increased
expression of GABA and its receptor GABAR, resulting in a
reduction in seizures (Bravo et al, 2011; Liang et al, 2017).
Furthermore, the administration of probiotic supplements
containing Lactobacillus rhamnosus, Lactobacillus reuteri, and
Bifidobacterium infantis to PTZ-induced epilepsy model rat for
The

resulted in a decrease in epileptic activity levels, a significant

3 weeks demonstrated favorable outcomes. intervention
reduction in seizure severity, and a partial improvement in
spatial learning and memory in the epileptic rats. Importantly,
the probiotic treatment also led to decreased concentrations of
pro-inflammatory cytokines IL-6 and TNF-a, reduced levels of
nitric oxide (NO) and malondialdehyde (MDA), increased total
antioxidant capacity (TAC), and elevated levels of GABA in the
brain tissue (Bagheri et al., 2019; Aygun et al., 2022a; Aygun et al.,
2022b). Additional research utilizing animal models of epilepsy has
corroborated the anti-seizure effects of probiotics. For instance, the
supplementation of probiotics and NS (N-stearoyl-L-tyrosine)
reduced population spike-long-term potentiation (PS-LTP) in
kindled thereby
impairment (Gong et al., 2020). Other animal models have also

rats, improving  seizure-induced  cognitive
demonstrated the potential anti-seizure effects of probiotics
(Tahmasebi et al., 2020; Eor et al., 2021; Kilinc et al., 2021;
Sabouri et al, 2021; Mu et al., 2022b; Wang et al., 2022; Ciltas

et al., 2023).

6.4 Gut microbiota and anti-seizure
medications

Anti-seizure medications (ASMs) are typically the first line of
treatment for controlling seizures in patients with epilepsy.
However, a significant portion of these patients, estimated to be
around 30%-40%, do not respond to at least two ASMs. Drug-
resistant epilepsy patients also tend to exhibit dysregulation in their
gastrointestinal ecological system, highlighting the potential
involvement of the gut microbiota in epilepsy treatment (Peng
et al.,, 2018). Drug-resistant patients have been found to possess
higher alpha diversity, indicating a greater number of unique

types

Furthermore, specific microbiota has been associated with drug

microbial compared to  drug-sensitive  patients.
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response. For instance, drug-sensitive patients tend to have a greater
relative abundance of Bacteroides and Ruminococcus, while
members of the Negativicutes group are overrepresented in drug-
resistant epilepsy patients (Peng et al., 2018; Lee et al., 2021). Further
evidence supporting the role of the gut microbiota in drug-resistant
epilepsy comes from both animal models and pediatric cohort
studies. These studies have demonstrated that the microbiota-
based modulation of the anticonvulsant properties of the KD has
shown promise in improving seizure control in these patients (Olson
et al., 2018; Lindefeldt et al., 2019) (see Figure 4).

Previous

that intestinal

inflammation can reduce the effectiveness of VPA, while therapy

research has  demonstrated
with SCFAs can effectively reduce inflammation, thereby enhancing
the efficacy of VPA treatment (De Caro et al.,, 2019b). In animal
models of epilepsy, the administration of lithium, valproate, and
aripiprazole has been found to significantly increase the richness and
diversity of microbial species. At the phylum level, valproate
has
Actinobacteria and Firmicutes, while simultaneously decreasing

treatment been shown to induce an increase in
the abundance of Bacteroidetes. At the genus level, several
species including Clostridium, Peptoclostridium, Intestinibacter,
and Christenellaceae were found to be increased following
treatment with lithium, valproate, and aripiprazole compared to
the control rats (Cussotto et al, 2019). Additionally, valproate
treatment in rat models has been shown to decrease the relative
abundance of $24-7 uncultbact and increase the relative abundance
of Ruminococcaceae uncultured. Interestingly, VPA was also found
to decrease the levels of two important SCFAs, namely, propionate
and butyrate, in the cecum, while increasing the levels of isovalerate
(Cussotto et al., 2019). Notably, mice exposed to sodium valproate
demonstrated an increased ratio of Bacteroidetes to Firmicutes when
compared to control mice (Sgritta et al., 2019). In clinical studies, it
has been observed that the ratio of the phylum Firmicutes to
Bacteriodetes is significantly higher in patients with new-onset
epilepsy after 3 months of VPA treatment (Gong et al., 2022a).
These findings provide further support for the role of gut microbiota
composition in epilepsy and suggest that alterations in microbial
populations may be associated with the effects of VPA therapy.

The anti-seizure drug lamotrigine and its ammonium salt
complexes exhibit strong antibacterial activity against Gram-
positive bacteria such as B. subtilis, S. aureus, and S. faecalis
(Qian et al, 2009). Clonazepam, another anti-seizure drug, is
metabolized by intestinal flora, which can potentially increase the
drug’s toxic effects (Zimmermann et al., 2019). Then carbamazepine
has been found to induce specific phenotypes in gut microbiota
(Watkins et al., 2017; Gong et al., 2022; Ilhan et al., 2022). In a study
involving epilepsy patients, after 3 months of carbamazepine
treatment, the frequency of seizures was reduced by more than
50%. The abundance of Actinobacteria at the phylum level, which
was initially higher in epileptic patients compared to healthy
controls, decreased significantly after treatment. At the genus
level, the abundances of bacteria such as Escherichia/Shigella,
Streptococcus, Collinsella, and Megamonas were significantly
higher in epilepsy patients before treatment but decreased
significantly after treatment (Gong et al., 2022).

ASMs typically possess a narrow therapeutic window and are
associated with numerous adverse effects, particularly impacting the

gastrointestinal tract. Between 10% and 30% of epilepsy patients
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experienced intolerable side effects from these medications, leading
them to discontinue treatment, particularly when undergoing
polytherapy (Wiebe et al, 2008). Many ASMs have a direct
impact on the enteric nervous system, influencing gut motility,
which is evident in the gastrointestinal adverse effects of these
medications (Jahromi et al., 2011; Minton et al., 2011; Al-Beltagi,
2021; Al-Beltagi and Saeed, 2022; Nevitt et al., 2022). For example,
carbamazepine can lead to a range of gastrointestinal adverse effects,
including dry mouth, mouth sores, glossitis, loss of appetite,
dysphagia,
abdominal

nausea, vomiting, heartburn, gastritis, stomach/

(Anttila
Valtonen, 1992). Similarly, ethosuximide can induce anorexia,

pain, constipation, and diarrhea and
nausea, vomiting, gastric pain, diarrhea, and gastric and intestinal
atony with decreased peristaltic activity (Kristev et al, 1994;
Zagorchev et al., 1998). Phenobarbital can result in sore throat,
diarrhea, swelling of the tongue/throat, nausea, vomiting,
constipation, dysphagia, and heartburn (Jahromi et al., 2011; Al-
Beltagi and Saeed, 2022). Phenytoin can cause changes in taste
sensation, gingival overgrowth, sore throat, mouth ulcers, diarrhea,
nausea, vomiting, constipation, dysphagia, heartburn, and reduced
gastrointestinal absorption of calcium (Bell et al., 1979). Valproate
also leads to gastrointestinal adverse effects, including diarrhea,
nausea, vomiting, constipation, dysphagia, and gastritis with
heartburn (Abdullah and Mousheer, 2020). This influence on the
gut may significantly contribute to alterations in the gut
microbiome. However, despite our comprehensive review of the
existing research literature, we have found a lack of studies
specifically examining the microbiota alterations induced by the
gastrointestinal adverse effects of ASMs.

Carbamazepine, lamotrigine, and topiramate have been found to
inhibit the growth of more than ten strains of bacteria when
combined with the syrup excipient propyl-paraben. Ilhan et al.
(2022) studied the effects of sweeteners and benzoates commonly
found in ASM syrup. They found that the impact of these chemicals
was concentration-dependent, with parabens and sweeteners
toxicity with  higher
concentrations. Bifidobacterium species were negatively affected

showing increased or proliferation
by high concentrations of propyl-paraben, while methyl-paraben
did not have the same effect. These results align with previous
research by Crovetto et al., who reported a greater toxic effect of
propyl- and butyl-parabens compared to methyl-paraben on E. coli
and Staphylococcus aureus under aerobic conditions (Cussotto et al.,
2019). Interestingly, the presence of various artificial sweeteners in
ASMs formulations stimulated the growth of certain gut bacterial
strains. The active ingredients that exhibited greater toxicity towards
bacterial strains also displayed toxicity towards HT-29 cells
(Watkins et al, 2017; Ilhan et al, 2022). Notably, previous
studies have suggested that common food and drug additives,
including artificial sweeteners, can alter the composition and
function of the gut microbiota in batch-culture systems
(Gerasimidis et al., 2020). Aspartame and benzoate have been
shown to increase the relative abundance of Bifidobacterium in
these mixed cultures, indicating a potential prebiotic effect
(Gerasimidis et al, 2020). In addition, the supernatant of
Bifidobacterium longum was found to reduce the cytotoxic effects
of carbamazepine and lamotrigine. Similarly, the supernatants of
Akkermansia muciniphila or mixed bacterial communities reduced

the expression of drug resistance genes in HT-29 cell lines (Ilhan

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

et al,, 2022). In conclusion, these findings reveal that medications
targeted for humans may inadvertently affect the gut microbiome,
potentially exerting anti-commensal effects. This highlights the
complex relationship between human-targeted medications and
the gut the of
understanding and modulating the microbiome to optimize

microbiome, emphasizing importance
treatment outcomes.

In general, the gut microbiota appears to play a significant role in
the functioning and development of fundamental physiological
processes, and it may also have an impact on central neural
processes through the microbiota-gut-brain (MGB) axis. Both
preclinical and clinical studies suggest that the microbiome could
potentially modulate seizures and contribute to the pathogenesis of
epilepsy. Various interventions, such as changes in diet,
supplementation, and medication, have the potential to directly
and indirectly affect the MGB axis. Researching the effects of these
interventions could lead to a better understanding of epilepsy, the
identification of biomarkers, and the development of new
therapeutic options. That’s where our interest in the field lies.
However, investigating the MGB axis and the role of gut
supplementation in epilepsy is challenging due to the numerous
potential pathways and variables involved. To date, only a few
limited studies have been conducted, making it premature to
draw conclusions. We also acknowledge that it is essential to
conduct studies with the same rigor as pharmaceutical drug
development trials, including taxa and metabolomic analyses
using standard methodologies.

7 The association of gut microbiota
with potential differences in behavioral
characteristics of epileptic patients

Given the bidirectional relationship between the brain and the
gut, it is important to note that neurological disorders may have a
significant impact on the gastrointestinal tract. This impact can
manifest in various ways, including the occurrence of sialorrhea,
dysphagia, anorexia, gastroparesis, and motility disorders such as
diarrhea, intestinal pseudo-obstruction, fecal incontinence, and
constipation (Camilleri, 2021). Consequently, epilepsy can also
affect the gastrointestinal tract in different forms, including
abdominal aura, epilepsy with abdominal pain, and the adverse
effects of medications on the gut and the gut microbiota.

An epigastric aura, also known as a visceral aura, is a
somatosensory phenomenon often characterized by a growing
sensation in the upper abdomen. This type of aura can manifest
as visceral sensations, such as abdominal discomfort, visceromotor
symptoms like vomiting, borborygmi, or tachycardia, as well as
vegetative symptoms, including blushing or sweating. The
occurrence of epigastric aura is linked to abnormal neuronal
activation and discharges in the sensory cortex that represent the
abdominal viscera (Schmitt and Ebner, 2000; Blom, 2010; Al-Beltagi
and Saeed, 2022). Notably, this type of aura is frequently observed in
epilepsy, with epigastric auras being the most common aura in
medial temporal lobe epilepsy. Epilepsy with abdominal pain is a
relatively rare condition characterized by recurrent paroxysms of
abdominal and periumbilical pain, often accompanied by symptoms
such as nausea and vomiting. This form of temporal lobe epilepsy
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typically presents with abdominal auras and can occur in both
children and adults (Kshirsagar et al., 2012). Following these
episodes, individuals may experience characteristic postictal
manifestations, drowsiness,  blindness,

including  lethargy,

headache, paraesthesia, or even convulsions. For example,
Remick et al. (1980) described three patients who experienced
postictal hyperphagia. In some cases, postictal hyperphagia and
compulsive water drinking have been reported, particularly in
patients with secondary epilepsy due to temporal lobe lesions,
showing a notable response to carbamazepine (Ott, 1991).
Similar manifestations have also been observed in secondary
epilepsy due to frontal lobe lesions (Mittal et al., 2001).

Epilepsy may have a significant impact on the microbiota,
which may be due to various social, physical, and dietary
differences between patients with epilepsy and normal
controls. For example, patients with epilepsy may experience
excessive sleepiness, have different dietary preferences due to
comorbid autism, have mobility limitations, aspirate food more
frequently, rely on mechanically soft diets, and consume more
processed foods. Gastroesophageal reflux disease (GERD) is a
common comorbidity in children with neurological problems
like cerebral palsy and epilepsy. The presence of GERD in such
patients can complicate their management and mimic refractory
seizures, making it difficult to diagnose and treat the underlying
condition (Bayram et al., 2016). Peptic ulcers are also more
common in patients with epilepsy than in the general
population, with some studies reporting up to eight times
higher prevalence rates (Keezer et al., 2016). Similarly, the
incidence of IBS is five times higher in patients with epilepsy
than in controls (Camara-Lemarroy et al., 2016). Children with

epilepsy also have a higher incidence of functional
gastrointestinal disorders, including IBS, compared to their
matched controls (Aydemir et al, 2020). Additionally,

children with autism, who have a high rate of celiac disease
and gut dysbiosis, are more likely to develop epilepsy. Abnormal
EEG results are present in 60% of children with autism, compared
to only 6%-7% of typically developed children, while epilepsy is
present in 10%-30% of children with autism.

Furthermore, epilepsy may manifest with postictal states that
exhibit symptoms, postictal
hypersalivation, compulsive water drinking, and hyperphagia
(Ott, 1991; Mittal et al., 2001; Al-Beltagi and Saeed, 2022). These
postictal manifestations, particularly prevalent in patients with

gastrointestinal including

medication-refractory epilepsy and comorbid conditions such as
cerebral palsy, have the potential to significantly impact the
composition and functionality of the gut microbiota. Despite this,
there remains a gap in understanding how the social, psychological,
and dietary characteristics of individuals with epilepsy, either alone
or in conjunction with other disorders, contribute to alterations in
gut microbes. Closing this knowledge gap is crucial for developing a
comprehensive understanding of the intricate interplay between
epilepsy, comorbid conditions, and the gut microbiome.

8 Conclusion

The brain-gut-microbiota axis plays a critical role in
maintaining a delicate balance between the brain and gut,
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primarily through visceral sensory, endocrine, and immune
pathways. It is intricately involved in the pathophysiological
mechanisms of gastrointestinal and neurological disorders, with a
particular focus on epilepsy. In recent years, a growing body of
evidence from animal models and clinical studies has highlighted the
significant role of gut microbiota in epilepsy. Not only does it
contribute to the occurrence of seizures through various
pathways, including visceral sensory, endocrine, and immune
mechanisms, but it also influences the therapeutic effects of
microbial

epilepsy  drugs in fecal

composition have been observed in both epilepsy patients and

and KD. Disparities

animal models before and after treatment with a KD. This

underscores the increasing number of studies that are
investigating the gut microbiota as a crucial factor in epilepsy.
However, the current research presents a complex and sometimes
contradictory picture, with discrepancies observed in the gut
microbiota composition across different epilepsy models, as well
as variations in clinical evidence. Furthermore, there is a lack of
comprehensive mechanistic studies that would definitively establish
the important role of gut microbiota in epileptogenesis and disease
progression. Nevertheless, this growing body of evidence also
suggests that targeting the gut microbiota, along with dietary
interventions, holds significant potential for the prevention,

diagnosis, treatment, and prognosis of epilepsy.

Author contributions

HZ: Conceptualization, Funding acquisition,

Writing-original draft, Methodology, Project administration,
Resources, Software, Supervision, Writing-review and editing.
WW: Methodology, Supervision, Writing-review and editing.
YL: Conceptualization, Funding acquisition, Methodology,

References

Abdullah, A. T., and Mousheer, Z. T. (2020). Vitamin D status in epileptic children on
valproic acid; a case-control study. Arch. Acad. Emerg. Med. 8, e13.

Ahlers, F. S., Benros, M. E., Dreier, ]. W., and Christensen, J. (2019). Infections and
risk of epilepsy in children and young adults:a nationwide study. Epilepsia 60, 275-283.
doi:10.1111/epi.14626

Al-Beltagi, M. (2021). Autism medical comorbidities. World J. Clin. Pediatr. 10,
15-28. doi:10.5409/wjcp.v10.i3.15

Al-Beltagi, M., and Saeed, N. K. (2022). Epilepsy and the gut: perpetrator or victim?
World J. Gastrointest. Pathophysiol. 13, 143-156. doi:10.4291/wjgp.v13.i5.143

Alonso-Alonso, M., Woods, S. C., Pelchat, M., Grigson, P. S., Stice, E., Faroogi, S.,
et al. (2015). Food reward system: current perspectives and future research needs. Nutr.
Rev. 73, 296-307. doi:10.1093/nutrit/nuv002

Amaral, F. A, Sachs, D., Costa, V. V., Fagundes, C. T., Cisalpino, D., Cunha, T. M.,
et al. (2008). Commensal microbiota is fundamental for the development of
inflammatory pain. Proc. Natl. Acad. Sci. U. S. A. 105, 2193-2197. doi:10.1073/pnas.
0711891105

Amasheh, S., Fromm, M., and Giinzel, D. (2011). Claudins of intestine and nephron:a
correlation of molecular tight junction structure and barrier function. Acta Physiol(Oxf)
201, 133-140. doi:10.1111/j.1748-1716.2010.02148 x

Amlerova, J., Sroubek, J., Angelucci, F., and Hort, J. (2021). Evidences for a role of gut
microbiota in pathogenesis and management of epilepsy. Int. J. Mol. Sci. 22, 5576.
doi:10.3390/ijms22115576

Anttila, V.., and Valtonen, M. (1992). Carbamazepine-induced eosinophilic colitis.
Epilepsia 33, 119-121. doi:10.1111/j.1528-1157.1992.tb02293.x

Arulsamy, A., and Shaikh, M. F. (2022). Epilepsy-associated comorbidities among
adults: a plausible therapeutic role of gut microbiota. Neurobiol. Dis. 165, 105648.
doi:10.1016/j.nbd.2022.105648

Frontiers in Pharmacology

10.3389/fphar.2024.1276551

Resources, Supervision, Writing-review and editing, Project
administration.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by a grant (2022J0703) from the Scientific
Research Fund Project of Yunnan Provincial Department of
Education, a grant from the Science and Technology Talent
Project (Reserve talent) of the First Affiliated Hospital of Dali
University, a grant from the Yunnan Basic Research Program
Joint Special Project of Local Universities-Youth Project, and a
grant (2021KBG047, 2022KBG035) from the Dali Science and
Technology Bureau Project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Attenello, F., Amar, A. P, Liu, C., and Apuzzo, M. L. (2015). Theoretical basis of vagus
nerve stimulation. Prog. Neurol. Surg. 29, 20-28. doi:10.1159/000434652

Aydemir, Y., Carman, K. B, and Yarar, C. (2020). Screening for functional
gastrointestinal disorders in children with epilepsy. Epilepsy Behav. 111, 107267.
doi:10.1016/j.yebeh.2020.107267

Aygun, H., Akin, A. T., Kizilaslan, N., Sumbul, O., and Karabulut, D. (2022a).
Electrophysiological, histopathological, and biochemical evaluation of the protective
effect of probiotic supplementation against pentylenetetrazole-induced seizures in rats.
Eur. J. Neurol. 30, 3540-3550. doi:10.1111/ene.15359

Aygun, H.,, Akin, A. T., Kizilaslan, N., Sumbul, O., and Karabulut, D. (2022b).
Probiotic supplementation alleviates absence seizures and anxiety- and depression-like
behavior in WAG/Rij rat by increasing neurotrophic factors and decreasing
proinflammatory cytokines. Epilepsy Behav. 128, 108588. doi:10.1016/j.yebeh.2022.
108588

Bagheri, S., Heydari, A., Alinaghipour, A., and Salami, M. (2019). Effect of
probiotic supplementation on seizure activity and cognitive performance in PTZ-
induced chemical kindling. Epilepsy Behav. 95, 43-50. doi:10.1016/j.yebeh.2019.
03.038

Bakken, I. J., Aaberg, K. M., Ghaderi, S., Gunnes, N., Trogstad, L., Magnus, P., et al.
(2015). Febrile seizures after 2009 influenza A (HIN1) vaccination and infection:a
nationwide registry-based study. BMC Infect. Dis. 15, 506. doi:10.1186/s12879-015-
1263-7

Balestrini, S., Arzimanoglou, A., Bliimcke, I, Scheffer, I. E., Wiebe, S., Zelano, J., et al.
(2021). The aetiologies of epilepsy. Epileptic Disord. 23, 1-16. doi:10.1684/epd.2021.
1255

Baram, T. Z., and Schultz, L. (1991). Corticotropin-releasing hormone is a rapid and
potent convulsant in the infant rat. Brain Res. Dev. Brain Res. 61, 97-101. doi:10.1016/
0165-3806(91)90118-3

frontiersin.org


https://doi.org/10.1111/epi.14626
https://doi.org/10.5409/wjcp.v10.i3.15
https://doi.org/10.4291/wjgp.v13.i5.143
https://doi.org/10.1093/nutrit/nuv002
https://doi.org/10.1073/pnas.0711891105
https://doi.org/10.1073/pnas.0711891105
https://doi.org/10.1111/j.1748-1716.2010.02148.x
https://doi.org/10.3390/ijms22115576
https://doi.org/10.1111/j.1528-1157.1992.tb02293.x
https://doi.org/10.1016/j.nbd.2022.105648
https://doi.org/10.1159/000434652
https://doi.org/10.1016/j.yebeh.2020.107267
https://doi.org/10.1111/ene.15359
https://doi.org/10.1016/j.yebeh.2022.108588
https://doi.org/10.1016/j.yebeh.2022.108588
https://doi.org/10.1016/j.yebeh.2019.03.038
https://doi.org/10.1016/j.yebeh.2019.03.038
https://doi.org/10.1186/s12879-015-1263-7
https://doi.org/10.1186/s12879-015-1263-7
https://doi.org/10.1684/epd.2021.1255
https://doi.org/10.1684/epd.2021.1255
https://doi.org/10.1016/0165-3806(91)90118-3
https://doi.org/10.1016/0165-3806(91)90118-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

Barrett, E., Ross, R. P., O'Toole, P. W., Fitzgerald, G. F., and Stanton, C. (2012). y-
Aminobutyric acid production by culturable bacteria from the human intestine. J. Appl.
Microbiol. 113, 411-417. doi:10.1111/j.1365-2672.2012.05344.x

Bayram, A. K., Canpolat, M., Karacabey, N., Gumus, H., Kumandas, S., Doganay, S.,
et al. (2016). Misdiagnosis of gastroesophageal reflux disease as epileptic seizures in
children. Brain Dev. 38, 274-279. doi:10.1016/j.braindev.2015.09.009

Bell, R. D., Pak, C. Y., Zerwekh, J., Barilla, D. E., and Vasko, M. (1979). Effect of
phenytoin on bone and vitamin D metabolism. Ann. Neurol. 5, 374-378. doi:10.1002/
ana.410050411

Benakis, C., Brea, D., Caballero, S., Faraco, G., Moore, J., Murphy, M., et al. (2016).
Commensal microbiota affects ischemic stroke outcome by regulating intestinal yd
T cells. Nat. Med. 22, 516-523. doi:10.1038/nm.4068

Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., et al. (2011). The intestinal
microbiota affect central levels of brain-derived neurotropic factor and behavior in
mice. Gastroenterology 141, 599-609. doi:10.1053/j.gastro.2011.04.052

Beretta, S., Carone, D., Zanchi, C., Bianchi, E., Pirovano, M., Trentini, C., et al. (2017).
Long-term applicability of the new ILAE definition of epilepsy. Results from the PRO-
LONG study. Epilepsia 58, 1518-1523. doi:10.1111/epi.13854

Berthoud, H. R., and Morrison, C. (2008). The brain, appetite, and obesity. Annu. Rev.
Psychol. 59, 55-92. doi:10.1146/annurev.psych.59.103006.093551

Bertuccioli, A., Cardinali, M., Di Pierro, F., Zonzini, G. B., and Matera, M. R. (2022).
Ketogenic and low FODMAP diet in therapeutic management of a young autistic
patient with epilepsy and dysmetabolism poorly responsive to therapies: clinical
response and effects of intestinal microbiota. Int. J. Mol. Sci. 23, 8829. doi:10.3390/
ijms23158829

Binh Tran, T. D., Nguyen, H., Sodergren, E., Addiction, CFSNO., Dickson, P. E.,
Wright, S. N,, et al. (2023). Microbial glutamate metabolism predicts intravenous
cocaine self-administration in diversity outbred mice. Neuropharmacology 226, 109409.
doi:10.1016/j.neuropharm.2022.109409

Blom, J. D. (2010). A dictionary of hallucinations. New York, NY: Springer.

Borody, T. J., and Khoruts, A. (2011). Fecal microbiota transplantation and emerging
applications. Nat. Rev. Gastroenterol. Hepatol. 9, 88-96. doi:10.1038/nrgastro.2011.244

Borre, Y. E,, O’Keeffe, G. W., Clarke, G., Stanton, C., Dinan, T. G., and Cryan, J. F.
(2014). Microbiota and neurodevelopmental windows: implications for brain disorders.
Trends Mol. Med. 20, 509-518. doi:10.1016/j.molmed.2014.05.002

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, F., Abbaspour, A., Téth, M., et al.
(2014). The gut microbiota influences bloodbrain barrier permeability in mice. Sci.
Transl. Med. 6, 263ral58. doi:10.1126/scitranslmed.3009759

Bravo, J. A, Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G,
et al. (2011). Ingestion of Lactobacillus strain regulates emotional behavior and central
GABA receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. Sci. U. S. A.
108, 16050-16055. doi:10.1073/pnas.1102999108

Buccigrossi, V., Laudiero, G., Russo, C., Miele, E., Sofia, M., Monini, M., et al. (2014).
Chloride secretion induced by rotavirus is oxidative stress-dependent and inhibited by
Saccharomyces boulardii in human enterocytes. PLoS One 9, €99830. doi:10.1371/
journal.pone.0099830

Camara-Lemarroy, C. R., Escobedo-Ziga, N., Ortiz-Zacarias, D., Pefia-Avendafio,
J., Villarreal-Garza, E., and Diaz-Torres, M. A. (2016). Prevalence and impact of irritable
bowel syndrome in people with epilepsy. Epilepsy Behav. 63,29-33. doi:10.1016/j.yebeh.
2016.05.041

Camilleri, M. (2021). Gastrointestinal motility disorders in neurologic disease. J. Clin.
Invest. 131, el143771. doi:10.1172/JCI143771

Cano-Lopez, 1., and Gonzélez-Bono, E. (2019). Cortisol levels and seizures in adults
with epilepsy:a systematic review. Neurosci. Biobehav Rev. 103, 216-229. doi:10.1016/j.
neubiorev.2019.05.023

Castafieda-Cabral, J. L., Colunga-Durén, A., Urena-Guerrero, M. E., Beas-Zarate, C.,
Nufiez-Lumbreras, M. L. A., Orozco-Sudrez, S., et al. (2020). Expression of VEGF- and
tight junction-related proteins in the neocortical microvasculature of patients with
drug-resistant temporal lobe epilepsy. Microvasc. Res. 132, 104059. doi:10.1016/j.mvr.
2020.104059

Ceccarani, C., Vigano, L, Ottaviano, E., Redaelli, M. G., Severgnini, M., Vignoli, A.,
et al. (2021). Is gut microbiota a key player in epilepsy onset? A longitudinal study in
drug-naive children. Front. Cell Infect. Microbiol. 11, 749509. doi:10.3389/fcimb.2021.
749509

Chatzikonstantinou, S., Gioula, G., Kimiskidis, V. K., McKenna, J., Mavroudis, I., and
Kazis, D. (2021). The gut microbiome in drug-resistant epilepsy. Epilepsia Open 6,
28-37. doi:10.1002/epi4.12461

Chen, S. G,, Stribinskis, V., Rane, M. J., Demuth, D. R., Gozal, E., Roberts, A. M., et al.
(2016). Exposure to the functional bacterial amyloid protein curli enhances alpha-
synuclein aggregation in aged fischer 344 rats and Caenorhabditis elegans. Sci. Rep. 6,
34477. doi:10.1038/srep34477

Cheng, Y., Mai, Q., Zeng, X., Wang, H., Xiao, Y., Tang, L., et al. (2019). Propionate
relieves pentylenetetrazol-induced seizures, consequent mitochondrial disruption,
neuron necrosis and neurological deficits in mice. Biochem. Pharmacol. 169, 113607.
doi:10.1016/j.bcp.2019.08.009

Frontiers in Pharmacology

21

10.3389/fphar.2024.1276551

Cheraghmakani, H., Rezai, M. S., Valadan, R., Rahimzadeh, G., Moradi, M.,
Jahanfekr, V., et al. (2021). Ciprofloxacin for treatment of drug-resistant epilepsy.
Epilepsy Res. 176, 106742. doi:10.1016/j.eplepsyres.2021.106742

Cherny, I, Rockah, L., Levy-Nissenbaum, O., Gophna, U., Ron, E. Z., and Gazit, E.
(2005). The formation of Escherichia coli curli amyloid fibrils is mediated by prion-like
peptide repeats. J. Mol. Biol. 352, 245-252. doi:10.1016/j.jmb.2005.07.028

Chow, J., and Mazmanian, S. K. (2009). Getting the bugs out of the immune system:
do bacterial microbiota "fix" intestinal T cell responses? Cell Host Microbe 5, 8-12.
doi:10.1016/j.chom.2008.12.006

Ciltas, A. C,, Toy, C. E., Giines, H., and Yaprak, M. (2023). Effects of probiotics on
GABA/glutamate and oxidative stress in PTZ-induced acute seizure model in rats.
Epilepsy Res. 195, 107190. doi:10.1016/j.eplepsyres.2023.107190

Citraro, R., Lembo, F., De Caro, C,, Tallarico, M., Coretti, L., lannone, L. F., et al.
(2021). First evidence of altered microbiota and intestinal damage and their link to
absence epilepsy in a genetic animal model, the WAG/rij rat. Epilepsia 62, 529-541.
doi:10.1111/epi.16813

Clark, A., and Mach, N. (2016). Exercise-induced stress behavior, gut-microbiota-
brain axis and diet: a systematic review for athletes. J. Int. Soc. Sports Nutr. 13, 43. doi:10.
1186/512970-016-0155-6

Clarke, T. B., Davis, K. M., Lysenko, E. S., Zhou, A. Y., Yu, Y., and Weiser, J. N. (2010).
Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic innate
immunity. Nat. Med. 16, 228-231. doi:10.1038/nm.2087

Collins, S. M., Surette, M., and Bercik, P. (2012). The interplay between the intestinal
microbiota and the brain. Nat. Rev. Microbiol. 10, 735-742. d0i:10.1038/nrmicro2876

Costa, M., Brookes, S. J., and Hennig, G. W. (2000). Anatomy and physiology of the
enteric nervous system. Gut 47, iv15-9. doi:10.1136/gut.47.suppl_4.iv15

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological
condition of the body. Nat. Rev. Neurosci. 3, 655-666. doi:10.1038/nrn894

Craig, A. D. (2003). Interoception: the sense of the physiological condition of the
body. Curr. Opin. Neurobiol. 13, 500-505. doi:10.1016/s0959-4388(03)00090-4

Cryan, J. F,, and Dinan, T. G. (2012). Mind-altering microorganisms: the impact of
the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701-712. doi:10.
1038/nrn3346

Cusick, M. F,, Libbey, J. E., Doty, D. J., DePaula-Silva, A. B., and Fujinami, R. S.
(2017). The role of peripheral interleukin-6 in the development of acute seizures
following virus encephalitis. J. Neurovirol 23, 696-703. doi:10.1007/s13365-017-0554-8

Cussotto, S., Strain, C. R,, Fouhy, F,, Strain, R. G., Peterson, V. L., Clarke, G, et al.
(2019). Differential effects of psychotropic drugs on microbiome composition and
gastrointestinal function. Psychopharmacology 236, 1671-1685. doi:10.1007/s00213-
018-5006-5

Dahlin, M., and Prast-Nielsen, S. (2019). The gut microbiome and epilepsy.
EBioMedicine 44, 741-746. doi:10.1016/j.ebiom.2019.05.024

Dai, Y., Wang, M., Zhong, D., and Xu, X. (2022). Bacillus subtilis plays a role in the
inhibition of transporter ABCB1 in Caco-2 cells. Epilepsy Res. 183, 106925. doi:10.1016/
j.eplepsyres.2022.106925

De Caro, C,, Iannone, L. F,, Citraro, R., Striano, P., De Sarro, G., Constanti, A., et al.
(2019a). Can we ’seize’ the gut microbiota to treat epilepsy? Neurosci. Biobehav Rev. 107,
750-764. doi:10.1016/j.neubiorev.2019.10.002

De Caro, C., Leo, A., Nesci, V., Ghelardini, C., di Cesare Mannelli, L., Striano, P., et al.
(2019b). Intestinal inflammation increases convulsant activity and reduces antiepileptic
drug efficacy in a mouse model of epilepsy. Sci. Rep. 9, 13983. doi:10.1038/s41598-019-
50542-0

de Lima, A. M. D. L., de Lima Rosa, G., Miiller Guzzo, E. F., Padilha, R. B., Costa da
Silva, R, Silveira, A. K., et al. (2022). Gut microbiota modulation by prednisolone in a
rat kindling model of pentylenetetrazol (PTZ)-induced seizure. Microb. Pathog. 163,
105376. doi:10.1016/j.micpath.2021.105376

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D. J., and Bakker,
B. M. (2013). The role of short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism. J. Lipid Res. 54, 2325-2340. doi:10.1194/jlr.
R036012

Ding, M., Lang, Y., Shu, H., Shao, J., and Cui, L. (2021). Microbiota-gut-brain Axis
and epilepsy: a review on mechanisms and potential therapeutics. Front. Immunol. 12,
742449. doi:10.3389/fimmu.2021.742449

Ding, X., Zhou, J., Zhao, L., Chen, M., Wang, S., Zhang, M., et al. (2022). Intestinal
flora composition determines microglia activation and improves epileptic episode
progress. Front. Cell Infect. Microbiol. 12, 835217. doi:10.3389/fcimb.2022.835217

Djuri¢, Z., Nagorni, A., Joci¢-Jakubi, B., Dimi¢, M., Novak, M., Mili¢evi¢, R., et al.
(2012). Celiac disease prevalence in epileptic children from Serbia. Turk J. Pediatr. 54,
247-250.

Dong, L., Zheng, Q., Cheng, Y., Zhou, M., Wang, M., Xu, J,, et al. (2022). Gut
microbial characteristics of adult patients with epilepsy. Front. Neurosci. 16, 803538.
doi:10.3389/fnins.2022.803538

Eisenstein, M. (2016). Microbiome: bacterial broadband. Nature 533, 104-106. doi:10.
1038/533S104a

frontiersin.org


https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1016/j.braindev.2015.09.009
https://doi.org/10.1002/ana.410050411
https://doi.org/10.1002/ana.410050411
https://doi.org/10.1038/nm.4068
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1111/epi.13854
https://doi.org/10.1146/annurev.psych.59.103006.093551
https://doi.org/10.3390/ijms23158829
https://doi.org/10.3390/ijms23158829
https://doi.org/10.1016/j.neuropharm.2022.109409
https://doi.org/10.1038/nrgastro.2011.244
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1371/journal.pone.0099830
https://doi.org/10.1371/journal.pone.0099830
https://doi.org/10.1016/j.yebeh.2016.05.041
https://doi.org/10.1016/j.yebeh.2016.05.041
https://doi.org/10.1172/JCI143771
https://doi.org/10.1016/j.neubiorev.2019.05.023
https://doi.org/10.1016/j.neubiorev.2019.05.023
https://doi.org/10.1016/j.mvr.2020.104059
https://doi.org/10.1016/j.mvr.2020.104059
https://doi.org/10.3389/fcimb.2021.749509
https://doi.org/10.3389/fcimb.2021.749509
https://doi.org/10.1002/epi4.12461
https://doi.org/10.1038/srep34477
https://doi.org/10.1016/j.bcp.2019.08.009
https://doi.org/10.1016/j.eplepsyres.2021.106742
https://doi.org/10.1016/j.jmb.2005.07.028
https://doi.org/10.1016/j.chom.2008.12.006
https://doi.org/10.1016/j.eplepsyres.2023.107190
https://doi.org/10.1111/epi.16813
https://doi.org/10.1186/s12970-016-0155-6
https://doi.org/10.1186/s12970-016-0155-6
https://doi.org/10.1038/nm.2087
https://doi.org/10.1038/nrmicro2876
https://doi.org/10.1136/gut.47.suppl_4.iv15
https://doi.org/10.1038/nrn894
https://doi.org/10.1016/s0959-4388(03)00090-4
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.1007/s13365-017-0554-8
https://doi.org/10.1007/s00213-018-5006-5
https://doi.org/10.1007/s00213-018-5006-5
https://doi.org/10.1016/j.ebiom.2019.05.024
https://doi.org/10.1016/j.eplepsyres.2022.106925
https://doi.org/10.1016/j.eplepsyres.2022.106925
https://doi.org/10.1016/j.neubiorev.2019.10.002
https://doi.org/10.1038/s41598-019-50542-0
https://doi.org/10.1038/s41598-019-50542-0
https://doi.org/10.1016/j.micpath.2021.105376
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.3389/fimmu.2021.742449
https://doi.org/10.3389/fcimb.2022.835217
https://doi.org/10.3389/fnins.2022.803538
https://doi.org/10.1038/533S104a
https://doi.org/10.1038/533S104a
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

Eor, J. Y., Son, Y. J,, Kim, J. Y., Kang, H. C,, Youn, S. E,, Kim, J. H,, et al. (2021).
Neuroprotective effect of both synbiotics and ketogenic diet in a pentylenetetrazol-
induced acute seizure murine model. Epilepsy Res. 174, 106668. doi:10.1016/j.
eplepsyres.2021.106668

Erny, D., Hrabé de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E.,
et al. (2015). Host microbiota constantly control maturation and function of microglia
in the CNS. Nat. Neurosci. 18, 965-977. doi:10.1038/nn.4030

Fan, Y., Wang, H,, Liu, X., Zhang, J,, and Liu, G. (2019). Crosstalk between the
ketogenic diet and epilepsy: from the perspective of gut microbiota. Mediat. Inflamm.
2019, 8373060. doi:10.1155/2019/8373060

Fenoglio-Simeone, K. A., Wilke, J. C., Milligan, H. L., Allen, C. N,, Rho, J. M., and
Maganti, R. K. (2009). Ketogenic diet treatment abolishes seizure periodicity and
improves diurnal rhythmicity in epileptic Kcnal-null mice. Epilepsia 50, 2027-2034.
doi:10.1111/j.1528-1167.2009.02163.x

Ferrier, C. H., Alarcén, G., Glover, A., Koutroumanidis, M., Morris, R. G., Simmons,
A, etal. (2000). N-Acetylaspartate and creatine levels measured by (1)H MRS relate to
recognition memory. Neurology 55, 1874-1883. doi:10.1212/wnl.55.12.1874

Ferro, J. M., and Oliveira Santos, M. (2021). Neurology of inflammatory bowel
disease. J. Neurol. Sci. 424, 117426. doi:10.1016/j.jns.2021.117426

Fiest, K. M., Sauro, K. M., Wiebe, S., Patten, S. B., Kwon, C. S., Dykeman, J., et al.
(2017). Prevalence and incidence of epilepsy: a systematic review and meta-analysis of
international studies. Neurology 88, 296-303. doi:10.1212/WNL.0000000000003509

Fisher, R. S., Acevedo, C., Arzimanoglou, A., Bogacz, A., Cross, J. H., Elger, C. E., et al.
(2014). ILAE official report: a practical clinical definition of epilepsy. Epilepsia 55,
475-482. doi:10.1111/epi.12550

Fisher, R. S., Cross, J. H., D’Souza, C., French, J. A., Haut, S. R., Higurashi, N., et al.
(2017b). Instruction manual for the ILAE 2017 operational classification of seizure
types. Epilepsia 58, 531-542. doi:10.1111/epi.13671

Fisher, R. S., Cross, J. H., French, J. A., Higurashi, N., Hirsch, E., Jansen, F. E., et al.
(2017a). Operational classification of seizure types by the international league against
epilepsy: position paper of the ILAE commission for classification and terminology.
Epilepsia 58, 522-530. doi:10.1111/epi.13670

Friedland, R. P., and Chapman, M. R. (2017). The role of microbial amyloid in
neurodegeneration. PLoS Pathog. 13, €1006654. doi:10.1371/journal.ppat.1006654

Frost, G., Sleeth, M. L., Sahuri-Arisoylu, M., Lizarbe, B., Cerdan, S., Brody, L., et al.
(2014). The short-chain fatty acid acetate reduces appetite via a central homeostatic
mechanism. Nat. Commun. 5, 3611. doi:10.1038/ncomms4611

Furness, J. B., Callaghan, B. P, Rivera, L. R., and Cho, H. J. (2014). The enteric nervous
system and gastrointestinal innervation: integrated local and central control. Adv.
Exp. Med. Biol. 817, 39-71. doi:10.1007/978-1-4939-0897-4_3

Fusco, E., Perottoni, S., Giordano, C., Riva, A., Iannone, L. F., De Caro, C., et al.
(2022). The microbiota-gut-brain axis and epilepsy from a multidisciplinary
perspective: clinical evidence and technological solutions for improvement of
in vitro preclinical models. Bioeng. Transl. Med. 7, €10296. do0i:10.1002/btm2.
10296

Gales, J. M., and Prayson, R. A. (2017). Chronic inflammation in refractory
hippocampal sclerosis-related temporal lobe epilepsy. Ann. Diagn Pathol. 30, 12-16.
doi:10.1016/j.anndiagpath.2017.05.009

Galland, L. (2014). The gut microbiome and the brain. J. Med. Food 17, 1261-1272.
doi:10.1089/jmf.2014.7000

Garcia-Belenguer, S., Grasa, L., Palacio, J., Moral, J., and Rosado, B. (2023).
Effect of a ketogenic medium chain triglyceride-enriched diet on the fecal
microbiota in canine idiopathic epilepsy: a pilot study. Vet. Sci. 10, 245. doi:10.
3390/vetscil0040245

Garcia-Belenguer, S., Grasa, L., Valero, O., Palacio, J., Lufio, I, and Rosado, B. (2021).
Gut microbiota in canine idiopathic epilepsy: effects of disease and treatment. Animals
11, 3121. doi:10.3390/anil1113121

Gerasimidis, K., Bryden, K., Chen, X., Papachristou, E., Verney, A., Roig, M., et al.
(2020). The impact of food additives, artificial sweeteners and domestic hygiene
products on the human gut microbiome and its fibre fermentation capacity. Eur.
J. Nutr. 59, 3213-3230. doi:10.1007/s00394-019-02161-8

Gernone, F., Uva, A, Silvestrino, M., Cavalera, M. A., and Zatelli, A. (2022). Role of
gut microbiota through gut-brain axis in epileptogenesis:a systematic review of human
and veterinary medicine. Biology 11, 1290. doi:10.3390/biology11091290

Gershon, M. D. (2010). Developmental determinants of the independence and
complexity of the enteric nervous system. Trends Neurosci. 33, 446-456. doi:10.
1016/j.tins.2010.06.002

Goehler, L. E., Gaykema, R. P., Opitz, N, Reddaway, R., Badr, N, and Lyte, M. (2005).
Activation in vagal afferents and central autonomic pathways:early responses to
intestinal infection with Campylobacter jejuni. Brain Behav. Immun. 19, 334-344.
doi:10.1016/j.bbi.2004.09.002

Gomes, W. A, Lado, F. A, de Lanerolle, N. C., Takahashi, K., Pan, C., and
Hetherington, H. P. (2007). Spectroscopic imaging of the pilocarpine model of
human epilepsy suggests that early NAA reduction predicts epilepsy. Magn. Reson
Med. 58, 230-235. doi:10.1002/mrm.21310

Frontiers in Pharmacology

22

10.3389/fphar.2024.1276551

Gomez-Eguilaz, M., Ramoén-Trapero, J. L., Pérez-Martinez, L., and Blanco, J. R.
(2018). The beneficial effect of probiotics as a supplementary treatment in drug-
resistant epilepsy: a pilot study. Benef. Microbes 9, 875-881. doi:10.3920/BM2018.0018

Gong, S. Z., Qiu, J., Wu, L. W,, and Tan, L. H. (2022). Change in intestinal flora after
treatment in children with focal epilepsy. Zhongguo Dang Dai Er Ke Za Zhi 24, 290-296.
doi:10.7499/j.issn.1008-8830.2109134

Gong, X., Cai, Q. Liu, X, An, D., Zhou, D., Luo, R,, et al. (2021). Gut flora and
metabolism are altered in epilepsy and partially restored after ketogenic diets. Microb.
Pathog. 155, 104899. doi:10.1016/j.micpath.2021.104899

Gong, X., Liu, L., Li, X,, Xiong, J., Xu, J., Mao, D, et al. (2022b). Neuroprotection of
cannabidiol in epileptic rats: gut microbiome and metabolome sequencing. Front. Nutr.
9, 1028459. doi:10.3389/fnut.2022.1028459

Gong, X,, Liu, X,, Chen, C, Lin, J,, Li, A., Guo, K, et al. (2020). Alteration of gut
microbiota in patients with epilepsy and the potential index as a biomarker. Front.
Microbiol. 11, 517797. doi:10.3389/fmicb.2020.517797

Gong, X,, Liu, Y, Liu, X,, Li, A. Q., Guo, K. D, Zhou, D, et al. (2022a). Analysis of gut
microbiota in patients with epilepsy treated with valproate: results from a three months
observational prospective cohort study. Microb. Pathog. 162, 105340. doi:10.1016/j.
micpath.2021.105340

Gribble, F. M., and Reimann, F. (2019). Function and mechanisms of enteroendocrine
cells and gut hormones in metabolism. Nat. Rev. Endocrinol. 15, 226-237. doi:10.1038/
541574-019-0168-8

Gudan, A., Skonieczna-Zydecka, K., Palma, J., Drozd, A., and Stachowska, E. (2022).
Effects of dietary components on intestinal short-chain fatty acids (SCFAs) synthesis in
healthy adult persons following a ketogenic diet. Rocz. Panstw Zakl. Hig. 73, 51-69.
doi:10.32394/rpzh.2022.0196

Guzel, O., Uysal, U., and Arslan, N. (2019). Efficacy and tolerability of olive oil-based
ketogenic diet in children with drug-resistant epilepsy: a single center experience from
Turkey. Eur. . Paediatr. Neurology 23, 143-151. doi:10.1016/j.ejpn.2018.11.007

Hara, T., Mihara, T., Ishibashi, M., Kumagai, T., and Joh, T. (2018). Heat-killed
Lactobacillus casei subsp. casei 327 promotes colonic serotonin synthesis in mice.
J. Funct. Foods 47, 585-589. doi:10.1016/j.jff.2018.05.050

Hartman, A. L. (2008). Does the effectiveness of the ketogenic diet in different
epilepsies yield insights into its mechanism? Epilepsia 49, 53-56. doi:10.1111/.1528-
1167.2008.01835.x

Hartman, A. L., Zheng, X., Bergbower, E., Kennedy, M., and Hardwick, J. M. (2010).
Seizure tests distinguish intermittent fasting from the ketogenic diet. Epilepsia 51,
1395-1402. doi:10.1111/§.1528-1167.2010.02577.x

He, Z., Cui, B. T,, Zhang, T., Li, P., Long, C. Y., Ji, G. Z., et al. (2017). Fecal microbiota
transplantation cured epilepsy in a case with Crohn’s disease: the first report. World
J. Gastroenterol. 23, 3565-3568. doi:10.3748/wjg.v23.i19.3565

Holmes, M., Flaminio, Z., Vardhan, M., Xu, F., Li, X., Devinsky, O., et al. (2020). Cross
talk between drug-resistant epilepsy and the gut microbiome. Epilepsia 61, 2619-2628.
doi:10.1111/epi.16744

Hu, A, Yuan, H, Qin, Y., Zhu, Y., Zhang, L, Chen, Q. et al. (2022).
Lipopolysaccharide (LPS) increases susceptibility to epilepsy via interleukin-1 type
1 receptor signaling. Brain Res. 1793, 148052. doi:10.1016/j.brainres.2022.148052

Huang, C,, Chu, C,, Peng, Y., Zhang, N., Yang, Z., You, J., et al. (2022). Correlations
between gastrointestinal and oral microbiota in children with cerebral palsy and
epilepsy. Front. Pediatr. 10, 988601. doi:10.3389/fped.2022.988601

Huang, C, Li, X,, Wu, L., Wu, G, Wang, P,, Peng, Y., et al. (2021). The effect of
different dietary structure on gastrointestinal dysfunction in children with cerebral
palsy and epilepsy based on gut microbiota. Brain Dev. 43, 192-199. doi:10.1016/j.
braindev.2020.09.013

Huang, C,, Li, Y., Feng, X, Li, D., Li, X., Ouyang, Q. et al. (2019). Distinct gut
microbiota composition and functional category in children with cerebral palsy and
epilepsy. Front. Pediatr. 7, 394. doi:10.3389/fped.2019.00394

Huang, T. S, Lu, X. G,, Li, B,, Chen, Y., Wen, J. L., Hu, Y,, et al. (2010). Benign
infantile convulsions with mild gastroenteritis: clinical analysis of 40 cases. Zhongguo
Dang Dai Er Ke Za Zhi 12, 533-535.

Huber, S., Gagliani, N., Esplugues, E., O’Connor, W, Jr., Huber, F. J., Chaudhry, A.,
et al. (2011). Th17 cells express interleukin-10 receptor and are controlled by Foxp3~
and Foxp3+ regulatory CD4+ T cells in an interleukin-10-dependent manner.
Immunity 34, 554-565. doi:lO.lOlG/j.immuni.ZOl1.01.020

lannone, L. F., Gémez-Eguilaz, M., and De Caro, C. (2022). Gut microbiota
manipulation as an epilepsy treatment. Neurobiol. Dis. 174, 105897. doi:10.1016/j.
nbd.2022.105897

Ithan, Z. E., Brochard, V., Lapaque, N., Auvin, S., and Lepage, P. (2022). Exposure to
anti-seizure medications impact growth of gut bacterial species and subsequent host
response. Neurobiol. Dis. 167, 105664. doi:10.1016/j.nbd.2022.105664

Isikay, S., and Kocamaz, H. (2014). Prevalence of celiac disease in children with
idiopathic epilepsy in southeast Turkey. Pediatr. Neurol. 50, 479-481. doi:10.1016/j.
pediatrneurol.2014.01.021

Ivanov, L. I, Frutos Rde, L., Manel, N., Yoshinaga, K., Rifkin, D. B., Sartor, R. B,, et al.
(2008). Specific microbiota direct the differentiation of IL-17-producing T-helper cells

frontiersin.org


https://doi.org/10.1016/j.eplepsyres.2021.106668
https://doi.org/10.1016/j.eplepsyres.2021.106668
https://doi.org/10.1038/nn.4030
https://doi.org/10.1155/2019/8373060
https://doi.org/10.1111/j.1528-1167.2009.02163.x
https://doi.org/10.1212/wnl.55.12.1874
https://doi.org/10.1016/j.jns.2021.117426
https://doi.org/10.1212/WNL.0000000000003509
https://doi.org/10.1111/epi.12550
https://doi.org/10.1111/epi.13671
https://doi.org/10.1111/epi.13670
https://doi.org/10.1371/journal.ppat.1006654
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1007/978-1-4939-0897-4_3
https://doi.org/10.1002/btm2.10296
https://doi.org/10.1002/btm2.10296
https://doi.org/10.1016/j.anndiagpath.2017.05.009
https://doi.org/10.1089/jmf.2014.7000
https://doi.org/10.3390/vetsci10040245
https://doi.org/10.3390/vetsci10040245
https://doi.org/10.3390/ani11113121
https://doi.org/10.1007/s00394-019-02161-8
https://doi.org/10.3390/biology11091290
https://doi.org/10.1016/j.tins.2010.06.002
https://doi.org/10.1016/j.tins.2010.06.002
https://doi.org/10.1016/j.bbi.2004.09.002
https://doi.org/10.1002/mrm.21310
https://doi.org/10.3920/BM2018.0018
https://doi.org/10.7499/j.issn.1008-8830.2109134
https://doi.org/10.1016/j.micpath.2021.104899
https://doi.org/10.3389/fnut.2022.1028459
https://doi.org/10.3389/fmicb.2020.517797
https://doi.org/10.1016/j.micpath.2021.105340
https://doi.org/10.1016/j.micpath.2021.105340
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.32394/rpzh.2022.0196
https://doi.org/10.1016/j.ejpn.2018.11.007
https://doi.org/10.1016/j.jff.2018.05.050
https://doi.org/10.1111/j.1528-1167.2008.01835.x
https://doi.org/10.1111/j.1528-1167.2008.01835.x
https://doi.org/10.1111/j.1528-1167.2010.02577.x
https://doi.org/10.3748/wjg.v23.i19.3565
https://doi.org/10.1111/epi.16744
https://doi.org/10.1016/j.brainres.2022.148052
https://doi.org/10.3389/fped.2022.988601
https://doi.org/10.1016/j.braindev.2020.09.013
https://doi.org/10.1016/j.braindev.2020.09.013
https://doi.org/10.3389/fped.2019.00394
https://doi.org/10.1016/j.immuni.2011.01.020
https://doi.org/10.1016/j.nbd.2022.105897
https://doi.org/10.1016/j.nbd.2022.105897
https://doi.org/10.1016/j.nbd.2022.105664
https://doi.org/10.1016/j.pediatrneurol.2014.01.021
https://doi.org/10.1016/j.pediatrneurol.2014.01.021
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

in the mucosa of the small intestine. Cell Host Microbe 4, 337-349. doi:10.1016/j.chom.
2008.09.009

Jahromi, S. R, Togha, M., Fesharaki, S. H., Najafi, M., Moghadam, N. B,
Kheradmand, J. A, et al. (2011). Gastrointestinal adverse effects of antiepileptic
drugs in intractable epileptic patients. Seizure 20, 343-346. doi:10.1016/j.seizure.
2010.12.011

Kaelberer, M. M., Buchanan, K. L., Klein, M. E., Barth, B. B., Montoya, M. M., Shen,
X., et al. (2018). A gut-brain neural circuit for nutrient sensory transduction. Science
361, eaat5236. doi:10.1126/science.aat5236

Kawamura, Y., Nakayama, A., Kato, T., Miura, H., Ishihara, N., Ihira, M,, et al. (2015).
Pathogenic role of human herpesvirus 6B infection in mesial temporal lobe epilepsy.
J. Infect. Dis. 212, 1014-1021. doi:10.1093/infdis/jiv160

Keezer, M. R, Sisodiya, S. M., and Sander, J. W. (2016). Comorbidities of epilepsy:
current concepts and future perspectives. Lancet Neurol. 15, 106-115. doi:10.1016/
$1474-4422(15)00225-2

Keightley, P. C., Koloski, N. A., and Talley, N. J. (2015). Pathways in gut-brain
communication: evidence for distinct gut-to-brain and brain-to-gut syndromes. Aust.
N. Z. ]. Psychiatry 49, 207-214. doi:10.1177/0004867415569801

Khlevner, J., Park, Y., and Margolis, K. G. (2018). Brain-gut Axis: clinical implications.
Gastroenterol. Clin. North Am. 47, 727-739. d0i:10.1016/j.gtc.2018.07.002

Kiling, E., Ankarali, S., Ayhan, D., Ankarali, H.,, Torun, L. E., and Cetinkaya, A. (2021).
Protective effects of long-term probiotic mixture supplementation against
pentylenetetrazole-induced seizures, inflammation and oxidative stress in rats.
J. Nutr. Biochem. 98, 108830. doi:10.1016/j.jnutbio.2021.108830

Kolosowska, K., Maciejak, P., Szyndler, J., Turzynska, D., Sobolewska, A., and Ptaznik,
A. (2014). The role of interleukin-1p in the pentylenetetrazole-induced kindling of
seizures, in the rat hippocampus. Eur. J. Pharmacol. 731, 31-37. doi:10.1016/j.ejphar.
2014.03.008

Kossoff, E. H., and Doward, J. L. (2008). The modified atkins diet. Epilepsia 49, 37-41.
doi:10.1111/j.1528-1167.2008.01831.x

Kristev, A., Sirakov, V., Kostadinova, 1., and Lukanov, J. (1994). The ethosuximide-
induced hyperpolarization of smooth muscle tissues--a cause of functional changes in
the gastrointestinal tract of rats--is provoked by CA(2+)-dependent K(+)-efflux. Folia
Med. Plovdiv. 36, 13-22.

Kshirsagar, V. Y., Nagarsenkar, S., Ahmed, M., Colaco, S., and Wingkar, K. C. (2012).
Abdominal epilepsy in chronic recurrent abdominal pain. J. Pediatr. Neurosci. 7,
163-166. doi:10.4103/1817-1745.106468

Kundu, S., Nayak, S., Rakshit, D., Singh, T., Shukla, R., Khatri, D. K., et al. (2023). The
microbiome-gut-brain axis in epilepsy: pharmacotherapeutic target from bench
evidence for potential bedside applications. Eur. J. Neurol. 30, 3557-3567. doi:10.
1111/ene.15767

Kuwahara, A., Matsuda, K., Kuwahara, Y., Asano, S., Inui, T., and Marunaka, Y.
(2020). Microbiota-gut-brain axis: enteroendocrine cells and the enteric nervous system
form an interface between the microbiota and the central nervous system. Biomed. Res.
41, 199-216. doi:10.2220/biomedres.41.199

Laman, J. D.,’t Hart, B. A,, Power, C., and Dziarski, R. (2020). Bacterial peptidoglycan
as a driver of chronic brain inflammation. Trends Mol. Med. 26, 670-682. doi:10.1016/j.
molmed.2019.11.006

Leblhuber, F., Geisler, S., Steiner, K., Fuchs, D., and Schiitz, B. (2015). Elevated fecal
calprotectin in patients with Alzheimer’s dementia indicates leaky gut. J. Neural
Transm. (Vienna) 122, 1319-1322. doi:10.1007/s00702-015-1381-9

Lee, H., Lee, S., Lee, D. H., and Kim, D. W. (2021). A comparison of the gut microbiota
among adult patients with drug-responsive and drug-resistant epilepsy: an exploratory
study. Epilepsy Res. 172, 106601. doi:10.1016/j.eplepsyres.2021.106601

Lee, K., Kim, N, Shim, J. O., and Kim, G. H. (2020). Gut bacterial dysbiosis in children
with intractable epilepsy. J. Clin. Med. 10, 5. doi:10.3390/jcm10010005

Lee, N., and Kim, W. U. (2017). Microbiota in T-cell homeostasis and inflammatory
diseases. Exp. Mol. Med. 49, ¢340. doi:10.1038/emm.2017.36

Leen, W. G., Klepper, J., Verbeek, M. M., Leferink, M., Hofste, T., van Engelen, B. G.,
et al. (2010). Glucose transporter-1 deficiency syndrome: the expanding clinical and
genetic spectrum of a treatable disorder. Brain 133, 655-670. doi:10.1093/brain/awp336

Lefevre, F., and Aronson, N. (2000). Ketogenic diet for the treatment of refractory
epilepsy in children: a systematic review of efficacy. Pediatrics 105, E46. doi:10.1542/
peds.105.4.e46

Leibovitch, E. C., and Jacobson, S. (2015). Human herpesvirus 6 as a viral trigger in
mesial temporal lobe epilepsy. J. Infect. Dis. 212, 1011-1013. doi:10.1093/infdis/jiv162

Lemos, V. R, Aires, R., Cdco, L. Z., Domingues, R. B., Meyrelles, S. S., Vasquez, E. C,,
et al. (2022). Benefits of multi-day supplementation with probiotic kefir in Rasmussen
encephalitis: the first case report. Nutr. Neurosci. 25, 2390-2397. doi:10.1080/1028415X.
2021.1970299

Leo, A., Nesci, V., Tallarico, M., Amodio, N., Gallo Cantafio, E. M., De Sarro, G., et al.
(2020). IL-6 receptor blockade by tocilizumab has anti-absence and anti-epileptogenic
effects in the WAG/rij rat model of absence epilepsy. Neurotherapeutics 17, 2004-2014.
doi:10.1007/s13311-020-00893-8

Frontiers in Pharmacology

10.3389/fphar.2024.1276551

Li, D,, Bai, X, Jiang, Y., and Cheng, Y. (2021a). Butyrate alleviates PTZ-induced
mitochondrial dysfunction, oxidative stress and neuron apoptosis in mice via Keap1/
Nrf2/HO-1 pathway. Brain Res. Bull. 168, 25-35. doi:10.1016/j.brainresbull.2020.12.009

Li, X,, Wang, Q., Wu, D,, Zhang, D. W,, Li, S. C,, Zhang, S. W., et al. (2022). The effect
of a novel anticonvulsant chemical Q808 on gut microbiota and hippocampus
neurotransmitters in pentylenetetrazole-induced seizures in rats. BMC Neurosci. 23,
7. doi:10.1186/512868-022-00690-3

Li, Y., Yang, X,, Zhang, ], Jiang, T., Zhang, Z., Wang, Z., et al. (2021b). Ketogenic diets
induced glucose intolerance and lipid accumulation in mice with alterations in gut
microbiota and metabolites. mBio 12, €03601-e03620. doi:10.1128/mBi0.03601-20

Liang, L., Zhou, H., Zhang, S., Yuan, J., and Wu, H. (2017). Effects of gut microbiota
disturbance induced in early life on the expression of extrasynaptic GABA-A receptor
a5 and 8 subunits in the hippocampus of adult rats. Brain Res. Bull. 135, 113-119.
doi:10.1016/j.brainresbull.2017.09.014

Liebregts, T., Adam, B., Bredack, C., R6th, A., Heinzel, S., Lester, S., et al. (2007).
Immune activation in patients with irritable bowel syndrome. Gastroenterology 132,
913-920. doi:10.1053/j.gastro.2007.01.046

Liesz, A., Suri-Payer, E., Veltkamp, C., Doerr, H., Sommer, C., Rivest, S., et al. (2009).
Regulatory T cells are key cerebroprotective immunomodulators in acute experimental
stroke. Nat. Med. 15, 192-199. do0i:10.1038/nm.1927

Lin, P, Lin, A,, Tao, K., Yang, M., Ye, Q., Chen, H., et al. (2021). Intestinal Klebsiella
pneumoniae infection enhances susceptibility to epileptic seizure which can be reduced
by microglia activation. Cell Death Discov. 7, 175. doi:10.1038/s41420-021-00559-0

Lindefeldt, M., Eng, A., Darban, H., Bjerkner, A., Zetterstrom, C. K., Allander, T., et al.
(2019). The ketogenic diet influences taxonomic and functional composition of the gut
microbiota in children with severe epilepsy. NPJ Biofilms Microbiomes 5, 5. doi:10.1038/
541522-018-0073-2

Liu, T, Jia, F., Guo, Y., Wang, Q., Zhang, X., Chang, F., et al. (2023). Altered intestinal
microbiota composition with epilepsy and concomitant diarrhea and potential indicator
biomarkers in infants. Front. Microbiol. 13, 1081591. doi:10.3389/fmicb.2022.1081591

Lu, Y., Zhang, Z., Tong, L., Zhou, X., Liang, X,, Yi, H,, et al. (2021). Mechanisms
underlying the promotion of 5-hydroxytryptamine secretion in enterochromaffin cells
of constipation mice by Bifidobacterium and Lactobacillus. Neurogastroenterol. Motil.
33, €14082. doi:10.1111/nmo.14082

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4'T cells:
differentiation and functions. Clin. Dev. Immunol. 2012, 925135. doi:10.1155/2012/
925135

Lv, R, Xu, X, Luo, Z., Shen, N., Wang, F., and Zhao, Y. (2014). Pyrrolidine
dithiocarbamate (PDTC) inhibits the overexpression of MCP-1 and attenuates
microglial activation in the hippocampus of a pilocarpine-induced status epilepticus
rat model. Exp. Ther. Med. 7, 39-45. doi:10.3892/etm.2013.1397

Magon, P. (2010). Abdominal epilepsy misdiagnosed as peptic ulcer pain. Indian
J. Pediatr. 77, 916. doi:10.1007/s12098-010-0141-y

Mandic, A. D., Woting, A., Jaenicke, T., Sander, A., Sabrowski, W., Rolle-Kampcyk,
U, et al. (2019). Clostridium ramosum regulates enterochromaffin cell development
and serotonin release. Sci. Rep. 9, 1177. doi:10.1038/s41598-018-38018-z

Manral, M., Dwivedi, R,, Gulati, S., Kaur, K., Nehra, A., Pandey, R. M., et al. (2023).
Safety, efficacy, and tolerability of modified atkins diet in persons with drug-resistant
epilepsy: a randomized controlled trial. Neurology 100, e1376-e1385. doi:10.1212/WNL.
0000000000206776

Mao, L. Y., Ding, J., Peng, W. F., Ma, Y., Zhang, Y. H., Fan, W, et al. (2013). Interictal
interleukin-17A levels are elevated and correlate with seizure severity of epilepsy
patients. Epilepsia 54, e142-e145. doi:10.1111/epi.12337

Mayer, E. A. (2011). Gut feelings: the emerging biology of gut-brain communication.
Nat. Rev. Neurosci. 12, 453-466. doi:10.1038/nrn3071

Mayer, E. A, Labus, J. S., Tillisch, K., Cole, S. W., and Baldi, P. (2015). Towards a
systems view of IBS. Nat. Rev. Gastroenterol. Hepatol. 12, 592-605. doi:10.1038/
nrgastro.2015.121

McDonald, T. J. W., Henry-Barron, B. ], Felton, E. A., Gutierrez, E. G., Barnett, J.,
Fisher, R., et al. (2018). Improving compliance in adults with epilepsy on a modified
Atkins diet: a randomized trial. Seizure 60, 132-138. doi:10.1016/j.seizure.2018.
06.019

Medel-Matus, J. S., Lagishetty, V., Santana-Gomez, C., Shin, D., Mowrey, W, Staba,
R.J,, et al. (2022). Susceptibility to epilepsy after traumatic brain injury is associated
with preexistent gut microbiome profile. Epilepsia 63, 1835-1848. doi:10.1111/epi.
17248

Medel-Matus, J. S., Shin, D., Dorfman, E., Sankar, R., and Mazarati, A. (2018).
Facilitation of kindling epileptogenesis by chronic stress may be mediated by intestinal
microbiome. Epilepsia Open 3, 290-294. doi:10.1002/epi4.12114

Mengoni, F., Salari, V., Kosenkova, I., Tsenov, G., Donadelli, M., Malerba, G., et al.
(2021). Gut microbiota modulates seizure susceptibility. Epilepsia 62, e153-e157. doi:10.
1111/epi.17009

Miljanovic, N., and Potschka, H. (2021). The impact of Scnla deficiency and
ketogenic diet on the intestinal microbiome: a study in a genetic Dravet mouse
model. Epilepsy Res. 178, 106826. doi:10.1016/j.eplepsyres.2021.106826

frontiersin.org


https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.seizure.2010.12.011
https://doi.org/10.1016/j.seizure.2010.12.011
https://doi.org/10.1126/science.aat5236
https://doi.org/10.1093/infdis/jiv160
https://doi.org/10.1016/S1474-4422(15)00225-2
https://doi.org/10.1016/S1474-4422(15)00225-2
https://doi.org/10.1177/0004867415569801
https://doi.org/10.1016/j.gtc.2018.07.002
https://doi.org/10.1016/j.jnutbio.2021.108830
https://doi.org/10.1016/j.ejphar.2014.03.008
https://doi.org/10.1016/j.ejphar.2014.03.008
https://doi.org/10.1111/j.1528-1167.2008.01831.x
https://doi.org/10.4103/1817-1745.106468
https://doi.org/10.1111/ene.15767
https://doi.org/10.1111/ene.15767
https://doi.org/10.2220/biomedres.41.199
https://doi.org/10.1016/j.molmed.2019.11.006
https://doi.org/10.1016/j.molmed.2019.11.006
https://doi.org/10.1007/s00702-015-1381-9
https://doi.org/10.1016/j.eplepsyres.2021.106601
https://doi.org/10.3390/jcm10010005
https://doi.org/10.1038/emm.2017.36
https://doi.org/10.1093/brain/awp336
https://doi.org/10.1542/peds.105.4.e46
https://doi.org/10.1542/peds.105.4.e46
https://doi.org/10.1093/infdis/jiv162
https://doi.org/10.1080/1028415X.2021.1970299
https://doi.org/10.1080/1028415X.2021.1970299
https://doi.org/10.1007/s13311-020-00893-8
https://doi.org/10.1016/j.brainresbull.2020.12.009
https://doi.org/10.1186/s12868-022-00690-3
https://doi.org/10.1128/mBio.03601-20
https://doi.org/10.1016/j.brainresbull.2017.09.014
https://doi.org/10.1053/j.gastro.2007.01.046
https://doi.org/10.1038/nm.1927
https://doi.org/10.1038/s41420-021-00559-0
https://doi.org/10.1038/s41522-018-0073-2
https://doi.org/10.1038/s41522-018-0073-2
https://doi.org/10.3389/fmicb.2022.1081591
https://doi.org/10.1111/nmo.14082
https://doi.org/10.1155/2012/925135
https://doi.org/10.1155/2012/925135
https://doi.org/10.3892/etm.2013.1397
https://doi.org/10.1007/s12098-010-0141-y
https://doi.org/10.1038/s41598-018-38018-z
https://doi.org/10.1212/WNL.0000000000206776
https://doi.org/10.1212/WNL.0000000000206776
https://doi.org/10.1111/epi.12337
https://doi.org/10.1038/nrn3071
https://doi.org/10.1038/nrgastro.2015.121
https://doi.org/10.1038/nrgastro.2015.121
https://doi.org/10.1016/j.seizure.2018.06.019
https://doi.org/10.1016/j.seizure.2018.06.019
https://doi.org/10.1111/epi.17248
https://doi.org/10.1111/epi.17248
https://doi.org/10.1002/epi4.12114
https://doi.org/10.1111/epi.17009
https://doi.org/10.1111/epi.17009
https://doi.org/10.1016/j.eplepsyres.2021.106826
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

Minton, G. C., Miller, A. D., Bookstaver, P. B, and Love, B. L. (2011). Topiramate:
safety and efficacy of its use in the prevention and treatment of migraine. J. Cent. Nerv.
Syst. Dis. 3, 155-168. doi:10.4137/JCNSD.S4365

Mittal, S., Farmer, J. P., Rosenblatt, B., Andermann, F., Montes, J. L., and Villemure,
J. G. (2001). Intractable epilepsy after a functional hemispherectomy: important lessons
from an unusual case. Case report. J. Neurosurg. 94, 510-514. doi:10.3171/jns.2001.94.3.
0510

Mu, C,, Nikpoor, N., Tompkins, T. A., Choudhary, A., Wang, M., Marks, W. N, et al.
(2022a). Targeted gut microbiota manipulation attenuates seizures in a model of
infantile spasms syndrome. JCI Insight 7, e158521. doi:10.1172/jci.insight.158521

Mu, C,, Tompkins, T. A., Rho, J. M., Scantlebury, M. H., and Shearer, J. (2022b). Gut
based manipulations spur hippocampal mitochondrial bioenergetics in a model of
pediatric epilepsy. Biochim. Biophys. Acta Mol. Basis Dis. 1868, 166446. doi:10.1016/j.
bbadis.2022.166446

Mu, X., Zhang, X., Gao, H., Gao, L., Li, Q., and Zhao, C. (2022). Crosstalk between
peripheral and the brain-resident immune components in epilepsy. J. Integr. Neurosci.
21, 9. doi:10.31083/j.jin2101009

Mulak, A., Budrewicz, S., Panek-Jeziorna, M., Koszewicz, M., Jasinska, M., Marczak-
Karpina, B., et al. (2017). Fecal biomarkers of gut inflammation and intestinal barrier
dysfunction in Parkinson’s disease. Gastroenterology 152, $924. doi:10.1016/s0016-
5085(17)33152-9

Munana, K. R, Jacob, M. E,, and Callahan, B. J. (2020). Evaluation of fecal
Lactobacillus populations in dogs with idiopathic epilepsy: a pilot study. Anim.
Microbiome 2, 19. doi:10.1186/s42523-020-00036-6

Neal, E. G., Chaffe, H., Schwartz, R. H., Lawson, M. S., Edwards, N., Fitzsimmons, G.,
et al. (2008). The ketogenic diet for the treatment of childhood epilepsy: a randomised
controlled trial. Lancet Neurol. 7, 500-506. doi:10.1016/S1474-4422(08)70092-9

Nevitt, S. J., Sudell, M., Cividini, S., Marson, A. G., and Tudur Smith, C. (2022).
Antiepileptic drug monotherapy for epilepsy: a network meta-analysis of individual
participant data. Cochrane Database Syst. Rev. 4, CD011412. doi:10.1002/14651858.
CDO011412.pub4

Norgaard, M., Ehrenstein, V., Nielsen, R. B., Bakketeig, L. S., and Serensen, H. T.
(2012). Maternal use of antibiotics, hospitalisation for infection during pregnancy, and
risk of childhood epilepsy:a populationbased cohort study. PLoS One 7, €30850. doi:10.
1371/journal.pone.0030850

Ochoa-Reparaz, J., Mielcarz, D. W., Ditrio, L. E., Burroughs, A. R., Begum-Haque, S.,
Dasgupta, S., et al. (2010). Central nervous system demyelinating disease protection by
the human commensal Bacteroides fragilis depends on polysaccharide A expression.
J. Immunol. 185, 4101-4108. doi:10.4049/jimmunol.1001443

Oliveira, M. E. T., Paulino, G. V. B., Dos Santos Junior, E. D., da Silva Oliveira, F. A.,
Melo, V.M. M,, Ursulino, J. S., et al. (2022). Multi-omic analysis of the gut microbiome
in rats with lithium-pilocarpine-induced temporal lobe epilepsy. Mol. Neurobiol. 59,
6429-6446. doi:10.1007/s12035-022-02984-3

Olson, C. A,, Vuong, H. E,, Yano, J. M., Liang, Q. Y., Nusbaum, D. J., and Hsiao, E. Y.
(2018). The gut microbiota mediates the anti-seizure effects of the ketogenic diet. Cell
173, 1728-1741. doi:10.1016/j.cell.2018.04.027

O’Mahony, S. M., Clarke, G., Borre, Y. E,, Dinan, T. G., and Cryan, J. F. (2015).
Serotonin, tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain
Res. 277, 32-48. doi:10.1016/j.bbr.2014.07.027

Ott, B. R. (1991). Bulimia in a patient with temporal lobe epilepsy. J. Neurol.
Neurosurg. Psychiatry 54, 1020-1021. doi:10.1136/jnnp.54.11.1020

Ouyang, Y., Chen, Y., Wang, G., Song, Y., Zhao, H., Xiao, B., et al. (2022). Genetically
proxied gut microbiota, gut metabolites with risk of epilepsy and the subtypes: a bi-
directional Mendelian randomization study. Front. Mol. Neurosci. 15, 994270. doi:10.
3389/fnmol.2022.994270

Ozcan, E, Lum, G. R, and Hsiao, E. Y. (2022). Interactions between the gut
microbiome and ketogenic diet in refractory epilepsy. Int. Rev. Neurobiol. 167,
217-249. doi:10.1016/bs.irn.2022.06.002

Ozogul, F. (2004). Production of biogenic amines by Morganella morganii, Klebsiella
pneumoniae and Hafnia alvei using a rapid HPLC method. Eur. Food Res. Technol. 219,
465-469. doi:10.1007/500217-004-0988-0

Ozogul, F. K. E., Ozogul, Y., Ozogul, I, and Ozogul, I. (2012). The function of lactic
acid bacteria on biogenic amines production by food-borne pathogens in arginine
decarboxylase broth. Food Sci. Technol. Res. 18, 795-804. doi:10.3136/fstr.18.795

Park, A. J., Collins, J., Blennerhassett, P. A., Ghia, J. E., Verdu, E. F., Bercik, P., et al.
(2013). Altered colonic function and microbiota profile in a mouse model of chronic
depression. Neurogastroenterol. Motil. 25, 733-e575. doi:10.1111/nmo.12153

Patel, D. C., Wallis, G., Dahle, E. J., McElroy, P. B,, Thomson, K. E., Tesi, R. ., et al.
(2017). Hippocampal TNFa signaling contributes to seizure generation in an infection-
induced mouse model of limbic epilepsy. eNeuro 4, 0105-0117. doi:10.1523/ENEURO.
0105-17.2017

Peng, A,, Qiu, X,, Lai, W., Li, W,, Zhang, L., Zhu, X,, et al. (2018). Altered composition
of the gut microbiome in patients with drug-resistant epilepsy. Epilepsy Re. 147,
102-107. doi:10.1016/j.eplepsyres.2018.09.013

Frontiers in Pharmacology

10.3389/fphar.2024.1276551

Peng, Y., Chiu, A. T. G, Li, V. W. Y., Zhang, X,, Yeung, W. L,, Chan, S. H. S,, et al.
(2023). The role of the gut-microbiome-brain axis in metabolic remodeling amongst
children with cerebral palsy and epilepsy. Front. Neurol. 14,1109469. doi:10.3389/fneur.
2023.1109469

Pfeifer, H. H., Lyczkowski, D. A., and Thiele, E. A. (2008). Low glycemic index
treatment: implementation and new insights into efficacy. Epilepsia 40, 33-36.

Pittman, Q. J. (2020). A gut feeling about the ketogenic diet in epilepsy. Epilepsy Res.
166, 106409. doi:10.1016/j.eplepsyres.2020.106409

Pratesi, R., Modelli, I. C., Martins, R. C., Almeida, P. L., and Gandolfi, L. (2003). Celiac
disease and epilepsy: favorable outcome in a child with difficult to control seizures. Acta
Neurol. Scand. 108, 290-293. doi:10.1034/j.1600-0404.2003.00082.x

Qian, Y, Lv, P. C, Shi, L,, Fang, R. Q,, Song, Z. C,, and Zhu, H. L. (2009). Synthesis,
antimicrobial activity of lamotrigine and its ammonium derivatives. J. Chem. Sci. 121,
463-470. doi:10.1007/s12039-009-0055-2

Quigley, E. M. M. (2017). Microbiota-brain-gut Axis and neurodegenerative diseases.
Curr. Neurol. Neurosci. Rep. 17, 94. d0i:10.1007/s11910-017-0802-6

Rahman, M. T., Ghosh, C., Hossain, M., Linfield, D., Rezace, F., Janigro, D., et al.
(2018). IFN-y, IL-17A, or zonulin rapidly increase the permeability of the blood-brain
and small intestinal epithelial barriers: relevance for neuro-inflammatory diseases.
Biochem. Biophys. Res. Commun. 507, 274-279. doi:10.1016/j.bbrc.2018.11.021

Reddy, D. S., and Rogawski, M. A. (2002). Stress-induced deoxycorticosteronederived
neurosteroids modulate  GABA(A)receptor function and seizure susceptibility.
J. Neurosci. 22, 3795-3805. doi:10.1523/JNEUROSCI.22-09-03795.2002

Reinisch, W. (2017). Fecal microbiota transplantation in inflammatory bowel disease.
Dig. Dis. 35, 123-126. doi:10.1159/000449092

Remick, R. A., Jones, M. W., and Campos, P. E. (1980). Postictal bulimia. J. Clin.
Psychiatry 41, 256.

Ressler, K. J., and Mayberg, H. S. (2007). Targeting abnormal neural circuits in mood
and anxiety disorders: from the laboratory to the clinic. Nat. Neurosci. 10, 1116-1124.
doi:10.1038/nn1944

Riazi, K., Galic, M. A., Kuzmiski, J. B., Ho, W., Sharkey, K. A,, and Pittman, Q. J.
(2008). Microglial activation and TNFalpha production mediate altered CNS
excitability following peripheral inflammation. Proc. Natl. Acad. Sci. U. S. A. 105,
17151-17156. doi:10.1073/pnas.0806682105

Rothhammer, V., Borucki, D. M., Tjon, E. C,, Takenaka, M. C., Chao, C. C., Ardura-
Fabregat, A, et al. (2018). Microglial control of astrocytes in response to microbial
metabolites. Nature 557, 724-728. doi:10.1038/s41586-018-0119-x

Rothhammer, V., Mascanfroni, I. D., Bunse, L., Takenaka, M. C., Kenison, J. E., Mayo,
L., et al. (2016). Type I interferons and microbial metabolites of tryptophan modulate
astrocyte activity and central nervous system inflammation via the aryl hydrocarbon
receptor. Nat. Med. 22, 586-597. doi:10.1038/nm.4106

Russo, E. (2022). The gut microbiota as a biomarker in epilepsy. Neurobiol. Dis. 163,
105598. doi:10.1016/j.nbd.2021.105598

Russo, E., Andreozzi, F., Tuliano, R., Dattilo, V., Procopio, T., Fiume, G, et al. (2014).
Early molecular and behavioral response to lipopolysaccharide in the WAG/Rjj rat
model of absence epilepsy and depressive-like behavior, involves interplay between
AMPK, AKT/mTOR pathways and neuroinﬂammatory cytokine release. Brain Behav.
Immun. 42, 157-168. doi:10.1016/j.bbi.2014.06.016

Sabouri, S., Kangi, S., Najimi, S., and Rahimi, H. R. (2021). Effects of probiotics on
pentylenetetrazol-induced convulsions in mice. Epilepsy Res. 176, 106723. doi:10.1016/j.
eplepsyres.2021.106723

Safak, B., Altunan, B., Topgu, B., and Eren Topkaya, A. (2020). The gut microbiome in
epilepsy. Microb. Pathog. 139, 103853. doi:10.1016/j.micpath.2019.103853

Samala, R., Willis, S., and Borges, K. (2008). Anticonvulsant profile of a balanced
ketogenic diet in acute mouse seizure models. Epilepsy Res. 81, 119-127. doi:10.1016/j.
eplepsyres.2008.05.001

Sampson, T. R., Debelius, J. W., Thron, T., Janssen, S., Shastri, G. G., Ilhan, Z. E., et al.
(2016). Gut microbiota regulate motor deficits and neuroinflammation in a model of
Parkinson’s disease. Cell 167, 1469-1480. doi:10.1016/j.cell.2016.11.018

Schmitt, J. J., and Ebner, A. (2000). Anatomic substrate of epigastric aura: case report.
Nervenarzt 71, 485-488. doi:10.1007/s001150050612

Sewal, R. K., Modi, M., Saikia, U. N., Chakrabarti, A., and Medhi, B. (2017). Increase
in seizure susceptibility in sepsis like condition explained by spiking cytokines and
altered adhesion molecules level with impaired blood brain barrier integrity in
experimental model of rats treated with lipopolysaccharides. Epilepsy Res. 135,
176-186. doi:10.1016/j.eplepsyres.2017.05.012

Sgritta, M., Dooling, S. W., Buffington, S. A., Momin, E. N,, Francis, M. B., Britton, R.
A, et al. (2019). Mechanisms underlying microbialmediated changes in social behavior
in mouse models of autism spectrum disorder. Neuron 101, 246-259. doi:10.1016/j.
neuron.2018.11.018

Shearer, J., Scantlebury, M. H., Rho, J. M., Tompkins, T. A., and Mu, C. (2023).
Intermittent vs continuous ketogenic diet: impact on seizures, gut microbiota, and
mitochondrial metabolism. Epilepsia 64, e177-183. doi:10.1111/epi.17688

frontiersin.org


https://doi.org/10.4137/JCNSD.S4365
https://doi.org/10.3171/jns.2001.94.3.0510
https://doi.org/10.3171/jns.2001.94.3.0510
https://doi.org/10.1172/jci.insight.158521
https://doi.org/10.1016/j.bbadis.2022.166446
https://doi.org/10.1016/j.bbadis.2022.166446
https://doi.org/10.31083/j.jin2101009
https://doi.org/10.1016/s0016-5085(17)33152-9
https://doi.org/10.1016/s0016-5085(17)33152-9
https://doi.org/10.1186/s42523-020-00036-6
https://doi.org/10.1016/S1474-4422(08)70092-9
https://doi.org/10.1002/14651858.CD011412.pub4
https://doi.org/10.1002/14651858.CD011412.pub4
https://doi.org/10.1371/journal.pone.0030850
https://doi.org/10.1371/journal.pone.0030850
https://doi.org/10.4049/jimmunol.1001443
https://doi.org/10.1007/s12035-022-02984-3
https://doi.org/10.1016/j.cell.2018.04.027
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1136/jnnp.54.11.1020
https://doi.org/10.3389/fnmol.2022.994270
https://doi.org/10.3389/fnmol.2022.994270
https://doi.org/10.1016/bs.irn.2022.06.002
https://doi.org/10.1007/s00217-004-0988-0
https://doi.org/10.3136/fstr.18.795
https://doi.org/10.1111/nmo.12153
https://doi.org/10.1523/ENEURO.0105-17.2017
https://doi.org/10.1523/ENEURO.0105-17.2017
https://doi.org/10.1016/j.eplepsyres.2018.09.013
https://doi.org/10.3389/fneur.2023.1109469
https://doi.org/10.3389/fneur.2023.1109469
https://doi.org/10.1016/j.eplepsyres.2020.106409
https://doi.org/10.1034/j.1600-0404.2003.00082.x
https://doi.org/10.1007/s12039-009-0055-2
https://doi.org/10.1007/s11910-017-0802-6
https://doi.org/10.1016/j.bbrc.2018.11.021
https://doi.org/10.1523/JNEUROSCI.22-09-03795.2002
https://doi.org/10.1159/000449092
https://doi.org/10.1038/nn1944
https://doi.org/10.1073/pnas.0806682105
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/nm.4106
https://doi.org/10.1016/j.nbd.2021.105598
https://doi.org/10.1016/j.bbi.2014.06.016
https://doi.org/10.1016/j.eplepsyres.2021.106723
https://doi.org/10.1016/j.eplepsyres.2021.106723
https://doi.org/10.1016/j.micpath.2019.103853
https://doi.org/10.1016/j.eplepsyres.2008.05.001
https://doi.org/10.1016/j.eplepsyres.2008.05.001
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1007/s001150050612
https://doi.org/10.1016/j.eplepsyres.2017.05.012
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1111/epi.17688
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

Shishov, V. A., Kirovskaia, T. A., Kudrin, V. S., and Oleskin, A. V. (2009). Amine
neuromediators, their precursors, and oxidation products in the culture of Escherichia
coli K-12. Prikl. Biokhim Mikrobiol. 45, 550-554.

Singh, T., and Goel, R. K. (2016). Evidence in support of using a neurochemistry
approach to identify therapy for both epilepsy and associated depression. Epilepsy
Behav. 61, 248-257. doi:10.1016/j.yebeh.2016.05.005

Spinelli, E., and Blackford, R. (2018). Gut microbiota, the ketogenic diet and epilepsy.
Pediatr. Neurol. Briefs 32, 10. doi:10.15844/pedneurbriefs-32-10

Steinert, R. E., Feinle-Bisset, C., Asarian, L., Horowitz, M., Beglinger, C., and Geary, N.
(2017). Ghrelin, CCK, GLP-1, and PYY(3-36): secretory controls and physiological roles
in eating and glycemia in health, obesity, and after RYGB. Physiol. Rev. 97, 411-463.
doi:10.1152/physrev.00031.2014

Stengel, A., and Tache, Y. (2010). Corticotropin-releasing factor signaling and
visceral response to stress. Exp. Biol. Med. 235, 1168-1178. doi:10.1258/ebm.2010.
009347

Strandwitz, P. (2018). Neurotransmitter modulation by the gut microbiota. Brain Res.
1693, 128-133. doi:10.1016/j.brainres.2018.03.015

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X. N., et al. (2004).
Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal
system for stress response in mice. J. Physiol. 558, 263-275. doi:10.1113/jphysiol.
2004.063388

Sun, Y., Su, Y., and Zhu, W. (2016). Microbiome-metabolome responses in the cecum
and colon of pig to a high resistant starch diet. Front. Microbiol. 7, 779. doi:10.3389/
fmicb.2016.00779

Surawicz, C. M., Brandt, L. J,, Binion, D. G., Ananthakrishnan, A. N, Curry, S. R,,
Gilligan, P. H,, et al. (2013). Guidelines for diagnosis, treatment, and prevention of
Clostridium difficile infections. Am. J. Gastroenterol. 108, 478-498. doi:10.1038/ajg.
2013.4

Swartwood, S., Wilkes, J., Bonkowsky, J. L., and Trandafir, C. C. (2021). Celiac disease
in children: an association with drug-resistant epilepsy. Pediatr. Neurol. 120, 12-17.
doi:10.1016/j.pediatrneurol.2021.03.003

Tahmasebi, S., Oryan, S., Mohajerani, H. R., Akbari, N., and Palizvan, M. R. (2020).
Probiotics and Nigella sativa extract supplementation improved behavioral and
electrophysiological effects of PTZ-induced chemical kindling in rats. Epilepsy
Behav. 104, 106897. doi:10.1016/j.yebeh.2019.106897

Tang, F., Hartz, A. M. S,, and Bauer, B. (2017). Drug-resistant epilepsy: multiple
hypotheses, few answers. Front. Neurol. 8, 301. doi:10.3389/fneur.2017.00301

Tang, Y., Wang, Q., and Liu, J. (2021). Microbiota-gut-brain axis: a novel potential
target of ketogenic diet for epilepsy. Curr. Opin. Pharmacol. 61, 36-41. doi:10.1016/j.
coph.2021.08.018

Thijs, R. D., Surges, R., O’Brien, T. J., and Sander, J. W. (2019). Epilepsy in adults.
Lancet 393, 689-701. doi:10.1016/S0140-6736(18)32596-0

Tsavkelova, E. A., Botvinko, I. V., Kudrin, V. S., and Oleskin, A. V. (2000). Detection
of neurotransmitter amines in microorganisms with the use of high-performance liquid
chromatography. Dokl. Biochem. 372, 115-117.

Tiiray, S., Cangiir, $., Kahraman, G., Kayabasi, E., Cetiner, 0. F, Aydm, B, et al.
(2023). Can the gut microbiota serve as a guide to the diagnosis and treatment of
childhood epilepsy? Pediatr. Neurol. 145, 11-21. doi:10.1016/j.pediatrneurol.2023.
04.006

Utamek-Koziol, M., Czuczwar, S. J., Januszewski, S., and Pluta, R. (2019). Ketogenic
diet and epilepsy. Nutrients 11, 2510. doi:10.3390/nu11102510

Ulrich-Lai, Y. M., and Herman, J. P. (2009). Neural regulation of endocrine and
autonomic stress responses. Nat. Rev. Neurosci. 10, 397-409. doi:10.1038/nrn2647

Van Oudenhove, L., Levy, R. L., Crowell, M. D., Drossman, D. A., Halpert, A. D,,
Keefer, L., et al. (2016). Biopsychosocial aspects of functional gastrointestinal disorders:
how central and environmental processes contribute to the development and expression
of functional gastrointestinal disorders. Gastroenterology 150, 1355-1367.¢2. doi:10.
1053/j.gastro.2016.02.027

Vezzani, A., Balosso, S., and Ravizza, T. (2019). Neuroinﬂammatory pathways as
treatment targets and biomarkers in epilepsy. Nat. Rev. Neurol. 15, 459-472. doi:10.
1038/541582-019-0217-x

Vodicka, M., Ergang, P., Hrncif, T., Mikuleckd, A., Kvapilovd, P., Vagnerovd, K., et al.
(2018). Microbiota affects the expression of genes involved in HPA axis regulation and
local metabolism of glucocorticoids in chronic psychosocial stress. Brain Behav. Immun.
73, 615-624. doi:10.1016/j.bbi.2018.07.007

Vuong, H. E., and Hsiao, E. Y. (2017). Emerging roles for the gut microbiome in
autism spectrum disorder. Biol. Psychiatry 81, 411-423. doi:10.1016/j.biopsych.2016.
08.024

Vuong, H. E,, Yano, . M., Fung, T. C., and Hsiao, E. Y. (2017). The microbiome and
host behavior. Annu. Rev. Neurosci. 40, 21-49. doi:10.1146/annurev-neuro-072116-
031347

Walsham, N. E., and Sherwood, R. A. (2016). Fecal calprotectin in inflammatory
bowel disease. Clin. Exp. Gastroenterol. 9, 21-29. doi:10.2147/CEG.S51902

Frontiers in Pharmacology

10.3389/fphar.2024.1276551

Wang, C,, Klechikov, A. G., Gharibyan, A. L., Warmlander, S. K., Jarvet, J., Zhao, L.,
et al. (2014a). The role of pro-inflammatory S100A9 in Alzheimer’s disease amyloid-
neuroinflammatory cascade. Acta Neuropathol. 127, 507-522. doi:10.1007/s00401-013-
1208-4

Wang, F. B,, and Powley, T. L. (2007). Vagal innervation of intestines:afferent
pathways mapped with new en bloc horseradish peroxidase adaptation. Cell Tissue
Res. 329, 221-230. doi:10.1007/s00441-007-0413-7

Wang, X,, Sun, G., Feng, T., Zhang, J., Huang, X., Wang, T, et al. (2019). Sodium
oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial
amino acids-shaped neuroinflammation to inhibit Alzheimer’s disease progression. Cell
Res. 29, 787-803. doi:10.1038/s41422-019-0216-x

Wang, X,, Yang, C,, Yang, L., and Zhang, Y. (2022). 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. 9,
985841. doi:10.3389/fnut.2022.985841

Wang, Y., Telesford, K. M., Ochoa-Repéraz, J., Haque-Begum, S., Christy, M., Kasper,
E. J, et al. (2014b). An intestinal commensal symbiosis factor controls
neuroinflammation via TLR2-mediated CD39 signalling. Nat. Commun. 5, 4432.
doi:10.1038/ncomms5432

Wang, Y., Zhuo, Z., and Wang, H. (2023). Epilepsy, gut microbiota, and circadian
rhythm. Front. Neurol. 14, 1157358. doi:10.3389/fneur.2023.1157358

Watkins, C., Murphy, K., Yen, S., Carafa, I, Dempsey, E. M., O’Shea, C. A,, et al.
(2017). Effects of therapeutic hypothermia on the gut microbiota and metabolome of
infants suffering hypoxic-ischemic encephalopathy at birth. Int. J. Biochem. Cell Biol. 93,
110-118. doi:10.1016/j.biocel.2017.08.017

Weaver, C. T., Hatton, R. D., Mangan, P. R,, and Harrington, L. E. (2007). IL-17
family cytokines and the expanding diversity of effector T cell lineages. Annu. Rev.
Immunol. 25, 821-852. doi:10.1146/annurev.immunol.25.022106.141557

Wei, S., Mai, Y., Hu, L., Zheng, R., Zheng, D., Chen, W., et al. (2023). Altered gut
microbiota in temporal lobe epilepsy with anxiety disorders. Front. Microbiol. 14,
1165787. doi:10.3389/fmicb.2023.1165787

Welcome, M. O. (2019). Gut microbiota disorder, gut epithelial and bloodbrain
barrier dysfunctions in etiopathogenesis of dementia:molecular mechanisms and
signaling pathways. Neuromolecular Med. 21, 205-226. doi:10.1007/s12017-019-
08547-5

Weltens, N., Zhao, D., and Van Oudenhove, L. (2014). Where is the comfort in
comfort foods? Mechanisms linking fat signaling, reward, and emotion.
Neurogastroenterol. Motil. 26, 303-315. doi:10.1111/nmo.12309

Wenger, G. R,, Stitzel, R. E., and Craig, C. R. (1973). The role of biogenic amines in the
reserpine-induced alteration of minimal electroshock seizure thresholds in the mouse.
Neuropharmacology 12, 693-703. doi:10.1016/0028-3908(73)90122-6

Werner, F. M., and Covenas, R. (2017). Classical neurotransmitters and
neuropeptides involved in generalized epilepsy in a multineurotransmitter system:
how to improve the antiepileptic effect? Epilepsy Behav. 71, 124-129. doi:10.1016/j.
yebeh.2015.01.038

Wheless, J. (2008). History of the ketogenic diet. Epilepsia 49, 3-5. doi:10.1111/j.1528-
1167.2008.01821.x

Whitehead, W. E., Crowell, M. D., Robinson, J. C., Heller, B. R., and Schuster, M. M.
(1992). Effects of stressful life events on bowel symptoms: subjects with irritable bowel
syndrome compared with subjects without bowel dysfunction. Gut 33, 825-830. doi:10.
1136/gut.33.6.825

Whitehead, W. E., Palsson, O., and Jones, K. R. (2002). Systematic review of the
comorbidity of irritable bowel syndrome with other disorders: what are the causes and
implications? Gastroenterology 122, 1140-1156. doi:10.1053/gast.2002.32392

Wiebe, S., Téllez-Zenteno, J. F., and Shapiro, M. (2008). An evidence-based approach
to the first seizure. Epilepsia 49, 50-57. doi:10.1111/.1528-1167.2008.01451.x

Wikoff, W. R,, Anfora, A. T,, Liu, J., Schultz, P. G,, Lesley, S. A,, Peters, E. C, et al.
(2009). Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites. Proc. Natl. Acad. Sci. U. S. A. 106, 3698-3703. doi:10.1073/pnas.
0812874106

Williams, C., and Chryssanthopoulos, C. (1997). Pre-exercise food intake and
performance. World Rev. Nutr. Diet. 82, 33-45. doi:10.1159/000059648

Winesett, S., Bessone, S, and Kossoff, E. (2015). The ketogenic diet in
pharmacoresistant childhood epilepsy. Expert Rev. Neurother. 15, 621-628. doi:10.
1586/14737175.2015.1044982

Wu, ], Zhang, Y., Yang, H., Rao, Y., Miao, J., and Lu, X. (2016). Intestinal microbiota
as an alternative therapeutic target for epilepsy. Can. J. Infect. Dis. Med. Microbiol. 2016,
9032809. doi:10.1155/2016/9032809

Xi, Y., Li, H, Yu, M, Li, X,, Li, Y., Hui, B, et al. (2022). Protective effects of
chlorogenic acid on trimethyltin chloride-induced neurobehavioral dysfunctions in
mice relying on the gut microbiota. Food Funct. 13, 1535-1550. doi:10.1039/d1f0o03334d

Xie, G., Zhou, Q., Qiu, C. Z., Dai, W. K., Wang, H. P., Li, Y. H,, et al. (2017). Ketogenic
diet poses a significant effect on imbalanced gut microbiota in infants with refractory
epilepsy. World J. Gastroenterol. 23, 6164-6171. doi:10.3748/wjg.v23.i33.6164

frontiersin.org


https://doi.org/10.1016/j.yebeh.2016.05.005
https://doi.org/10.15844/pedneurbriefs-32-10
https://doi.org/10.1152/physrev.00031.2014
https://doi.org/10.1258/ebm.2010.009347
https://doi.org/10.1258/ebm.2010.009347
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.3389/fmicb.2016.00779
https://doi.org/10.3389/fmicb.2016.00779
https://doi.org/10.1038/ajg.2013.4
https://doi.org/10.1038/ajg.2013.4
https://doi.org/10.1016/j.pediatrneurol.2021.03.003
https://doi.org/10.1016/j.yebeh.2019.106897
https://doi.org/10.3389/fneur.2017.00301
https://doi.org/10.1016/j.coph.2021.08.018
https://doi.org/10.1016/j.coph.2021.08.018
https://doi.org/10.1016/S0140-6736(18)32596-0
https://doi.org/10.1016/j.pediatrneurol.2023.04.006
https://doi.org/10.1016/j.pediatrneurol.2023.04.006
https://doi.org/10.3390/nu11102510
https://doi.org/10.1038/nrn2647
https://doi.org/10.1053/j.gastro.2016.02.027
https://doi.org/10.1053/j.gastro.2016.02.027
https://doi.org/10.1038/s41582-019-0217-x
https://doi.org/10.1038/s41582-019-0217-x
https://doi.org/10.1016/j.bbi.2018.07.007
https://doi.org/10.1016/j.biopsych.2016.08.024
https://doi.org/10.1016/j.biopsych.2016.08.024
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.2147/CEG.S51902
https://doi.org/10.1007/s00401-013-1208-4
https://doi.org/10.1007/s00401-013-1208-4
https://doi.org/10.1007/s00441-007-0413-7
https://doi.org/10.1038/s41422-019-0216-x
https://doi.org/10.3389/fnut.2022.985841
https://doi.org/10.1038/ncomms5432
https://doi.org/10.3389/fneur.2023.1157358
https://doi.org/10.1016/j.biocel.2017.08.017
https://doi.org/10.1146/annurev.immunol.25.022106.141557
https://doi.org/10.3389/fmicb.2023.1165787
https://doi.org/10.1007/s12017-019-08547-5
https://doi.org/10.1007/s12017-019-08547-5
https://doi.org/10.1111/nmo.12309
https://doi.org/10.1016/0028-3908(73)90122-6
https://doi.org/10.1016/j.yebeh.2015.01.038
https://doi.org/10.1016/j.yebeh.2015.01.038
https://doi.org/10.1111/j.1528-1167.2008.01821.x
https://doi.org/10.1111/j.1528-1167.2008.01821.x
https://doi.org/10.1136/gut.33.6.825
https://doi.org/10.1136/gut.33.6.825
https://doi.org/10.1053/gast.2002.32392
https://doi.org/10.1111/j.1528-1167.2008.01451.x
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1159/000059648
https://doi.org/10.1586/14737175.2015.1044982
https://doi.org/10.1586/14737175.2015.1044982
https://doi.org/10.1155/2016/9032809
https://doi.org/10.1039/d1fo03334d
https://doi.org/10.3748/wjg.v23.i33.6164
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

Zhu et al.

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015).
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell
161, 264-276. doi:10.1016/j.cell.2015.02.047

Yeo, K. T, Lahra, M., Bajuk, B., Hilder, L., Abdel-Latif, M. E., Wright, I. M., et al.
(2019). Long-term outcomes after group B streptococcus infection:a cohort study. Arch.
Dis. Child. 104, 172-178. doi:10.1136/archdischild-2017-314642

Yeom, J. S, Park, J. S, Kim, Y. S., Kim, R. B, Choi, D. S., Chung, J. Y., et al. (2019).
Neonatal seizures and white matter injury: role of rotavirus infection and probiotics.
Brain Dev. 41, 19-28. doi:10.1016/j.braindev.2018.07.001

Yu, Y., Yang, W,, Li, Y., and Cong, Y. (2020). Enteroendocrine cells: sensing gut
microbiota and regulating inflammatory bowel diseases. Inflamm. Bowel Dis. 26, 11-20.
doi:10.1093/ibd/izz217

Yue, Q,, Cai, M,, Xiao, B., Zhan, Q,, and Zeng, C. (2021). A high-tryptophan diet
reduces seizure-induced respiratory arrest and alters the gut microbiota in DBA/1 mice.
Front. Neurol. 12, 762323. doi:10.3389/fneur.2021.762323

Yue, Q., Cai, M., Xiao, B., Zhan, Q., and Zeng, C. (2022). The microbiota-gut-brain
Axis and epilepsy. Cell Mol. Neurobiol. 42, 439-453. doi:10.1007/s10571-021-01130-2

Zagorchev, P., Sirakov, V., Uchikov, A., and Sirakov, N. (1998). Ethosuximide
inducted changes in the gastrointestinal tract. Folia Med. Plovdiv. 40, 28-33.

Zeng, X., Hu, K., Chen, L., Zhou, L., Luo, W., Li, C,, et al. (2018). The effects of
ginsenoside compound K against epilepsy by enhancing the y-aminobutyric acid
signaling pathway. Front. Pharmacol. 9, 1020. doi:10.3389/fphar.2018.01020

Zhang, Y., Zhao, M., Jiang, X., Qiao, Q., Liu, T., Zhao, C,, et al. (2021). Comprehensive
analysis of fecal microbiome and metabolomics in hepatic fibrosis rats reveal

Frontiers in Pharmacology

26

10.3389/fphar.2024.1276551

hepatoprotective effects of yinchen wuling powder from the host-microbial
metabolic Axis. Front. Pharmacol. 12, 713197. doi:10.3389/fphar.2021.713197

Zhang, Y., Zhou, S., Zhou, Y., Yu, L., Zhang, L., and Wang, Y. (2018). Altered gut
microbiome composition in children with refractory epilepsy after ketogenic diet.
Epilepsy Res. 145, 163-168. doi:10.1016/j.eplepsyres.2018.06.015

Zhao, Y., Dua, P., and Lukiw, W.J. (2015). Microbial sources of amyloid and relevance
to amyloidogenesis and Alzheimer’s disease (AD). J. Alzheimers Dis. Park. 5,177. doi:10.
4172/2161-0460.1000177

Zhou, C., Gong, S., Xiang, S, Liang, L., Hu, X., Huang, R., et al. (2022). Changes and
significance of gut microbiota in children with focal epilepsy before and after treatment.
Front. Cell Infect. Microbiol. 12, 965471. doi:10.3389/fcimb.2022.965471

Zhu, D., Wang, M., Wang, J., Yuan, J., Niu, G., Zhang, G., et al. (2016). Ketogenic diet
effects on neurobehavioral development of children with intractable epilepsy: a
prospective study. Epilepsy Behav. 55, 87-91. doi:10.1016/j.yebeh.2015.12.011

Zhu, H,, Li, Y., Yang, X, Chu, Y., Guo, W., Chen, R, et al. (2023). Demographics and
clinical characteristics of patients with neurocysticercosis: a retrospective study from
Dali, China. Saudi J. Med. Med. Sci. 11, 283-291. doi:10.4103/sjmms.sjmms_298_23

Zhu, H., Wang, W, and Li, Y. (2022). Molecular mechanism and regulation of
autophagy and its potential role in epilepsy. Cells 11, 2621. doi:10.3390/cells11172621

Zhu, ], Yamane, H., and Paul, W. E. (2010). Differentiation of effector CD4 T cell populations.
Annu. Rev. Immunol. 28, 445-489. doi:10.1146/annurev-immunol-030409-101212

Zimmermann, M., Zimmermann-Kogadeeva, M., Wegmann, R., and Goodman, A. L.
(2019). Separating host and microbiome contributions to drug pharmacokinetics and
toxicity. Science 363, eaat9931. doi:10.1126/science.aat9931

frontiersin.org


https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1136/archdischild-2017-314642
https://doi.org/10.1016/j.braindev.2018.07.001
https://doi.org/10.1093/ibd/izz217
https://doi.org/10.3389/fneur.2021.762323
https://doi.org/10.1007/s10571-021-01130-2
https://doi.org/10.3389/fphar.2018.01020
https://doi.org/10.3389/fphar.2021.713197
https://doi.org/10.1016/j.eplepsyres.2018.06.015
https://doi.org/10.4172/2161-0460.1000177
https://doi.org/10.4172/2161-0460.1000177
https://doi.org/10.3389/fcimb.2022.965471
https://doi.org/10.1016/j.yebeh.2015.12.011
https://doi.org/10.4103/sjmms.sjmms_298_23
https://doi.org/10.3390/cells11172621
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1126/science.aat9931
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1276551

	The interplay between microbiota and brain-gut axis in epilepsy treatment
	1 Introduction
	2 The close relationship between the gut microbiota and epilepsy
	3 The role of gut microbiota-mediated visceral sensory pathways in epilepsy
	4 The role of gut microbiota-mediated endocrine pathways in epilepsy
	4.1 Endocrine pathways in brain-gut signaling
	4.2 Endocrine signaling between the gut microbiota and the brain plays a vital role in epilepsy

	5 The role of gut microbiota-mediated immune pathways in epilepsy
	5.1 Gut microbiota in the immune system
	5.2 Involvement of the gut microbiota-mediated immune response in epilepsy pathology

	6 Gut microbiota in epilepsy treatment
	6.1 The KD is a highly promising dietary intervention strategy with extraordinary potential for seizure control
	6.2 Anti-seizure effects of the KD mediated by the gut microbiota
	6.3 FMT, probiotics and epilepsy treatment
	6.4 Gut microbiota and anti-seizure medications

	7 The association of gut microbiota with potential differences in behavioral characteristics of epileptic patients
	8 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


