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Abstract. The gut—brain axis represents a bidirectional communication network that integrates neural, endocrine,
and immune pathways with intestinal microbiota-derived signals. Disruption of this system, often resulting from
gut microbiota dysbiosis, has been increasingly associated with neurological and psychiatric disorders, including
depression, Alzheimer’s disease, and Parkinson’s disease. Understanding a crosstalk between host genetics, microbiota
composition, and neuroinflammatory processes is therefore crucial for elucidating the mechanisms underlying brain
health and disease. In the present study, we investigated gut microbiota composition in two genetically distinct rat Wistar
and Krushinsky—Molodkina (KM) strains, and further assessed the effects of kindling-induced epileptogenesis and
associated neuroinflammation on the KM microbiota. Our analyses revealed notable inter-group alterations in microbial
composition. In particular, Enterococcus hirae abundance differed significantly between Wistar and KM control rats,
while Streptococcus hyointestinalis exhibited changes between the KM control and KM kindling groups. Furthermore,
we observed a reduced relative abundance of Lactobacillus murinus and Lactobacillus reuteri in KM control rats compared
with both Wistar and KM kindling animals. In parallel, we observed altered expression of NF-kB p65 in the temporal
lobe white matter. Specifically, Wistar vs KM control rats displayed lower NF-xB p65 expression, whereas KM kindling
rats showed reduced expression compared to the KM control group. Such alterations in NF-kB p65 expression correlate
with observed shifts in abundance of Lactobacillus murinus and Lactobacillus reuteri, suggesting a link between microbiota
composition and neuroinflammatory processes. These findings provide deeper insight into the multifaceted interplay
between host genetic background, neuroinflammation, and gut microbial composition. The results suggest that differences
in bacterial taxa, particularly within Lactobacillus species, may be linked to NF-xB-mediated processes in the brain,
thereby shaping the pathophysiological landscape of neurological disorders. Further investigations are required to better
understand the complex crosstalk between host genetics, brain and gut microbiota, and their implication for health and
disease.
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N3YYEHUE BJINAHNA MUKPOBUOTbI KNLLEYHUKA HA MATONEHE3 SNMUJIENCUN Y KPbIC
KPYLUIMHCKOro-MONOAKUHON
Buaxues A.3.!, Kpaesa JI.A.'4, UBaes A.I1.2, Tonuaposa A.P.*, Baxanosa E.JI.2
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Pe3tome. Och KMIIEYHUK—MO3T — 3TO ABYHAIpaBJeHHAs KOMMYHUKAIIMOHHAS CUCTeMa, KOTopasl BKJIIOYaeT B ceOs
CJIOKHBIC B3aMMOICUCTBUS MEX Iy KMIIIEYHUKOM U MO3TOM. [IMcOaKTepro3 KUIIEUHOI MUKPOOMOTHI, XapaKTepr3yio-
HIMiics nrcOaTaHCOM B €€ COCTaBe, OBLIT CBSI3aH C HECKOIBKMMU HEBPOJIOTUUSCKMMU PACCTPOMCTBAMU — JIETIPECCUel,
00J1e3HbI0 AnblTeiiMepa, 6one3Hbio [TapkmHcoHa 1 IpyruMu. B 3T0if cTaThe MBI CTaBUM CBOEIH IIeJTBIO ITPOaHATN3UPO-
BaTh MUKPOOMOTY KUIIIEIHNKA IBYX TeHETUUCCKH Pa3IMUHBIX TMHUI KpbIc — Wistar 1 KpymmHckoro—MonogKnHoi
(KM) — ¥ OLeHUTD BIUSHUE KUHIJIWUHTA U CBI3aHHOTO C HUM HeipoBOCMaIEHUSI HA MUKPOOMOTY KUIIEYHUKA KPBIC
KM. Metonp! vccienoBaHu s BKIIOUAIN B Ce0sI KJTacCuYecKre 6aKTepUoJIOrnyeckre, OnoJornueckue Ha MOJIEsIX KPbIC
nByx tuHuit Wistar u KM, Macc-creKTpoMeTpuuecKuii MeTol nAeHTU(hUKALIMY OaKTepuid, BeCTEPH-OJOTTUHT AJIS1 UC-
CJIeIOBAaHUS CPE30B KOPbI BUCOYHOM TOJM U OEJI0ro BellecTBa MO3ra KPbIC, CTATUCTUYECKUE METOIbI aHaI13a JaHHbIX.
Pezyabmamer. Halii pe3ynbTaThl CBUAETENbCTBYIOT 00 UBMEHEHUSIX B COCTaBE MUKPOOMOTHI Y KPbIC Pa3HbIX JUHUI:
Enterococcus hirae npeoonaganu y tuauu KM, Streptococcus hyointestinalis — y xpbic iuHuu KM (kunniausr). Huskas
yucaeHHoCThb Lactobacillus murinus u Lactobacillus reuteri oTMeueHa B KOHTPOJIBHOM I'PYIIIE MO CPaBHEHUIO C KpbIcaMU
nuHuK Wistar u kpeicamu TuHuu KM, moaBeprHyTHIX KMHIJIMHTY. B 6eioM BelecTBe BUCOUHOM TOJIU Y KPBIC TMHUM
Wistar Ob11 0OHapykeH 0osiee HU3KUI ypoBeHb akcrpeccun NF-kB p65 o cpaBHEHMIO ¢ KOHTPOJIBHOM rpymmoit KM,
1 3KCIIpeccus 3Toro Oenka B rpymmne KM, monBeprHYTHIX KMHIUIMHTY, OblIa HUKE 10 CPaBHEHMIO ¢ KOHTPOJBHOI
rpynmoir KM. Dt nusmenenns B akcrpeccur NF-kB p65 koppennpyior ¢ Ha0IogaeMbIMI U3MEHEHUSIMU B YUCIIEH-
Hoctu Lactobacillus murinus v Lactobacillus reuteri, xoTopbie, Oynyuu retepohepMEeHTUPYIOMIMMU 0AKTEPUSIMU, MOTYT
MPOAYLIUPOBATh METAOOIUTHI, CIIOCOOCTBYIONINE U3MEHEHUSIM B OMOXUMUYECKON cpene opraHu3ma. OOHapyXKeHHOe
pa3MHOXEHMEe 3TUX BUJOB OAKTEPUIl B OTBET HA ayIMOr€HHBIE CTUMYJIbl MOXKET MOTEHIIMATbHO MOBIUSTh HA YPOBEHD
akcrnipeccun NF-kB p65 B opranusme xo3sinHa. JlaHHbBIE pe3yIbTaThl MOAYEPKUBAIOT POJTh KMINEYHOM MUKPOOMOTHI Kak
MEPCTIEKTUBHOMN TepaneBTUYECKOW MUIIEHU NP SMUJIETICUU U YKa3bIBalOT HA BO3MOXHOCTh BJIMSIHUS Ha MaTOreHe3
3200JIeBaHUS MTyTEM MOAYISLIMU €€ COCTaBa C IOMOIIbIO TPOOMOTUKOB WJIM KOPPEKLIMU AUETHI. Boieodsl. Pe3ynbraThl
9TOr0 UCCJIENOBAHMSI MOTYT CITIOCOOCTBOBATH JTYYIlIeMYy MOHMMAHUIO CIOKHBIX B3aMMOIEHCTBU I MEXK 1y TEHETUKOI XO-
3s1MHA, MO3TOM M MUKPOOMOTOM KUIIIEYHHUKA, a TAKXKE MX MOCISACTBUI /151 BOSHUKHOBEHHU S MaTOJOTMIECKUX COCTOSI-
HUI U COXpaHEHUEM WJIM BOCCTAHOBJICHUEM 310POBbSI.

Karouesnie caosa: snunencus, kuueunas mukpogaopa, oco kuuteunuk—mose, Lactobacillus murinus, Lactobacillus reuteri, NF-xB p65.

Introduction

The gut microbiome, which refers to the complex
community of microorganisms residing in the gas-
trointestinal tract, has been increasingly recognized
for its potential role in neurological disorders [3, 11].

Emerging evidence suggests that alterations in the
gut microbiome may lead to increased inflamma-
tion [3, 29], which has been implicated in epilepsy.
The gut and brain are closely connected via a bidi-
rectional communication pathway known as the gut-
brain axis [4, 7, 22]. The gut microbiota can influence
brain function through various mechanisms, includ-
ing the production of neurotransmitters, metabolic
byproducts, and immune signaling molecules [3, 4,
25] that can impact the excitability of brain cells.
Dysbiosis, or an imbalance in the gut microbial com-
munity, can modulate adaptive and innate immuni-
ty [8] and result in the production of pro-inflamma-
tory molecules that may trigger inflammation in the
brain [28], potentially leading to seizures.

Studies using animal models and clinical patients
have shown that manipulation of the gut microbiota

through probiotics, prebiotics or fecal microbiota
transplantation can influence CNS functions, impli-
cated in neurodegenerative processes [15, 16, 17, 27, 31]
and seizure activity [2, 9]. For example, administration
of certain probiotic strains has been found to reduce
seizure frequency and severity of epilepsy [2, 9].

Certain species of gut bacteria, such as those be-
longing to the Clostridioides and Bacteroides gen-
era, have been shown to possess anti-inflammatory
and neuroprotective properties, while others, such
a Prevotella copri, Escherichia and Shigella have been
associated with pro-inflammatory effects [5, 10, 12, 21,
24, 26]. Imbalances in the relative abundance of these
microbial species in the gut may contribute to chronic
inflammation [12]. Inflammation can increase the ex-
citability of brain cells and promote the development
of seizures or exacerbation of epilepsy.

Krushinsky—Molodkina (KM) rats are a wide-
ly used experimental model for studying epilepsy
pathophysiology, characterized by genetically deter-
mined alterations [1, 30].

The aim of this study was to analyze the gut mi-
crobiota in two distinct rat models — Wistar and KM
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rat model, in order to provide insights into the impact
of genetic alteration on the gut microbiota. In addition,
we studied the potential implications of audiogenic kin-
dling on the gut microbiota in KM rats. Next, we study
the NF-kB p65 expression level in white matter and cor-
tex of brain temporal lobe in all experimental groups.

Materials and methods

Animal Model. We used 15 adult male and female
Krushinsky—Molodkina rats (KM naive n = 5, KM
kindling = 10) (IEPhB RAS, Russia), the control
group was Wistar rats (n = 5). At the beginning of the
experiment, the rats were 10—12 months old. All rats
were housed in groups of 5 in separate cages (light
and dark 12:12, free access to food and water).

All procedures were carried out in compliance
with the recommendations and ethical principles set
out in the EC Directive 86/609/EEC for animal ex-
periments and approved by the Institutional Animal
Care and Use Committee at the Sechenov Institute
of Evolutionary Physiology and Biochemistry.

Audiogenic kindling. The experimental proto-
col involved subjecting rats to repeated audiogen-
ic seizures. Briefly, rats were housed individually
in a transparent Plexiglas chamber (50 x 30 x 20 cm)
equipped with a loudspeaker located above the cham-
ber. Audiogenic seizures were induced for 21 days
(9 kHz, 50 dB) before seizure onset or for 1 minute if
seizures did not occur, and seizure activity was moni-
tored and recorded during each session. After 7 days
of rest, an autopsy was performed.

Fecal samples collection and bacterial cultivation.
Fresh fecal samples were collected from KM naive
and KM kindling rats 21 days after the start of the ex-
periment. For Wistar rats, samples were collected af-
ter 7 days. Each collected sample was utilized for cul-
tivating both anaerobic and aerobic bacteria. Sample
collection was carried out using appropriate aseptic
techniques to minimize contamination. All samples
were immediately transferred to the laboratory and
processed without delay. For anaerobic bacteria cul-
tivation, samples were streaked onto sterile thiogly-
colate broth, transferred to anaerobic chamber (an-
aerostat) and incubated at 37°C for 24 hours. For aer-
obic bacteria cultivation, samples were streaked onto
sterile meat broth and incubated at 37°C for 24 hours.
Subsequently, the specimens were inoculated onto
blood agar sterile plates at 37°C for 24 hours to facili-
tate sub-culturing and obtain pure bacterial colonies
on the next step. Pure bacterial isolates were inocu-
lated onto blood agar sterile plates at 37°C for 24. All
broth and solid nutrient media were obtained from
“Biovitrum” (Russain Federation).

MALDI-ToF analysis. Bacterial isolates were cul-
tured for 18—24 hours at 37°C on blood agar plates.
For mass spectrometer analysis, a single colony from
each pure culture was picked using a sterile toothpick
and directly spotted ontoan MSP chip (MSP 96, Bruker

Daltonics, Germany). Each spot was overlaid with
I ul of matrix solution (o.-cyano-4-hydroxycinnamic
acid, dissolved in 50% acetonitrile and 2.5% trifluoro-
acetic acid) and allowed to co-crystallize at room
temperature. As the calibrating standard, protein
extract from E. coli DH5o (ref. No. 255343, Bruker
Daltonics) was used. The target plate was loaded into
a Microflex™ LT MALDI-ToF mass spectrometer
(Bruker Daltonics, Germany) using the application
FlexControl, and mass spectra were acquired in the
automated linear positive mode with all necessary
parameters detailed in the device instruction. Each
spectrum represented an accumulation of 240 laser
shots. The acquired mass spectra were analyzed using
the software MALDI Biotyper 3.0 (Bruker Daltonics).
Bacterial identification was achieved by comparing
the obtained spectra against a reference database in-
cluded with the MALDI-ToF system. Scores SV > 2.3
were considered as reliable identification at the species
level; scores between 2.299 and 2.00 indicated genus
identification; SV between 1.99 and 1.7 as probable
genus-level identification; scores lower than 1.7 were
considered unreliable identification.

Western-blotting. For the Western blot analysis,
sections of the temporal lobe cortex and white mat-
ter were first homogenized in lysate buffer containing
added phosphatase and protease inhibitors (10 pl/ml,
Sigma-Aldrich). The homogenates were then cooled at
4°C for one hour, followed by centrifugation at 12 000
g. After centrifugation, the clear supernatant liquid
was collected and mixed with Laemmli buffer, which
includes mercaptoethanol. This mixture was heated
at 95°C for 10 minutes. The samples were then run
on a vertical electrophoresis gel, followed by the trans-
fer of the separated proteins onto a nitrocellulose
membrane. The membranes were immersed in a 3%
BSA solution (Biolot, Russia) prepared in Tris buffer
(0.1% Tween 20, 0.2 mM Tris, 137 mM NacCl) for one
hour. Subsequently, the membranes were incubated at
4°C overnight with primary antibodies to NF-xB p65
(pAb, ab86299, Abcam, 1:1000) while undergoing con-
tinuous stirring. This step was followed by incubation
with secondary antibodies (pAb, 1:5000, Anti-Rabbit
1gG, Sigma), and the protein bands were visualized
using enhanced chemiluminescence. The bands were
analyzed with the ChemiDoc gel detection system
(BioRad), with subsequent densitometry (ImagelJ).

Statistical analysis. Comparisons between two groups
of bacterial genera were conducted using the chi-square
Pearson test or exact Fisher test. Comparisons between
two groups of bacterial species were performed using
the exact Fisher test. Protein expression levels between
two groups were assessed using the Mann-Whitney
U-test. To compare differences among multiple groups
concerning protein expression levels, one-way ANOVA
with Tukey’s post hoc analysis was applied. Significance
was established at a threshold of p < 0.05. The construc-
tion of the heatmap was accomplished through the im-
plementation of a Python script.
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Artificial Intelligence. In the preparation of this
manuscript, we utilized the Large Language Model
(LLM), ChatGPT, developed by OpenAl, for gram-
matical corrections and to improve the clarity and
understandability of the text. This tool assisted in re-
fining the language and structure of the manuscript
without contributing to the conceptual framework,
experimental design, data collection, or analysis.

Results and discussions

The gut microbiome is a complex ecosystem that
influences a wide range of physiological processes
in the host. In this article, we analyze the relation-
ship between the gut microbiota, and its potential
implications for epilepsy pathogenesis and treat-
ment. Our findings (Fig. 1) reveal noteworthy dif-
ferences in the abundance of specific bacterial gen-
era between the KM control and Wistar groups.
Specifically, we observed a notable reduction in the
prevalence of Lactobacillus murinus and Enterococcus
genera in KM control rats when compared to the
Wistar rats. Interestingly, discernable variations
in the abundance of Lactobacillus murinus and
Lactobacillus reuteri were observed between the KM
control and KM kindling groups. Whereas the popu-
lation of these bacterial strains were decreased in KM
control compared to the Wistar group, a contrast-
ing trend was identified in the KM kindling group,
where the abundance of these bacteria were increased
in comparison to the KM control group. According
to other studies it is apparent that patients exhibiting
lower seizure frequency tend to possess higher level
of Bifidobacteria and Lactobacillus [20]. This finding
implies that Lactobacilli may potentially serve a pro-
tective function in the management of epilepsy, given
the association between gut microbiota alterations
and lowered seizure threshold. Same as in KM con-
trol, the abundance of Enterococcus was found to be
decreased in KM rats after 21 days of audiogenic kin-
dling compared to Wistar group, which speak in fa-
vor of relation between development of epilepsy and
alterations in gut microbiota composition. Another
notable shifts observed in the abundance of bacterial
strains between KM naive and KM kindling groups
was an increase in the Streptococcus hyointestinalis af-
ter 21 days of kindling. This may underlie the involve-
ment of these bacteria into epilepsy pathogenesis.

One possible explanation for the decreased abun-
dance of Lactobacillus and Enterococcus genera, and
the increased abundance of Strepfococcus hyointes-
tinalis could be due to genetic differences between
Wistar and KM rats, which subsequently leading
to impairment of the barrier function within the in-
testinal lumen. These changes may be attributed to al-
tered host-microbiota interactions or changes in the
intestinal metabolism. It is known, that the microor-
ganisms inhabiting the gastrointestinal tract and their
metabolites have the potential to modulate various

KMC

KMC

KMC
KM21+7
KM21+7
KM21+7
KM21+7
KM21+7
KM21+7
KM21+7
KM21+7
KM21+7
KM21+7

Enterococcus faecalis
Enterococcus faecium
Enterococcus gallinarum
Enterococcus hirae
Escherichia coli
Kazachstania pintolopesii
Kazachstania telluris
Kazachstania telluris_group
Lactobacillus gasseri
Lactobacillus johnsonii
Lactobacillus murinus -
Lactobacillus intestinalis -
Lactobacillus reuteri -
Lactobacillus oris
Lactobacillus vaginalis
Proteus hauseri -
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Rodentibacter pneumotropicus
Saccharomyces cerevisiae
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Streptococcus ratti -
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[ True
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Figure 1. Heatmap of rat groups and bacterial
species. WC — Wistar control group; KMC —
Krushinsky—Molodkina rats, control group;
KM21+7 — Krushinsky—Molodkina rats, kindling

group

physiological processes in the host, including neu-
roinflammation, BBB permeability and subsequent
chronic inflammation [19, 23]. Increased prevalence
of opportunistic pathogens, such as Streptococcus,
in the gut may be associated with inflammatory pro-
cesses and could potentially contribute to the devel-
opment or exacerbation of epilepsy.

NF-xB is a key regulator of inflammation and
plays a crucial role in the activation of inflammatory
responses. It has been shown that gut microbiota dis-
turbances can activate NF-xB p65 expression and pro-
mote apoptosis and inflammation [14]. In our study,
we analyzed the expression level of NF-xB p65 in the
cortex and the white matter of the temporal lobe region
of the Wistar, KM control and KM kindling groups.

An elevated level of NF-xB p65 expression was
observed in the white matter of the temporal lobe re-
gion of the KM control group compared to the Wistar
rats (Fig. 2A). While the expression level of this
protein in KM kindling group was still higher than
in Wistar rats, the comparison between KM control
and KM kindling rats demonstrate the descend of its
expression in KM kindling group (Fig. 2B). The ob-
served increased level of NF-kB p65 in KM control
rats compared to Wistar rats, with subsequent de-
creased of its level after audiogenic kindling is no-
tably consistent with the observed shifts in abun-
dance of Lactobacillus in these experimental groups.
Previous research has demonstrated that Lactobacillus
and their metabolites possess anti-inflammatory
properties by inhibiting the overexpression of NF-kB
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Figure 2. NF-xB p65 expression in white matter of temporal lobe. WC — Wistar rat control group, KMC —
Krushinsky—Molodkina rat control group, KM21+7 — Krushinsky—Molodkina rat kindling group (21 days
of audiogenic kindling); * — significant changes (p < 0.05), ns — no significance (p > 0.05)

signaling pathway [6, 13, 18]. In the context of KM
rats, which exhibit audiogenic epilepsy and altered
level of NF-kB p65, it is plausible that the decreased
abundance of Lactobacillus murinus may contribute
to the dysregulation of the NF-xB signaling pathway
and altered seizure threshold, while the increased
populations of Lactobacillus murinus and Lactobacillus
reuteri in KM rats after audiogenic kindling may
demonstrate some compensatory mechanism trig-
gering by audiogenic kindling. A distinctive feature
of these two Lactobacillus species is that they belong
to the group of heterofermentative bacteria [32]. It is
possible that the production of certain metabolites by

these bacteria contributes to changes in the biochemi-
cal environment of the host organism. Therefore,
the detected reproduction of these bacterial species
in response to audiogenic stimuli can potentially af-
fect the expression level of NF-kB p65 in the host
body. The level of this protein in KM kindling group
was still significantly higher in comparison to Wistar
rats (Fig. 2C). These results emphasize the potential
importance of the gut microbiota as a therapeutic
target for therapy of epilepsy. Manipulating the gut
microbiota through probiotics or dietary interven-
tions could potentially serve as a therapeutic approach
in the context of epilepsy.
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Figure 3. NF-xB p65 expression in cortex of temporal lobe. WC — Wistar rat control group, KMC —
Krushinsky—Molodkina rat control group, KM21+7 — Krushinsky—Molodkina rat kindling group (21 days
of audiogenic kindling); * — significant changes (p < 0.05)
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In the temporal cortex, our study revealed no sta-
tistically significant differences in the level of studied
protein between the Wistar and KM control groups
as well as between the KM control and KM kin-
dling groups (Fig. 3). The observed changes between
the Wistar and KM kindling groups should not be in-
terpreted in isolation from the outcomes of the two
previous comparisons.

Conclusion

In summary, the gut microbiota appears to play
role in the epilepsy pathogenesis through the influ-
ence of specific microbial compositions on the mod-
ulation of seizure activity.

We observed the compatible changes in the level
of NF-xB p65 in the white matter and the changes

of populations of Lactobacillus murinus and Lactobacillus
reuteri in all three compared groups of experimental
animals. Specifically, the elevated level of this protein
in KM control compare to Wistar group and decline
of this protein in KM kindling compare to KM control
inversely correlated with the abundance of Lactobacillus
murinus and Lactobacillus reuteri species in this groups.
Next, we noticed the decreased level of Enterococcus
bacteria in KM control and KM kindling groups com-
pared to Wistar rats and increased level of Streptococcus
hyointestinalis in KM kindling rats.

The results of this study may contribute to a better
understanding of the complex interactions between
host genetics, brain and microbiota of gut, and their
implications for health and disease. Continued re-
search in this area is critical to expanding knowledge
of the gut microbiota and its impact on host health.
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