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Abstract. It is generally recognized that the health and well-being of a macroorganism depends on the adequate
functioning of the gut microbiota and brain. It is noted that the gut microbiota is involved in the formation of brain
functions through various pathways and systems, including the CNS. In such a situation, it is legitimate to assume that
the microbiota may be a trigger in the development of epilepsy. Statistically significant differences in the microbial
composition of feces between patients with epilepsy and healthy people were revealed. Epilepsy is a chronic
brain disease of various etiologies. Moreover, in 40-60% of patients, the cause of this ailment remains unknown.
Diversification of the gut microbial landscape has been shown to be accompanied by activation of epileptic paroxysms.
However, the composition and structure of the intestinal microcosm is so complex and insufficiently studied that it
is almost impossible to single out certain bacteria as the most "useful" or "dangerous" in epilepsy. It is assumed that
excessive local synchronization of the bielectric activity of the brain is due to minimal chronic inflammation and leaky
bowel syndrome with an imbalance in signal transmission along the brain-intestine axis. The main method of treating
epileptic paroxysms is the prescription of pharmaceuticals. At the same time, in every third patient with epilepsy,
refractory epilepsy occurs. The study of the species diversity, composition and function of the intestinal microbiota in
patients with epilepsy, but with somewhat contradictory results, indicate the presence of intestinal dysbiosis in them
and their potential value in the diagnosis and control of epilepsy treatment, especially in its refractory form.

Key words: microbiota, epilepsy, paroxysm, nervous system, intestinal metabolites, neurotransmitter, short-chain
fatty acids, ketogenic diet, probiotic, antibiotic
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Pestome. O6LLeNPU3HAHHO, YTO 3A0POBbE 1 G1aromnosyyne MakpoopraH3ma 3aBUCAT OT afeKBATHOIO GyHKLMO-
HMPOBAHUA KMLLIEYHON MUKPOOMOTbI 1 Mo3ra. OTMeUEeHO, UTO K/LLeYHAA MUKPOOMOTa NPYHUMAET yyactue B bopmu-
pOBaHMY GYHKLMI FOSIOBHOMO MO3ra Yepes passiMyHble MyTU 1 CUCTEMbI, BKIIOYasA LIeHTPabHY0 HEPBHYIO CLCTEMY.
B Takon cTyaumm npaBOMOYHO NPEAMNONIOKNTb, YUTO MUKPOOMOTa MOXET OblTb TPUFTEPOM B Pa3BUTUW SMUIENCHN.
BbifABNEHbI CTAaTUCTMYECKM 3HAUVIMble Pa3nynsa B MUKPOOHOM cocTaBe dekanuii mexzay 605bHbIMY Snunencuen u
3[0POBbIMU NIIOABMU. DNUAENCUA — XPOHUYECKOE 3a60/IEBaHME rOSIOBHOrO MO3ra PasfIMyHON STUONOTUN, MPUYEM
y 40-60% 60/NbHbIX NPUYMHA JAHHOTO Hefyra OCTaeTCs Her3BeCTHa. MoKa3aHo, UTo AnBepcudrKaLmsa MUKPOOHO-
ro nersaxa KuLIeYHVKa CONPOBOXKAAETCA aKTBaLMen SnunenTUYecknx napokcnamos. OgHaKo COCTaB U CTPYK-
Typa K/LWIEYHOr0 MUKPOMMPA HACTONIbKO C/TOXKHbI M HEAOCTAaTOYHO M3YYEHbI, YTO BbIAENNTb OnpefeneHHble 6ak-
TEPUM KaK Hanbonee «rnosie3Hble» UM «OMacHbIe» NP SMUIENCUN NPAKTUYECKM HEBO3MOXHO. [Mpeanonaraercs,
YTO Upe3MepHas NoKalbHasa CUHXPOHM3aLMA OV3NEKTPUYECKON aKTUMBHOCTM MO3ra 06ycrioBfieHa MYHUMaNbHbIM
XPOHUYECKNM BOCMASIEHVNEM 1 CUHAPOMOM «[IbIPABOrO KULLEYHVKa» C pa36alaHCPOBKOW Nepeaayun CUrHanoB no
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0oCY MO3r—KuwKa. OCHOBHOV METOA JIeUeHNsA SMUIIENTUYECKMX MAaPOKCM3MOB — Ha3HauyeHne dpapMaLieBTUYECKUX
npenapatoB. [py 3TOM y KaxKLoro TPeTbero nauyeHTa ¢ snunencuein umeeT mecto pedpaktepHas anunencus. Ms-
yyeHune BULOBOro pasHoobpasus, coctaBa U GYHKLUM KULWEYHON MUKPOOMOTbI y MaLMEHTOB C NUMENCHEN, HO C
HEeCKOJIbKO MPOTYBOPEUUBBIMY Pe3ySibTaTaMK, YKa3blBaloT Ha HaJIMuve y HUX KULIEYHOro AMcbro3a 1 Ha ux no-
TeHLMaNbHY0 LLEHHOCTb B ANArHOCTMKE 1 KOHTPOJIE JIEUeHMS SNUencum, 0CobeHHo npu ee pedpakTepHol popme.

KnioueBble cnoBa: MUukpobuoma, snunencus, NApoKCU3M, HEPBHAS cUCMeMd, KuweyHble Memabosumel, Helipo-
MpaHcMummep, KOPOMKOUENoYeyYHble XUpHble KUCIOMbl, KemMo2eHHAs duemd, Npo6UOMUK, dHMUGUOMUK

INTRODUCTION

The gut microbiome (GMB) is a group of micro-
organisms that includes many prokaryotes (bacte-
ria), eukaryotic microorganisms (such as fungi and
protozoa), archaea and viruses that associate with
the macroorganism [1-3].

In the modern world, the relationship of the
macroorganism with gut microbes is the result of
evolution over thousands of generations. Over mil-
lions of years, evolution has acted not only on our
23,000 genes, but also on nearly 4 million genes
(both human and microbial) that are presentin and
on our bodies [4]. Metagenomic analyses have al-
lowed the identification of seven dominant types of
bacteria that contaminate the human gastrointes-
tinal (Gl) tract: Firmicutes, Bacteroidetes, Actinobac-
teria, Proteobacteria, Fusobacteria, Verrucomicrobia
and Cyanobacteria, among which Bacteroidetes and
Firmicutes account for more than 90% [5-71.

The study of the ontogenesis of the child's ner-
vous system confirms the parallel development of
the gut microbiome, the immune response and the
central nervous system (CNS). The cognitive function
of a child at the age of 2 years has been shown to be
highly dependent on the qualitative composition of
his or her gut microbiota in the first year of life [8].

In infancy, the brain has enormous metabolic
capacity and activity. Comprising 5-10% of total
body weight, the brain is responsible for almost
50% of the body's basal metabolic energy and is
therefore particularly sensitive to reduced energy
intake [9]. Due to the ability of microbial commu-
nities to control the amount of energy input, they
can control the development of the nervous sys-
tem during the first years of an infant's life.

Thus, the parallel maturation of the microbiome
and CNS during the first stages of life suggests that
the physiological development of the child's ner-
vous system is possible if microbiome processes are
optimised [10].

MICROBIOTA-GUT-BRAIN AXIS
Olt is generally recognised that the health and
well-being of the macroorganism depend on the

optimal functioning of the GMB and the brain.
A number of experimental and clinical studies
have shown that any negative impact on either
the microbiota or the brain simultaneously results
in damage to the functions of the two systems:
the Gl tract and the CNS. In other words, there is
a bidirectional co-operation of the GMB with the
brain, the so-called brain-gut-microbiota (BGM)
axis [11-14], which is confirmed by the latest re-
search on the microcosm of Homo sapiens.

It has been shown that changes in the structure
of the gut microbiota lead to the development of
not only intestinal diseases, metabolic disorders,
allergic and autoimmune pathology, but also a
number of neurological disorders, including neuro-
degenerative diseases (such as Parkinson's disease,
Alzheimer's disease, multiple sclerosis), autism, de-
pression, schizophrenia, and epilepsy. It has been
observed that patients with epilepsy have a high
incidence of digestive symptoms, and patients
with inflammatory bowel disease (IBD) have a high
predisposition to epilepsy [15-17]. In addition, sta-
tistically significant differences in faecal microbial
composition have been found between epilepsy
patients and healthy controls, as well as between
patients with all forms of epilepsy before and after
inclusion of ketogenic diet therapy [18-24].

Much of our understanding of interactions
along the BGM axis is based on metagenomics and
metabolomics data from experimental studies [25].

The complex bidirectional communications that
link GMB to the brain encompass mitochondrial
function, axis, hypothalamic-pituitary-adrenal, and
autonomic, neurohumoral, enteroendocrine and
immunomodulatory pathways. For example, it has
been noted that GMB is able to modulate the enteric
nervous system (ENS) and neuronal network through
activation of the vagus nerve, immune and APUD
system cells [8], as well as due to the synthesis and
perception of pro- and anti-inflammatory cytokines,
neurotransmitters (serotonin and GABA) and pro-
ducts of microbial metabolism such as secondary
bile acids and short-chain fatty acids (SCFAs) [26]. The
whole arsenal presented affects neuronal messages
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and appears to regulate brain functions and therefore
determines cognitive performance, behaviour, mood,
presence of anxiety and/or depression [25, 27-29].

Experimental work performed on mouse models
demonstrates the relationship of the gut microbiome
with the levels of key neurotransmitters and single
neuroreceptors in the brain. Gnotobionts (GF) show
a drop in brain-derived neurotrophic factor (BDNF)
expression, predominantly in the hippocampus [30].
Conversely, rodent models with a healthy microbiota
show increased expression of BDNF, which is im-
portant for mediating neural stem cell proliferation
[31]. Feeding GF mice with the probiotic Lactoba-
cillus rhamnosus (JB-1) regionally and differentially
modifies GABA receptor expression in them: there
is an increase in expression in cortical regions and a
decrease in prefrontal cortex and amygdala. These
transformations in the expression of central GABA
receptors are accompanied by changes in behaviour
associated with anxiety and depression [25].

Other experimental studies have revealed a
connection between GMB and the expression of
N-methyl-D-aspartate (NMDA) [30], serotonin 1A
[25] and tryptophan [13] receptors. The first recep-
tor mediates the effects of the excitatory neuro-
transmitter glutamate [31], while the second and
third mediate the effects of the inhibitory GABA.

In recent years, an aberrant microbiota profile has
been shown to be associated with autism spectrum
disorders, chronic pain, mood defects and affect de-
velopment, and neurodegenerative diseases [12,31-
36]. This is clearly supported by scientific research.
For example, transplantation of faecal microbiota
(TFM) into GF mice from patients with Parkinson's
disease caused motor deficits and neuroinflamma-
tion in rodents — two major features of Parkinson's
disease [37]. In the GMB structure of patients with
Alzheimer's disease compared to healthy individuals,
a decrease in the level of microorganisms of Firmi-
cutes phyla and Bifidobacterium genus and prolife-
rative growth of Bacteroidetes phyla were observed
[38]. In the faeces of patients with multiple sclerosis,
researchers found high levels of Akkermansia muci-
niphila and Acinetobacter calcoaceticus [39].

Considering that the gut microbiota is involved
in the formation of brain function through various
pathways and systems, including the CNS, it is
reasonable to assume that it may also be involved
in the development of the epilepsy [40].

GUT MICROBIOM AND EPILEPSY
Epilepsy is a chronic polyetiological brain di-
sease characterised by recurrent unprovoked (or

ISSN 2221-2582

reflex) seizures of motor, autonomic, sensory and
mental disorders resulting from excessive neu-
ronal discharges [41-43].

According to data published in the Lancet (2019),
epilepsy affects more than 70 million people around
the world [44]. The debut of the disease is mainly
occurr in childhood (about 75% of all episodes) [45].
The mechanisms of paroxysms are quite complex and
the etiological factors are multifaceted. Although still
in 40-60% of patients the cause of epilepsy remains
unknown [41, 46, 47]. Is it correct to identify any sei-
zures with epilepsy in such a situation? Certainly not,
since situationally determined seizures “theoretically”
have significant differences from epileptic seizures.

Firstly, epileptic paroxysms in most cases have
a recurrent, predominantly stereotyped character.
Moreover, their recurrence occurs without provo-
cation by external and internal stimuli. However, as
always, there are exceptions to the rule, and in some
forms of the disease there is polymorphism of seizures.

Secondly, in epileptic recurrent seizures, nerve
cell death occurs in the brain, whereas in situa-
tional seizures there is more often brain oedema
without neuronal death.

Thirdly, it is the presence on the electroen-
cephalogram of specific changes in epilepsy. Al-
though, if the patient has rare paroxysms, elec-
trical markers of diagnosis may be absent. And
epileptiform discharges on the EEG can occur in
patients without seizures.

However, in clinical practice, diagnosis of epilep-
sy is often a difficult problem that must be solved
because patients with epilepsy have an increased
risk of mental iliness, which increases their disability
and mortality. And the presence of uncontrolled
paroxysms can lead to impaired memory, cognitive
function and intelligence, delayed psychomotor
development and even brain death.

The most popular way to treat epileptic paro-
xysms is to prescribe pharmaceutical drugs. However,
one in three patients with epilepsy cannot be treated
with anticonvulsant therapy, i.e. they have refractory
(resistant) epilepsy [48]. The International Antiepilep-
tic League (ILAE) task force defined drug resistance
as “the failure of adequate trials of two tolerated,
appropriately selected and used antiepileptic drug
regimens (whether as monotherapy or in combina-
tion) to achieve sustained seizure-free epilepsy” [49].

Alternative therapies: ketogenic diet (KD), neu-
rostimulation and surgery, which are resorted to in
resistant epilepsy, do not always achieve a positive
outcome. In order to justify the inclusion of new,
more promising treatment regimens in epilepsy
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management protocols, it is necessary to carefully
consider the various etiopathogenetic mechanisms
that may trigger the development of this disorder.
Currently, scientists consider the gut microbiota as a
possible trigger factor in the genesis of epilepsy [40].
The relationship of distortion of GMB compo-
sition has been established in models of epilepsy
and in clinical studies. Rats with colitis induced by
2,4,6-trinitrobenzene sulfonic acid (TNBS) have been
shown to have increased susceptibility to pentylene-
tetrazole(PTZ)-induced epilepsy [50]. In a mouse
model of PTZ-induced seizures, intestinal inflamma-
tion increases seizure activity and reduces the effica-
cy of antiepileptic drugs (AED). In turn, alleviation of
inflammation induces specific antiepileptic effects
[14]. Thus, a reversible inflammatory response was
observed in the hippocampus of rats treated with
TNBS, characterised by microglia activation and
an increase in tumour necrosis factor alpha (TNFa).
This suggests that gut inflammation increases CNS
excitability and inversion of inflammation [50].
There is evidence that stress is able to rearrange
the microbiocenosis. Simulated stress in rats pro-
vokes epileptic seizures and causes transformation
of the gut microbiota [51, 52]. Transplantation of
faecal contents of stressed rats to non-stressed ani-
mals generated in the latter an increased frequency
and duration of seizures after basolateral amygdala
excitation. At the same time, the inoculation of gut
microbiota into mice with simulated stress from
subjects not experiencing the disease prevented the
convulsive effects of chronic stress in the former [52].
A recent study in mice found that intestinal in-
flammation increases pharmacologically induced
seizure readiness [17], and administration of anti-in-
flammatory drugs reduced susceptibility to parox-
ysms and restored the efficacy of antiepileptic drugs.
In WAG/RIj rats of a genetic model of absent
epilepsy at one month of age and before the onset
of paroxysms, a change in GMB with a lower Bacte-
roidetes/Firmicutes ratio was detected. In 4 months
after the debut of absences, an inverse correlation
was recorded: an increase in the frequency of
seizures was accompanied by a further decrease
in the Bacteroidetes/Firmicutes ratio towards an
increase in Firmicutes phyla microorganisms [22].
In another experiment, it was observed that gut
microbiota infection triggered by Gram-negative
bacteria, such as Bacteroides fragilisor representa-
tive of the normal colon microbiota of humans, can
lead to the formation of cerebral cavernous mal-
formations (CCM), structural abnormalities in brain
capillaries that contribute to stroke and seizures

Children’s Medicine of the North-West
2024 /Vol.12 N2 2

in genetically predisposed mice [53]. Gnotobiont
mice do not develop such cerebral abnormalities.

Analysis of the faecal microbiota by 16S ribo-
somal DNA sequencing in patients with pharma-
coresistant epilepsy (PRE) and healthy individuals,
including children aged 1 to 4 years, identified
qualitative and quantitative abnormalities in GMB
composition in the former relative to the latter.
Patients with PRE had a decrease in the species
diversity of gut microbiota with a predominance of
Firmicutes phyla microorganisms, while in healthy
individuals Bacteroidetes phyla were dominant [54].

In the work A. Peng (2018) it is noted that the
number of microorganisms of the Bacteroidetes phyla
and Actinobacteria class is suppressed in patients
with the PRE compared to healthy controls, while
the number of representatives of the Firmicutes phyla
increases [8, 54]. The authors also revealed the dis-
similarity of intestinal microcosm patterns in patients
with the PRE and drug-responsive form of epilepsy.
In the first group (n=49) compared to the second
group (n=42), there was an increase in a-diversity,
i.e., the diversity in the number of microorganisms
within the family, abundance of rare bacteria, mainly
belonging to the phylum Firmicutes. The microbial
profile at the phylum level of patients with drug-sen-
sitive epilepsy resembled that of healthy indivi-
duals: microorganisms of the phylum Bacteroidetes
were dominant. In addition, an inverse correlation
between the titre of bifidobacteria and lactobacilli
in faecal samples and the frequency of seizures in
patients was established, i.e. intensive growth of
commensal microorganisms was accompanied by a
reduction in the number of seizures [8].

Another picture of the microbial landscape de-
scribed in the study of X. Gong (2020). In patients with
PRE compared to healthy controls, there was a de-
crease in Bacteroidetes and Proteobacteria phyla, as well
as enrichment of bacterial taxa of Actinobacteria and
Verrucomicrobia phyla and other bacteria at the level of
genus and family Nitrospirae and at the level of genera
Blautia, Bifidobacterium, Subdoligranulum, Dialister and
Anaerostipes (p < 0.05). Which means that specific
strains of intestinal commensals are transformed ac-
cording to clinical phenotypes, which may serve as a
potential biomarker for disease diagnosis [18].

B. Safak et al. (2020) performed a contrast ana-
lysis of the faecal microbiome between patients
with idiopathic focal epilepsy (n=30) and a group
of healthy individuals (n=10) and found that Pro-
teobacteria and Fusobacteria, which can cause au-
toimmune diseases, were present in significantly
higher titre in the first group compared to the
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second. Bacteroidetes and Actinobacteria, which
have positive effects on the immune system, were
present in lower titre in the first group [19]. This
work confirms the role of autoimmune mecha-
nisms and inflammation in the etiology of epilepsy.
In a study led by K. Lee (2020), 17 species of bac-
teria were identified in the group of patients with
epilepsy, while in the group of healthy people 18
species were identified [20]. Enterococcus faecium,
Bifidobacterium longum, and Eggerthella lenta were
found to be the strongest potential biomarkers in
a group of patients with untreatable epilepsy [20].
The study of the a- and B-diversity in adult pa-
tients in both the PRE (n=23) and drug-responsive
epilepsy (DRE) groups (n=21) showed no significant
differences. Some differences in the composition
of the gut microbiota were associated with the pa-
tients' response to AED. Thus, Bacteroides Finegoldii
and Ruminococcus were significantly more frequent-
ly recorded in the DRE group compared to the PRE.
Besides, the dissimilarity of representatives of the
microcosm took place depending on the data of
instrumental diagnostic methods. In individuals with
normal magnetic resonance imaging (MRI) pattern
B. finegoldii dominated, and in patients with normal
EEG pattern — Bifidobacterium dominated [21].
Thus, studies of GMB species diversity, compo-
sition and function in patients with epilepsy, but
with somewhat contradictory results, indicate the
presence of intestinal dysbiosis and their potential
value in the diagnosis and management of epilep-
sy, especially in its refractory form. However, the
presented reorganisation of GMB in patients with
epilepsy cannot be completely consistent given
the many variables affecting the gut microbiome,
namely differences in study design, age of patients,
diet and living conditions. For this reason, sufficient-
ly large samples with reasonably controlled varia-
bles are needed to obtain more accurate results.

BASIC MECHANISMS OF THE RELATIONSHIP
BETWEEN GUT MICROBIOM AND EPILEPSY
As it was noted above, changes in the GMB struc-
ture are accompanied by activation of epileptic paro-
xysms. This most likely occurs as a result of the de-
velopment of the "leaky gut" syndrome. Increased
permeability of the epithelial barrier allows bacteria,
toxic metabolites, endo- and exotoxins, and small mo-
lecules (inflammatory cytokines and excitatory amino
acids) to enter the bloodstream, alter the integrity of
the blood-brain barrier, and negatively affect the brain
[55, 56]. Thus, when the integrity of these two bar-
riers is compromised, immune cells and compounds
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released by microbiota enter the brain and disrupt
the balance between excitatory and inhibitory neuro-
transmitters, provoking the development of seizures.

Gut microbes metabolise alimentary tryptophan
into aryl hydrocarbon receptor agonists and interact
with its receptor to control microglia activation and
growth factor expression (TGFa and VEGF-B vascular
growth factor), thereby modulating the pathogenic
activity of astrocytes [57, 58]. Inflammatory cytokines
and chemokines released by astrocytes enhance mi-
croglia activity, including phagocytosis migration
of apoptotic cells and synapse contraction [59].
Contact between astrocytes and microglia increases
the production of pro-inflammatory cytokines with
infiltration of immune cells and subsequent chronic
neuroinflammation, as well as increased blood-brain
barrier permeability [60].

Microglia morphology was altered in gnoto-
biont- or antibiotic-treated animals. Defects in
maturation, activation and differentiation of neu-
rons were detected, which led to an inadequate
immune response to various pathogens. These
disorders could be eliminated only after recoloni-
sation with microbiota [61].

In addition to glial cells, peripheral immune
cells are involved in the establishment of epilep-
tic paroxysms: T cells and monocytes that transit
into brain tissue from the intestine [62]. The exact
mechanism of this transit is not fully established.

GMB may provoke epilepsy through an innate
immune response. Blood-brain barrier permeability
has been shown to increase throughout the life of
GF mice, and this is due to reduced expression of
occludin and claudin-5 proteins in the intestinal
endothelium [63]. Intestinal dysbiosis firstly reduces
claudin production and expands the permeability of
the intestinal mucosa with migration of microorga-
nisms, their metabolites and toxins from the intesti-
nal lumen [64], and secondly, it reduces the amount
of SCFAs, exacerbating blood-brain barrier permeabi-
lity and generating neuroinflammation [65].

Peptidoglycan (PGN) is a component of bac-
terial cell wall, which is mainly present in human
Gl tract. But PGN is also found in brain microglia
from patients with chronic encephalitis [66]. That
is, PGN can move from the gut to the CNS, con-
tributing to chronic inflammation and paroxysms.

GMB contributes to epilepsy by inducing and
adaptive immunity by synthesising cytokines that
penetrate the brain through the gut mucosa and
the blood-brain barrier and activate immune cells
in the brain to participate in the immune response.
For example, IL-17 produced by Th17 cells can be
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modulated by specific phyla of the gut microbiota,
primarily by Bacteroidetes [8, 67, 68]. It has been
shown that in patients with epilepsy, both in cere-
brospinal fluid and peripheral blood, IL-17 levels are
higher than in controls and have a direct correlation
with the frequency and severity of seizures [69-72].

Intestinal metabolites such as SCFAs are able to
influence immunoglobulin synthesis and secretion
by regulating B-lymphocyte differentiation [73, 74].
The absence of a commensal microbiota suppress-
es IgA and IgG1 formation and induces IgE, which
increases susceptibility to disease [75, 76].

Consequently, the gut microbiota induces an
immune response by initiating the gut-brain axis and
accounts for epileptogenesis. In addition to the above,
it can be added that an imbalance between excitatory
(glutamate, dopamine, noradrenaline) and inhibitory
(GABA and serotonin) neurotransmitters in the brain
centre lies in the development of epilepsy [77].

Intestinal microorganisms secrete neurotrans-
mitters that can also be generated by stimulation of
intestinal cells by gut metabolites. There is evidence
that the relative abundance of the genera Copro-
coccus, Ruminococcus and Turicibacter is positively
correlated with glutamate and glutamine levels
[78], while abundant colonisation of the gut by
A. mucinophilia and Parabacteroides is able to alter
amino acid levels in the intestinal lumen, serum
and hippocampus in such a way as to balance the
amount of seizure-related neurotransmitters, there-
by providing a protective anticonvulsant effect [79].

However, the composition and structure of GMB
are so complex and poorly understood that it is
problematic to identify certain bacteria as the most
"beneficial" or "dangerous" in epilepsy [80-82].

The most important neurotransmitter — 5-hy-
droxytryptamine (5-HT, serotonin) is involved in
the regulation of cognitive, behavioural and other
mental functions of humans. Its action is realised
through 7 main families of serotonin receptors
(5-HT1-5-HT7) and at least 14 subtypes, which
determines their different response to specific (in-
cluding pharmacological) ligands.

The main source of serotonin in the intestine is
enterochromaffin cells (ECs) [83]. It is presented that
patients with temporal lobe epilepsy are deficient in
serotonin. However, it has been observed that fluctu-
ations in its concentration in the gut are not able to
directly affect the brain because it does not penetrate
the blood-brain barrier [84]. However, 5-HT released by
ECs may have a potential effect on signal transduction
along the brain-gut axis, regulating afferent activity
of the abdominal part of the vagus nerve [85] and
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inflammatory responses [86]. It has been suggested
that altered levels of 5-HT in the gut are associated
with epilepsy. But there is no evidence to support this.

The concentration of another neurotransmit-
ter, N-acetylaspartic acid (NAA), is possibly de-
creased in patients with epilepsy. However, a pilot
study found that low levels of NAA are associated
with faecal Ruminococcus faecalis and this process
is mediated by serum cortisol [87].

The role of other neurotransmitters in the patho-
physiology of epilepsy is known, but it is not carried
out by the gut microbiota. It has been observed
that norepinephrine has a dual effect on the onset
of epilepsy depending on concentration: at low
doses it has a proepileptic effect, while high doses
can trigger epilepsy [88].

Dopamine and acetylcholine are closely related
to epilepsy and are able to indirectly influence brain
function through the enteric nervous system, vagus
nerve and by regulating the expression of peripheral
receptors [89]. For example, acetylcholine (ACh), a ma-
jor stimulant of the autonomic nervous system, acti-
vates signal transduction via cholinergic and nicotinic
receptors. Accumulating evidence suggests that dys-
function of nicotinic receptors, which are widely ex-
pressed in hippocampal neurons and cortex, may be
significantly involved in the pathogenesis of epilep-
sy. The dopamine-norepinephrine-adrenaline cycle
induces hormonal and neuronal pathways. Serotonin,
norepinephrine, histamine and melatonin can act as
both hormones and neurotransmitters [90, 91].

THE ROLE OF FACTORS CAPABLE

OF REMODELLING THE GUT MICROBIOME
AND INFLUENCING THE PROGRESSION
OF EPILEPSY

There is no doubt that diet, probiotics, antibio-
tics, and a number of other factors modify GMB
composition. Recently, there is emerging work
with a good evidence base that these same pre-
dictors can affect the nervous system and reduce
or increase epileptic seizures.

The ketogenic diet (KD) has been successful-
ly used to compensate for the course of a group
of severe neurological diseases [92, 93] and is re-
commended for children as an alternative treat-
ment for any form of epilepsy when traditionally
used antiepileptic drugs are ineffective ( the level
of persuasiveness of recommendations is A, the
level of evidence is 1) [43].

However, fundamental mechanisms of the an-
tiepileptic effect of KD need further investigation.
Current explanations are based on the operation
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of neurotransmitters, brain energy metabolism,
oxidative stress and ion channels [94], and micro-
biota remodelling [40, 95].

Adherence to classical KD for one month is ac-
companied by a significant decrease in total SC-
FAs, predominantly due to acetate, propionate
and butyrate. This is due to a drastic restriction of
fermentable carbohydrate intake and a decrease
in the number of fermenting bacteria [96].

Some SCFAs (propionate and butyrate) have an-
tiepileptic effects because they provide maturation
of microglia of the enteric nervous system and brain
and reduce the permeability of the blood-brain bar-
rier. Butyrate improves mitochondrial dysfunction
and protects brain tissue from oxidative stress and
apoptosis via the Keap/Nrf2/HO-1 pathway, thereby
increasing seizure threshold and reducing seizure in-
tensity [96]. Propionate treatment can reduce seizure
intensity and prolong the latency period of seizures
by reducing mitochondrial damage, apoptosis, hip-
pocampal damage and neurological deficits [97].

A 2016 systematic review presented 38 ran-
domised controlled trials (RCTs) investigating the
effects of probiotics on CNS function in both animals
and humans using a specific probiotic dose and dura-
tion of administration. Three strains of bifidobacteria
(B. longum, B. breve, B. infantis) and two strains of
lactobacilli (L. helveticus, L. rhamnosus) were tested
at doses ranging from 10% to 10" CFU. The course
of treatment was 2 weeks in animals and 4 weeks in
humans. Tested probiotics have shown efficacy in the
improvement of behaviour associated with psychiat-
ric disorders such as anxiety, depression, autism spec-
trum disorder (ASD), obsessive-compulsive disorder,
and memory recovery (spatial and non-spatial) [98].

In a prospective study of the efficacy of a probio-
tic mixture in patients with PRE, it was found that the
frequency of seizures decreased in 28.9% of patients
by more than 50%. In 76.9% of these patients, the
positive effect persisted 4 months after disconti-
nuation of treatment. This study showed that adju-
vant probiotics reduce seizure frequency and can be
used as an adjunctive treatment to AED [99].

In an experimental model of PTZ-induced ep-
ilepsy, a group of mice supplemented with pro-
biotics did not develop complete kindling (epi-
leptogenesis) due to an increase in GABA in brain
tissue. Consequently, the inclusion of probiotic in
the therapy significantly reduced the occurrence
of sustained hyperactivity of neurons due to their
profound disinhibition caused by the insufficiency
of inhibitory control mechanisms and the activity of
exogenous (endogenous) factors (PTZ) that caused
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excitation and disruption of antagonistic regulation
between excitation and inhibition processes [100].

The use of synbiotic or probiotic Lactobacillus
fermentum MSK 408 in combination with KD in the
treatment of PTZ-induced seizures reduced the side
effects of KD without impairing its antiepileptic effects.
Both KD and probiotic were found to increase GABA
metabolism by regulating the gut microbiota [61].

It has been observed that saplementation of
the diet of PRE patients with synbiotics enriches
the GMB with SCFA-producing microorganisms
[17], and Lactobacillus fermentum MSK 408 modu-
lates the GMB, has an effect on SCFA and restores
serum lipid profile and mRNA expression of tight
contact proteins in both the gut and CNS [24].
These are preliminary observations for additional
probiotic effects in the treatment of PRE. It is likely
that probiotics can be an adjunctive treatment for
refractory epilepsy and used in combination with
KD. However, further, larger placebo-controlled,
experimental and clinical studies of the mecha-
nism of action of pro- and synbiotics are needed.

Z. He et al. (2017) presented a clinical case of
a young man suffering from Crohn's disease and
seizures for 17 years. The patient underwent fae-
cal microbiota transplantation for the treatment
of Crohn's disease. During 20 months of follow-up,
he did not record a single episode of seizures de-
spite discontinuation of sodium valproate [101].

It was shown that treatment of newborns diag-
nosed rotavirus gastroenteritis with probiotics (Sac-
charomyces boulardii or Lactobacillus casei) reduced
the risk of seizures 10-fold compared to the control
group (children who did not receive probiotics).
The authors suggested that S. boulardii suppresses
paroxysmal brain activity by inhibiting the structu-
ral protein NSP4, which activates chloride channels
and reactive oxygen species, or by suppressing the
inflammatory response in general [102].

Six patients with PRE have been described, five of
whom had complete cessation of seizures and one
of whom had more than 90% reduction in seizure
frequency on antibiotic (AB) treatment. After discon-
tinuation of treatment for a fortnight, seizures recurred
in all patients [103]. It is possible that such a positive
effect of AB therapy is due to inhibition of the growth
of one or more intestinal microorganisms responsible
for the production of compounds that destroy the
balance between excitation and inhibition: the main
factor provoking the development of seizures. Ho-
wever, other mechanisms cannot be excluded.

Some ABs can cause epilepsy. For example,
lactam ABs, including penicillin, cephalosporins,
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and carbapenems, most commonly induce sei-
zures [104]. IV generation of cephalosporins: im-
ipenem and ciprofloxacin in combination with re-
nal dysfunction, brain damage and epilepsy pose
an increased risk of symptomatic seizures.

The use of ABs has short- or long-term effects
on GMB composition in both humans and animals
[105]. Often, ABs disrupt the balance of gut micro-
organisms and cause disease. Although there are
ABs that increase the abundance of beneficial mi-
croorganisms and play a positive role in the struc-
ture of the gut microbiota [105].

Different groups of ABs remodelling the GMB in
different ways. For example, macrolides inhibit the
growth of Actinobacteria (mainly Bifidobacteria) [106,
107], oral vancomycin decreases the number of Fir-
micutes and increases the number of Proteobacteria
[108]. Penicillin has a weak effect on human GMB
[108]. The extent of amoxicillin-induced epilepsy is
independent of the composition of the gut microbio-
ta, which contradicts the hypothesis that GMB acts as
a "bridge" in AB-induced epilepsy. It should be con-
sidered that the effects of AB on the microbiota are
related to the initial composition of the microbiota
and the habits of the macroorganism [108, 109]. In
the future, a multicentre study is needed to further
elucidate the specific effects and mechanisms of
action of different antibiotics on epilepsy.

Antibiotics can cause the drug interactions with
AEDs, which alters the operability of the last ones
and consequently attenuates or enhances seizure
susceptibility. Most clinically important interac-
tions between antibiotics and AEDs result from in-
duction or inhibition of cytochrome P450 enzymes
that metabolise the drugs. This phenomenon has
been widely described for carbamazepine, pheny-
toin, phenobarbital and rifampicin [110].

Thus, studies of microbial diversity in patients
with PRE have captured that this form of the dis-
ease is often associated with the prevalence of Fir-
micutes phyla microorganisms. The use of agents
(pro-, antibiotics, etc.) capable of converting GMB
also converts paroxysmal brain activity in epilep-
sy. The study of the individual "metabolic profile"
in epileptic patients when using pro- and antibi-
otics may possibly introduce new strategies in the
treatment of this disease.

CONCLUSION

The microbiom—-gut-brain axis refers to the bi-
directional relationship between the gut and brain
and regulates gut and CNS homeostasis through
neural networks and neuroendocrine, immune
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and inflammatory pathways. Improvements in se-
quencing technology have highlighted the regula-
tory role of the gut microbiota in epilepsy.

Based on these findings, various means aimed at
the recovery of a healthy microbial community (the
diet, pre-, probiotics, antibiotics and even faecal mic-
robiota transplantation) should be used, which may
become in the near future one of the alternative treat-
ments for the refractory epilepsy and improve the
quality of life of patients suffering from this disease.
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OONOJIHUTEJIbHAA UHOOPMALINA

Bknag aBTOopoB. Bce aBTOpbl BHeCnn cyule-
CTBEHHbI BKNag B pa3paboTKy KoHuenumu, npo-
BeJeHVe WCCIefOBaHUA M MOArOTOBKY CTaTbW,
npounu n opobpunu GrHaNbHY BepCuo nepes
nyénukaumen.

KoH)nuKT nHtepecoB. ABTOPbI AeKNapupyoT
OTCYTCTBUE ABHbIX M MOTEHLMNANbHbIX KOHGIMKTOB
WNHTEPEeCOoB, CBA3aHHbIX C NybnvKauuen Hactos-
Len ctaTbu.

UcTouHuK ¢puHaHcupoBaHuUA. ABTOPbI 3asB-
nAT 06 OTCYTCTBMY BHelHero GrHaHCMpoBaHMWsA
npv NpoBeAeHNn NccneqoBaHuA.
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