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ARTICLE INFO ABSTRACT

Original paper Inflammation and hypoxia have an effect on the molecular mechanism of cardiovascular and respiratory pa-
thologies accompanying seizures. Against this, Tauroursodeoxycholic Acid (TUDCA) can regulate oxidative
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the expression changes of NF-kB p65, TNF-o, HIFla and Kir6.2 proteins associated with seizures in brain
stem, heart and lung tissues representing the autonomous network. Additionally, we examined the protective
effects of TUDCA administration against damage caused by seizures in terms of immunohistochemistry and
pathology.

Keywords: 4 groups of Wistar Albino male rats (250-300 g, n=32) were formed as control, pentylenetetrazole (PTZ),

TUDCA and PTZ+TUDCA. The epilepsy kindling model was created by intraperitoneal (i.p.) injection of PTZ

Z\K[F ';f Pl;;i INF-a, HIF1a, | chemical (35 mg/kg, every 2 days) for one month. TUDCA (500 mg/kg; every 2 days) treatment was given
ir6.2,

intraperitoneally 30 minutes before seizures for 1 month. Brain stem, heart (atria, ventricle) and lung tissues
of rats were isolated. NF-kB p65, TNF-o, HIF1a and Kir6.2 proteins in the obtained tissues were evaluated by
immunohistochemical staining.

The immunoreactivity of the investigated proteins in the brainstem heart and lung tissues of rats with chronic
PTZ administration was significantly increased. Recurrent seizures led to accumulation of inflammatory cells
in tissues, hemorrhage, vasodilation, and apoptosis. Following TUDCA administration, expression of NF-kB
p65, TNF-a and Kir6.2 was significantly reduced in all tissues (except the atrium of the heart) compared to
control rats. HIF-1a levels were significantly suppressed in ventricular and lung tissues of epileptic rats given
TUDCA. However, TUDCA pretreatment improved histopathological changes due to chronic seizures and
partially reduced apoptosis.

We showed that epileptic seizures may cause tissue damage with the development of inflammatory and hy-
poxic conditions in the brainstem and organs that represent the autonomic network. TUDCA therapy could be
an effective agent in the treatment of cardiac and respiratory problems associated with seizures.

Doi: http://dx.doi.org/10.14715/cmb/2022.68.12.19 Copyright: © 2022 by the C.M.B. Association. All rights reserved.

Introduction

About 2% of the world's population suffer from epi-
lepsy, a common neurological disease. This disease pro-
gresses with seizures that occur spontaneously as a result
of the deterioration of the balance between excitation and
suppression in neurons (1,2). Epileptic networks are close-
ly linked to the autonomic nervous system that regulates
respiratory and cardiovascular functions. Seizures can
trigger death by causing autonomic disorders (3,4). The
emergence and recurrence of epileptic seizures is associ-
ated with the activation of inflammatory cells and mol-
ecules (5). In this context, inflammation and hypoxia may
reflect a fundamental target in the pathogenesis of seizure-
induced autonomic disorders.

Inflammation can induce seizure formation and cell
damage by causing hyperexcitability (6). Nuclear factor
kappa B (NF-kB), which belongs to the family of transcrip-
tion factors, regulates the expression of various proinflam-
matory mediators such as cytokines and chemokines (7).
NF-kB p65 molecule is the predominantly activated sub-
type from the family (8). Available findings highlight that
NF-kB is upregulated in epilepsy by several mechanisms
like neuronal loss and glial activation (9). However, the
effect of the NF-xB p65 molecule on autonomic disorders
accompanying seizures is unknown.

Tumor necrosis factor alpha (TNF-a), which can ac-
company the formation of the inflammatory response by
inducing various cytokines and lipid mediators, is a pre-
cursor cytokine in inflammation (10). TNF-a can also in-
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crease glutamergic transmission by upregulating a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors (11). Herein, TNF-a, a pro-inflammatory pro-
tein, may act as a crucial response element of the inflam-
mation mechanism in the formation of epileptic seizures.

Hypoxia is a prominent feature of the inflammatory mi-
croenvironment (12). The hypoxia-inducible factor 1 alpha
(HIF1a) molecule is the main regulator providing cellular
adaptation to a low oxygen environment (13). HIF 1a stim-
ulates the production of genes that control oxygen balance
and metabolic activation at the transcriptional level (14).
In this context, HIF1a may be associated with respiratory
and cardiovascular pathologies accompanying seizures.

Kir6.2 from the inwardly rectifying K* channel (Kir)
family, may provide neuronal protection by regulating
the membrane potential in hypoxic conditions (15). Kir6
channels function as molecular rheostats that regulate
membrane potential in accordance with cellular energy
needs (16). Suppression of energy expenditure via Kir6
channels during seizures may be a protection mechanism
against cellular damage (17). Kir6.2 channels may be ef-
fective in controlling cellular damage in brain stem, heart
and lung tissues affected by seizure-related hypoxia.

The production of tauroursodeoxycholic acid (TUD-
CA), a hydrophilic bile acid, occurs naturally in the liver.
Besides reducing endoplasmic reticulum stress (ER) and
stabilizing unfolded protein stress, TUDCA compound
plays a chemical chaperone role. This compound shows
cytoprotective effects by suppressing oxidative stress, in-
flammation and apoptosis in cell culture and in vivo mod-
els (18,19). In this direction, TUDCA may have a positive
effect against apoptotic cellular death in the pathogenesis
of epilepsy.

In the pathogenesis of cardiovascular and respiratory
disorders that accompany seizures; inflammation and hy-
poxia-related pathways may be involved. Imaging data
of epilepsy patients with generalized tonic-clonic seizures
reveal volume losses in brainstem regions that regulate
cardiac and respiratory activity, related to the severity
of hypoxia (20). However, studies showed that the pro-
inflammatory cytokines such as TNF-o expressions is
increased due to ER stress in the brain tissues of genetic
epilepsy model mice. These findings may indicate that ER
stress caused by recurrent seizures may lead to autonomic
disorders. In our study, we evaluated the expression of NF-
kB p65, TNF-a, HIF1a and Kir6.2 in brain stem, heart and
lung samples of rats with epilepsy model. Also, complex
role of seizure markers, including cytokines, in autonomic
function control was investigated for the first time. We
investigated the protective representation of pretreatment
against seizure damage with an ER stress inhibitor TUD-
CA at the histopathological and immunohistochemical
levels. According to our results, TUDCA therapy could be
used as an effective agent in the treatment of cardiac and
respiratory problems associated with seizures.

Materials and Methods

Ethical approval with protocol number 21/178 was ob-
tained from Erciyes University Animal Experiments Local
Ethics Committee (HAYDEK). 2-3 months / 8-12 weeks
old, weighing 250-300 g, 32 adult wistar albino male rats,
were taken from Erciyes University Experimental and
Clinical Research Center (DEKAM). Rats were housed in

a controlled environment (24 + 2°C and 60% humidity)
under a 12-hour light-dark cycle, and were provided with
free access to tap water and standard food throughout the
experiment. In the controlled environment (24 + 2°C and
60% humidity) under a 12-hour light-dark cycle rats were
housed. Rats were supplied with free access to tap water
and standard food throughout the experiment.

Recommendations from the Guidelines for the Care
and Use of Laboratory Animals, adopted by the National
Institutes of Health (USA) and the Declaration of Helsinki
were fully followed, and procedure have been applied. To
minimize the suffering of animals every necessary effort
has been made. The experimental protocol of this study
was approved by Kayseri Erciyes University Animal Ex-
periments Local Ethics Committee (HADYEK). Mice
weighted close to each other formed the experimental
groups. According to the pentylenetetrazole (PTZ) incin-
eration model, the animals were administered intraperito-
neally (i.p.) PTZ chemical every 2 days. The level of epi-
lepsy was recorded by observing the animals within thirty
minutes after each injection.

Experimental groups

Control group (n=8): Rats were given 0.5 cc i.p. sa-
line (SF) every 2 days for 1 month.

Untreated PTZ epilepsy group (n=8): PTZ is a chem-
ical that causes severe seizures. Chronic sub-convulsive
dosing of PTZ lowers the seizure threshold, inducing
tonic-clonic seizures in animals. The PTZ-kindling mod-
el is a simple and widely applied method to investigate
the pathophysiology of epilepsy with recurrent seizures
(21,22). Recurrent PTZ-induced seizures may alter the
balance of excitatory and suppressive neurotransmission
and lead to seizure sensitivity. After the seizures, rats show
hippocampal injury and reduced glucose metabolism like
pilocarpine and kainic acid models (23). To induce chronic
epilepsy in rats, PTZ-kindling protocol was applied as in
our previous study. Briefly, PTZ (P6500, Sigma-Aldrich,
St. Louis, MO, USA) dissolved in SF at a dose of 35 mg/
kg was administered i.p. every 2 days for a month. Then,
50 mg/kg PTZ was injected to promote seizure suscepti-
bility and mimic ictogenesis in animals (24).

TUDCA administered group (n=8): TUDCA, a hy-
drophilic bile acid, reduces apoptosis and exhibits sup-
pressive effects on ER stress and oxidative stress. With
these effects, the TUDCA compound shows neuronal pro-
tective activity in various neurodegenerative disorders like
Alzheimer's disease and Amyotrophic Lateral Sclerosis
(25,26). The TUDCA protocol was similarly performed at
a dose that has been shown to be safe and effective from
other studies (27,28). TUDCA (T0266 - Sigma-Aldrich,St.
Louis, MO, USA) was dissolved in distilled water at a
dose of 500 mg/kg and administered i.p. every two days
for a month to rats.

PTZ epilepsy group (n=8) treated with TUDCA:
To induce chronic epilepsy in rats, the epileptic agent 35
mg/kg PTZ was administered i.p. every two days for one
month and a dose of 500 mg/kg TUDCA has been applied
i.p. 30 minutes before PTZ administration. As part of this
experimental model, PTZ chemical was injected i.p as
35 mg/kg. As a final dose, ictogenesis (clinical epileptic
seizures) was imitated in animals with 50 mg/kg. All i.p.
procedures were carried out at the same time of the day.
After the experimental protocol was completed, ketamine
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hydrochloride and 2% xylazine hydrochloride were ad-
ministered to the rats to anesthetize, and then brain stem,
heart and lung tissues were taken.

Histological procedure

Brain stem, lung and heart tissues taken from rats were
fixed in 10% formaldehyde solution. Water recovery was
applied by keeping the tissues in increasing alcohol series
(70%, 80%, 90% and 100%) after washing in tap water (1
night). The tissues were kept in xylol and became trans-
parent. These tissues were embedded in paraffin at the ap-
propriate orientation. Sum thick sections taken from tis-
sue samples embedded in paraffin using a microtome were
stained with Harris hematoxylin-eosin after that examined
histomorphologically under a light microscope (Olympus
BX53).

Immunohistochemical analysis

With Avidin-Biotin peroxidase method, anti-HIFla
(Santa Cruz Biotechnology, sc-13515), anti-TNF-a (Elab-
science, E-AB-22159), anti-NF-xB p65 in the brain stem,
heart and lung tissues of experimental groups (Bioassay
Technology Laboratory, MT-BCA1291) and anti-Kir6.2
(Alomone labs, APC-020) proteins were detected immu-
noreactivity (29). In summary, after deparaffinization of
Sum thick sections, samples were heated in citrate buffer
2X4 times in a 300W microwave oven (pH: 6.0) to open
epitopes. To inhibit endogenous peroxidase activity, prep-
arations were then taken into a solution of 3% hydrogen
peroxide in methanol. Ultra V block solution was applied
to prevent non-specific staining. The sections were then
incubated with primary antibodies at 4 0C overnight. Bio-
tinylated secondary antibody, streptavidin-HRP, and DAB
chromogens were applied, respectively after that sections
were counterstained with Gill Hematoxylin. With a series
of increasing alcohol and sealed with entellan, a sealant
sections were dehydrated. Olympus BX53 light micro-
scope is used to examine samples. TIFF images were im-
ported into ImageJ software and the threshold function
was applied to separate the signal from the background,
and the average signal intensity was measured with the
"measure" function to quantify the immunohistological
staining for each protein (30-33). The mean intensity of
the background was obtained by averaging the values of
the negative control images treated with secondary an-
tibody alone. The staining intensity level value gave the
staining intensity level value divided by the average signal
intensity above the background for a minimum of 10 im-
ages per mouse for a minimum of 3 mice per experimental
group. (29)

Statistical analysis

Findings from immunohistochemical analyzes were
evaluated with the Image-J Version 1.46 program. The
data obtained from these results were determined with the
Graphpad Prism 9.0 software package by applying one-
way analysis of the variance test. The p value for statistical
significance level was evaluated as < 0.05.

Results
TUDCA ameliorates the seizure-related histological in-

jury observed in rats treated with chronic PTZ
Histological analysis of brain stem samples revealed

that sections of PTZ group rats had enlarged blood ves-
sels, bleeding areas, and apoptotic neurons compared to
the TUDCA and control groups (Figure 1C). Brain stem
sections from PTZ-TUDCA group rats, bleeding areas
were not observed, but apoptotic neurons were found (Fig-
ure 1D).

The heart tissue sections taken from the control and
TUDCA groups, especially the muscle cells in the myo-
cardium layer, were arranged regularly and preserved their
healthy histological content. However, we found that there
were gaps/separations between muscle cells of PTZ group
rats, and apoptotic cells with eosinophilic stained pycnotic
nuclei were concentrated (Figure 1G). Examination of ani-
mals in the PTZ-TUDCA group revealed that the separa-
tion between muscle cells was significantly reduced and
there were few apoptotic cells (Figure 1H).

Microscopic evaluation of lung tissue from control and
TUDCA group animals showed the normal histology of
bronchioles, alveolar and pulmonary arteries. In the lung
sections of the PTZ group rats indicate that the integri-
ty of the pulmonary arteries was impaired and there was
an increase in inflammatory cell infiltration (Figure 1K).
However, in the lung sections of the PTZ-TUDCA group,
we observed that there was a normal histological struc-
ture of alveoli and pulmonary arteries similar to the con-
trol and TUDCA groups (Figure 1L). Examination of the
brain stem, heart, and lung tissues indicates that TUDCA
is effective in reorganizing and ameliorating PTZ-induced
histopathological changes.

TUDCA reduces the expression of proteins associated
with inflammation and hypoxia in the brainstem of epi-
leptic rats

Immunohistochemical analysis of brain stem tissue;
HIFla, TNF-0, NF-kB p65 and Kir6.2 expressions were
significantly increased in the PTZ and PTZ-TUDCA
groups in comparison to the control group (Figure 2). Also,
TUDCA administration markedly reversed the pathologi-
cal effects of PTZ. TNF-a, NF-kB p65 and Kir6.2 levels
were found to be significantly decreased 1.55 times, 1.56

Control PTZ-TUDCA
PR e 2o LR 2

Figure 1. Hematoxylin-eosin staining images of brain stem, heart and
lung tissues of rats. Tissues of control and TUDCA group animals
show normal histological structure. Image of enlarged blood vessel
and bleeding area (black arrow) in brain stem section of PTZ group
rats. Apoptotic cells (yellow arrow) in brainstem and heart sections
from PTZ and PTZ-TUDCA animals. The representative image of
inflammatory cell infiltration (yellow arrow) in lung section of PTZ
rat. Photomicrographs were taken at 20X magnification and a 50 pm
scale bar.
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Figure 2. Immunostaining images of HIF1a, TNFa, NF-xB p65 and
Kir6.2 proteins in brainstem tissues of rats. A) Localizations of the
antibodies in the brain stem sections of the experimental groups. B)
Histogram plots showing the immunoreactivity intensity of the anti-
bodies analyzed. Data average is expressed as = SEM. Tukey's mul-
tiple comparison test and one-way ANOVA analysis of variance were
applied (¥p<0.05, **p<0.01 ***p<0.001 and ****p<0.0001 indicates
that there is a significant difference statistically and ns indicates that
there is no statistically significant difference). Zoomed inserts were
added, especially in PTZ groups where antibodies were more stained.

times and 1.68 times, respectively, in brainstem samples
of PTZ-TUDCA group animals as compared with the PTZ
group (Figure 2).

Administration of TUDCA reverses seizure-induced
increase in immunoreactivity in ventricular sections of
rats

HIF1la increased 2.48 times, TNF-o 1.71 times and
NF-kB p65 2.21 times in atrium sections of epileptic rats
from PTZ group but no significant change was found in
Kir6.2 expressions compared with the control group. Also,
no significant difference seen in immunoreactivity of the
investigated proteins in the PTZ and PTZ-TUDCA groups
(Figure 3).

In the ventricle sections of the PTZ group rats with
seizures, the levels of examined proteins were increased
compared to the control group. However, increasing
protein expression were suppressed in the ventricles of
TUDCA pretreated rats. Staining intensity of HIFla (1.36
times), TNF-a (1.36 times), NF-kB p65 (1.71 times) and
Kir6.2 (1.56 times) proteins in ventricular sections from
PTZ-TUDCA group decreased compared to PTZ rats with
seizures (Figure 4).
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Figure 3. Immunostaining images of HIF1a, TNFa, NF-kB p65 and
Kir6.2 proteins in atrial tissues of rats. A) Localizations of the anti-
bodies in the atrium sections of the experimental groups. B) Histo-
gram plots showing the immunoreactivity intensity of the antibodies
analyzed. Data average is expressed as + SD. Tukey's multiple com-
parison test and one-way ANOVA analysis of variance were applied
(*p<0.05, **p<0.01 ***p<0.001 and ****p<0.0001 indicates that
there is a significant difference statistically and ns indicates that there
is a statistically significant difference and ns indicates that there is no
statistically significant difference). Zoomed inserts were added, espe-

cially in PTZ groups where antibodies were more stained.

Inflammation and hypoxia-induced increased expres-
sion in lung tissues of epileptic rats are reduced by
TUDCA treatment.

Immunohistochemical evaluation of lung sections of
PTZ and PTZ-TUDCA group animals showed that HIF1a,
TNF-a, NF-kB p65 and Kir6.2 protein levels were in-
creased as compared with the control group. However,
administration of TUDCA reduced the production of the
proteins in the lung of chronic PTZ treated rats. These de-
creases were found to be 1.12 times for HIF1a, 1.55 times
for TNF-q, 1.56 times for NF-kB p65, and 1.68 times for
Kir6.2 (Figure 5). In addition, TUDCA administration did
not affect the immunoreactivity of the proteins examined
in brain stem, heart and lung samples under normal condi-
tions.

Discussion
In our study, we showed that PTZ-induced seizures in-

crease NF-kB p65, TNF-a, HIF1a and Kir6.2 channel im-
munoreactivity in relation to inflammation and hypoxia.
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Figure 4. Immunostaining images of HIF1a, TNFa, NF-kB p65 and
Kir6.2 proteins in ventricular tissues of rats. A) The localizations of
the antibodies in the ventricular sections of the experimental groups.
B) Histogram plots showing the immunoreactivity intensity of the an-
tibodies analyzed. Data average is expressed as + SD. Tukey's mul-
tiple comparison test and one-way ANOVA analysis of variance were
applied (*p<0.05, **p<0.01 ***p<0.001 and ****p<0.0001 indicates
that there is a significant difference statistically and ns indicates that
there is a statistically significant difference and ns indicates that there
is no statistically significant difference). Zoomed inserts were added,
especially in PTZ groups where antibodies were more stained.

Furthermore, we demonstrated that pre-treatment with
TUDCA may play a protective role against heart and lung
pathologies in rats with chronic seizures. In this context,
our results indicate that ER stress caused by seizures may
trigger respiratory and cardiac disorders by affecting in-
flammation and hypoxia-related pathways.

Analysis of brain tissues from the animal model of
epilepsy revealed that production of the NF-xB p65 in-
creased (34). In our study where autonomic network af-
fected by seizures, we showed that NF-kB p65 expres-
sion was significantly increased in the brain stem, lung
and heart tissues of epileptic rats compared to the control
group. NF-kB p65 activation mediated death mechanisms,
resulted in impaired left ventricular contraction and elec-
trocardiographic abnormalities in the mouse model of
arrhythmogenic cardiomyopathy and cell model formed
from the ventricular heart muscle (35). Elevated NF-kB
p65 expression increases apoptosis of cardiac muscle cells
while decreases contraction (36). Left ventricular sys-
tolic/diastolic dysfunction has been observed in patients
with generalized epilepsy and children with drug-resistant
seizures (37,38). Accordingly, inflammation activated
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Figure 5. Immunostaining images of HIFla, TNFa, NF-kB p65 and
Kir6.2 proteins in lung tissues of rats. A) Localizations of the antibod-
ies in the lung sections of the experimental groups. B) Histogram plots
showing the immunoreactivity intensity of the antibodies analyzed.
Data average is expressed as + SD. Tukey's multiple comparison test
and one-way ANOVA analysis of variance were applied (*p<0.05,
*#p<0.01 ***p<0.001 and ****p<0.0001 indicates that there is a sig-
nificant difference statistically and ns indicates that there is no statisti-
cally significant difference). Zoomed inserts were added, especially in
PTZ groups where antibodies were more stained.

by the increase of NF-kB p65 transcription factor lead-
ing to cell death and structural damage may be one of the
causal phenomena of seizure-related cardiac dysfunction.
Suppression of inflammation in the brain stem was due
to molecular inhibition of the NF-kB pathway in the ex-
perimental brain death model and reduce cardiovascular
system deterioration (39). In this context, increased NF-
kB p65 expression in the brainstem region may trigger the
production of oxidative stress and inflammation that cause
autonomic impairments.

In our study, we have noted a significant increase in
TNF-a immunoreactivity in brain stem, heart (atria and
ventricle) and lung tissues of PTZ-induced chronic epi-
lepsy groups than control groups. These findings may in-
dicate the importance of TNF-a in the mechanism of epi-
lepsy. In the epilepsy kindling model created in the amyg-
dala, rats treated with TNF-a showed prolonged epileptic
discharge compared to the control group (40). This study
may indicate that pro-inflammatory cytokines including
TNF-a promote epileptiform activity. Inflammation in the
hippocampus caused by TNF-a signaling triggers hyper-
excitability and acute seizures in a mouse model of limbic
epilepsy (41). Seizure injury could be mediated by TNF-
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a-related inflammation. TNF-a levels in serum samples of
pediatric epilepsy patients with acute seizure attacks are
significantly increased as compared with control group
(42). Accordingly, increased TNF-o ratio in tissues af-
fected by seizures may trigger epilepsy-related autonomic
disorders.

Data from literature reveal that HIFla expression is
increased in the brain tissue of epilepsy patients (43,44).
Elevated HIF la level may be a result of neuronal hypoxia
because of increased oxygen consumption during epileptic
seizures. In our study, we revealed that HIF1a production
increased in autonomic system-related brain stem, lung
and heart tissues as a result of PTZ-induced recurrent sei-
zures compared to the control group. High HIFla immu-
noreactivity in heart tissue is consistent with our studies
evaluating cardiac HIFla levels in pilocarpine or PTZ-
induced seizures (45,46). In this context, HIF1a has a role
in the pathogenesis of autonomic disorders accompanying
seizures is suggested. The expression of pro-apoptotic ER
stress marker and apoptotic molecules increased with the
elevation of HIFla expression in the lung and alveolar
cells of rats exposed to hypoxia (47,48). Similarly, eleva-
tion of hypoxia-induced HIF1a has been associated with
triggering of cardiomyocyte apoptosis in the mouse model
of ischemia (49). Increased apoptosis and inflammation in
the brain stem, heart and lung based on seizures may be
the result of high HIF 1a levels.

Kir6.2 channels have been reported to exert cytopro-
tective effects on neurons in hypoxia (50). We showed
that PTZ-induced chronic epilepsy groups significantly in-
creased Kir6.2 immunoreactivity in brainstem, heart (ven-
tricle only), and lung tissues compared to control groups.
Our data are consistent with our study showing increased
Kir6.2 expression from medulla region of the brainstem in
rats with chronic seizures (24). These findings may indi-
cate the potential role of Kir6.2 in the mechanism of epi-
leptic seizures leading to heart and lung disorders. In ad-
dition, Kir6 channels in the atrium and ventricles may dif-
fer in terms of structure. The pharmacological properties
of the channels indicate a predominance of SUR1/Kir6.2
complexes in the atrium and SUR2A/Kir6.2 complexes in
the ventricle (51). Electrophysiological recordings show
that atrial and ventricular Kir6 channels exhibit different
sensitivity to metabolic inhibition (52). In this context,
SUR subtype complexing with Kir6.2 channels and vary-
ing sensitivity of atrial/ventricular Kir6 channels may
explain the regional variation of the effect of seizures on
Kir6.2 channel. Evaluation of the impact of epileptiform
activity on SUR subunits and ion currents may contrib-
ute to the elucidation of possible mechanisms. However,
2-deoxy-D-glucose, a glycolytic suppressor, has been re-
ported to exert anti-epileptic effects by upregulating the
Kir6.2 channel in a pilocarpine-induced epilepsy model
(53). Enhanced Kir6.2 immunoreactivity as a result of sei-
zures may reflect the intrinsic defense mechanism of cells
in autonomic structures to hypoxia. The adaptive respira-
tory responses induced in hypoxic conditions in mice in
which the gene producing the Kir6.2 channel is deleted are
less numerous and short-lived than in control mice (54).
This situation may point to the importance of the Kir6.2
channel to retain healthy respiratory activity in seizure-
induced hypoxia.

We obtained that TUDCA treatment decreased HIF 1o
expression in ventricular and lung tissues of rats with

seizures. Our data may indicate that suppression of ER
stress has a protective effect against autonomic disorders
accompanying seizures. The absence of a substantial im-
munohistochemical change in the atria of PTZ-TUDCA
group than control and PTZ groups revealed that the ven-
tricles may be the center of the cardiac protective effect.
However, in another study that supports our findings, in-
creased susceptibility to PTZ-induced seizures in rats with
repeated restraint stress decreases by TUDCA treatment
(55). Similarly, in the pilocarpine-induced status epilep-
ticus mouse model, TUDCA treatment was found to sup-
press inflammation-related molecular processes and ER
stress (56). Genetic deletion of HIF 1o in mice may lead to
cardiac dysfunction by affecting the survival and function
of sympathetic neurons (57). TUDCA do not significantly
suppress the level of HIF1a in the brainstem. Therefore,
HIF 1o may be crucial for survival of neurons that have im-
pact on cardiac and respiratory function. The expression of
Kir6.2 is thought to be protective against seizures. Kir6.2
expressions was decreased in epileptic rats injected with
TUDCA. This can be explained by the disappearance of
hypoxic conditions leading to adaptive Kir6.2 increase as
a result of suppression of ER stress. In addition, TUDCA
treatment improved the features including inflammatory
cell accumulation, formation of hemorrhagic areas, dis-
ruption of tissue integrity, and apoptosis. The suppression
of pressure-induced cardiac apoptosis and fibrosis in mice
with treated by TUDCA supports our histopathological
findings (58). In neurological diseases including subarach-
noid hemorrhage, traumatic brain injury and acute hemor-
rhagic stroke, TUDCA administration increases neuronal
survival by suppressing apoptotic pathways (59-61) In-
terestingly, apoptotic neurons were seen in the brainstem
of epileptic rats after TUDCA treatment. Similar study
reported that HIF1a reduces neuronal apoptosis by sup-
pressing caspase-3 activity in a rat model of cerebral isch-
emia (62,63). Accordingly, the presence of apoptotic cells
in the brain stem of epileptic rats despite treatment may
be related to the suppression of anti-apoptotic HIF1a by
TUDCA treatment and the dual effect of HIF 1a on neuro-
nal survival. In summary, we demonstrated that TUDCA
has immunohistochemical and histopathological protec-
tive effects against seizure-related cardiovascular and re-
spiratory disorders. In epileptic rats, increased levels of
NF-kB p65 and TNF-a may trigger elevation of cytokine
levels and inflammatory cell accumulation that causes au-
tonomic system related problems. Further studies may aim
to examine the effects of TUDCA on HIF1a-related apop-
totic downstream pathways at the molecular level.

Overall, natural products mediated health promoting ef-
fects and amelioration of disease pathologies has sparked
interest in natural product research (64-66). Identification
of most significant proteins and cellular pathways will be
helpful for selection of most effective natural products for
disease prevention.

References

1. do Canto AM, Donatti A, Geraldis JC, Godoi AB, da Rosa DC,
Lopes-Cendes I. Neuroproteomics in Epilepsy: What Do We
Know so Far?. Front Mol Neurosci 2021;13:604158.

2. Patel DC, Tewari BP, Chaunsali L, Sontheimer H. Neuron-glia
interactions in the pathophysiology of epilepsy. Nat Rev Neurosci
2019;20(5):282-297.

109



Arda Kaan Uner et al. / The effect of TUDCA on the experimental epilepsy model, 2022, 68(12): 104-111

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Akyiiz E, Uner AK, Ko6klii B, Arulsamy A, Shaikh MF. Cardiore-
spiratory findings in epilepsy: A recent review on outcomes and
pathophysiology. J Neurosci Res 2021;99(9):2059-2073.

Thijs RD, Ryvlin P, Surges R. Autonomic manifestations of
epilepsy: emerging pathways to sudden death?. Nat Rev Neurol
2021;17(12):774-788.

Rana A, Musto AE. The role of inflammation in the development
of epilepsy. J Neuroinflammation 2018;15(1):144.

Terrone G, Salamone A, Vezzani A. Inflammation and Epilepsy:
Preclinical Findings and Potential Clinical Translation. Curr
Pharm Des 2017;23(37):5569-5576.

Liu T, Zhang L, Joo D, Sun SC. NF-kB signaling in inflamma-
tion. Signal Transduct Target Ther 2017;2:17023-.

Giridharan S, Srinivasan M. Mechanisms of NF-«kB p65 and strat-
egies for therapeutic manipulation. J Inflamm Res 2018;11:407-
419.

Cai M, Lin W. The Function of NF-Kappa B During Epilepsy,
a Potential Therapeutic Target. Front Neurosci 2022;16:851394.
Kalliolias, G. D., & Ivashkiv, L. B. TNF biology, pathogenic
mechanisms and emerging therapeutic strategies. Nat Rev Rheu-
matol 2016, 12(1), 49-62.

Stellwagen, D., Beattie, E. C., Seo, J. Y., & Malenka, R. C. Dif-
ferential regulation of AMPA receptor and GABA receptor traf-
ficking by tumor necrosis factor-alpha. J Neurosci 2005; 25(12),
3219-3228.

Malkov, M. 1., Lee, C. T., & Taylor, C. T. Regulation of the Hy-
poxia-Inducible Factor (HIF) by Pro-Inflammatory Cytokines.
Cells 2021; 10(9).

Iommarini, L., Porcelli, A. M., Gasparre, G., & Kurelac, I. Non-
Canonical Mechanisms Regulating Hypoxia-Inducible Factor 1
Alpha in Cancer. Front Oncol, 2017; 7, 286.

Choudhry, H., & Harris, A. L. Advances in Hypoxia-Inducible
Factor Biology. Cell Metab 2018; 27(2), 281-298.

Sun, H. S., & Feng, Z. P. Neuroprotective role of ATP-sensitive
potassium channels in cerebral ischemia. Acta Pharmacol Sin
2013; 34(1), 24-32.

Olson, T. M., & Terzic, A. Human K(ATP) channelopathies:
diseases of metabolic homeostasis. Pflugers Arch 2010; 460(2),
295-306. doi:10.1007/s00424-009-0771-y

Yamada, K., & Inagaki, N. Neuroprotection by KATP channels. J
Mol Cell Cardiol 2005, 38(6), 945-949.

Kusaczuk, M. Tauroursodeoxycholate-Bile Acid with Chapero-
ning Activity: Molecular and Cellular Effects and Therapeutic
Perspectives. Cells 2019, 8(12).

Vang, S., Longley, K., Steer, C. J., & Low, W. C. The Unexpected
Uses of Urso- and Tauroursodeoxycholic Acid in the Treatment
of Non-liver Diseases. Glob Adv Health Med 2014, 3(3), 58-69.
Allen, L. A., Harper, R. M., Vos, S. B., Scott, C. A., Lacuey, N.,
Vilella, L., et al. Peri-ictal hypoxia is related to extent of regional
brain volume loss accompanying generalized tonic-clonic sei-
zures. Epilepsia 2020, 61(8), 1570-1580.

Dhir, A. Pentylenetetrazol (PTZ) kindling model of epilepsy. Curr
Protoc Neurosci 2012; Chapter 9, Unit9.37.

Shimada, T., & Yamagata, K. Pentylenetetrazole-Induced
Kindling Mouse Model. J Vis Exp 2018; (136).

Samokhina, E., & Samokhin, A. Neuropathological profile of the
pentylenetetrazol (PTZ) kindling model. /nt J Neurosci 2018;
128(11), 1086-1096.

Akyuz, E., Doganyigit, Z., Paudel, Y. N., Koklu, B., Kaymak, E.,
Villa, C., et al. Immunoreactivity of Muscarinic Acetylcholine M2
and Serotonin 5-HT2B Receptors, Norepinephrine Transporter
and Kir Channels in a Model of Epilepsy. Life (Basel, Switzer-
land) 2021; 11(4).

Ackerman, H. D., & Gerhard, G. S. Bile Acids in Neurodegenera-

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

tive Disorders. Front Aging Neurosci 2016, 8, 263.

Zangerolamo, L., Vettorazzi, J. F., Rosa, L. R. O., Carneiro, E. M.,
& Barbosa, H. C. L. The bile acid TUDCA and neurodegenerative
disorders: An overview. Life Sci 2021; 272, 119252.
Mantopoulos, D., Murakami, Y., Comander, J., Thanos, A., Roh,
M., Miller, J. W., et al. Tauroursodeoxycholic acid (TUDCA)
protects photoreceptors from cell death after experimental retinal
detachment. PloS one 2011; 6(9), e24245.

Yanguas-Casas, N., Barreda-Manso, M. A., Nieto-Sampedro, M.,
& Romero-Ramirez, L. TUDCA: An Agonist of the Bile Acid Re-
ceptor GPBAR1/TGRS With Anti-Inflammatory Effects in Micro-
glial Cells. J Cell Physiol 2017, 232(8), 2231-2245.

Okan, A., Doganyigit, Z., Eroglu, E., Akyiiz, E., & Demir, N.
Immunoreactive definition of TNF- a, HIF-1 o, Kir6.2, Kir3.1
and M2 muscarinic receptor for cardiac and pancreatic tissues
in a mouse model for type 1 diabetes. Life Sciences 2021; 284,
119886.

Hartig, W., Michalski, D., Seeger, G., Voigt, C., Donat, C. K.,
Dulin, et al. Impact of 5-lipoxygenase inhibitors on the spatio-
temporal distribution of inflammatory cells and neuronal COX-
2 expression following experimental traumatic brain injury in
rats. Brain research 2013; 1498, 69-84.

Finney, A. C., Scott, M. L., Reeves, K. A., Wang, D., Alfaidi, M.,
Schwartz, J. C., et al. EphA2 signaling within integrin adhesions
regulates fibrillar adhesion elongation and fibronectin deposi-
tion. Matrix Biol. 2021;103-104:1-21.

Crowe AR, Yue W. Semi-quantitative Determination of Protein
Expression using Immunohistochemistry Staining and Analysis:
An Integrated Protocol. Bio Protoc 2019;9(24):e3465.

Braun, M., Kirsten, R., Rupp, N. J., Moch, H., Fend, F., Wernert,
N. et al. Quantification of protein expression in cells and cellu-
lar subcompartments on immunohistochemical sections using a
computer supported image analysis system. Histol Histopathol.
2013;28(5):605-610.

Wang HK, Yan H, Wang K, Wang J. Dynamic regulation effect of
long non-coding RNA-UCA1 on NF-kB in hippocampus of epi-
lepsy rats. Eur Rev Med Pharmacol Sci. 2017;21(13):3113-3119.
Chelko, S. P., Asimaki, A., Lowenthal, J., Bueno-Beti, C., Bedja,
D., Scalco, A., et al. Therapeutic Modulation of the Immune Res-
ponse in Arrhythmogenic Cardiomyopathy. Circulation 2019;
140(18), 1491-1505.

Goldbart, A. D., Gannot, M., Haddad, H., & Gopas, J. Nuclear
factor kappa B activation in cardiomyocytes by serum of children
with obstructive sleep apnea syndrome. Scientific Reports 2020;
10(1), 22115.

Bilgi, M., Yerdelen, D., Colkesen, Y., & Miderrisoglu, H. Eva-
luation of left ventricular diastolic function by tissue Doppler
imaging in patients with newly diagnosed and untreated primary
generalized epilepsy. Seizure 2013, 22(7), 537-541.

Ibrahim, A., Soliman, W. M., Mesbah, B. E. M., & Salem, A. S.
Left ventricular dysfunction and cardiac autonomic imbalance in
children with drug-resistant epilepsy. Epilepsy Res 2021; 176,
106709.

Tsai, C.-Y., Li, F. C. H., Wu, C. H. Y., Chang, A. Y. W., & Chan, S.
H. H. Sumoylation of IkB attenuates NF-kB-induced nitrosative
stress at rostral ventrolateral medulla and cardiovascular depres-
sion in experimental brain death. Journal of Biomedical Science
2016, 23(1), 65.

Shandra, A. A., Godlevsky, L. S., Vastyanov, R. S., Oleinik, A. A.,
Konovalenko, V. L., Rapoport, E. N., et al. The role of TNF-alpha
in amygdala kindled rats. Neurosci Res 2002; 42(2), 147-153.
Patel, D. C., Wallis, G., Dahle, E. J., McElroy, P. B., Thomson,
K. E., Tesi, R. ], et al. Hippocampal TNFa Signaling Contributes
to Seizure Generation in an Infection-Induced Mouse Model of

110



Arda Kaan Uner et al. / The effect of TUDCA on the experimental epilepsy model, 2022, 68(12): 104-111

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Limbic Epilepsy. eNeuro 2017, 4(2).

Choi, J., Kim, S. Y., Kim, H., Lim, B. C., Hwang, H., Chae, J.
H., et al. Serum o-synuclein and IL-1f are increased and corre-
lated with measures of disease severity in children with epilepsy:
potential prognostic biomarkers? BMC Neurol 2020, 20(1), 85.
doi:10.1186/s12883-020-01662-y

Feast, A., Martinian, L., Liu, J., Catarino, C. B., Thom, M., &
Sisodiya, S. M. Investigation of hypoxia-inducible factor-la
in hippocampal sclerosis: a postmortem study. Epilepsia 2012;
53(8), 1349-1359.

Li, Y., Huang, C., Feng, P, Jiang, Y., Wang, W., Zhou, D., et al.
Aberrant expression of miR-153 is associated with overexpres-
sion of hypoxia-inducible factor-1a in refractory epilepsy. Scien-
tific Reports 2016, 6(1), 32091.

Akyuz, E., Doganyigit, Z., Eroglu, E., Moscovicz, F., Merelli, A.,
Lazarowski, A., et al. Myocardial Iron Overload in an Experimen-
tal Model of Sudden Unexpected Death in Epilepsy. Frontiers in
neurology 2021, 12, 609236.

Auzmendi, J., Buchholz, B., Salguero, J., Caiellas, C., Kelly, J.,
Men, P., et al. Pilocarpine-Induced Status Epilepticus Is Asso-
ciated with P-Glycoprotein Induction in Cardiomyocytes, Elec-
trocardiographic Changes, and Sudden Death. Pharmaceuticals
(Basel, Switzerland) 2018; 11(1), 21.

Delbrel, E., Soumare, A., Naguez, A., Label, R., Bernard, O.,
Bruhat, A., et al. HIF-1a triggers ER stress and CHOP-mediated
apoptosis in alveolar epithelial cells, a key event in pulmonary
fibrosis. Scientific Reports 2018, 8(1), 17939.

Krick, S., Eul, B. G., Hinze, J., Savai, R., Grimminger, F., Seeger,
W., et al. Role of hypoxia-inducible factor-lalpha in hypoxia-in-
duced apoptosis of primary alveolar epithelial type II cells. 4m J
Respir Cell Mol Biol 2005; 32(5), 395-403.

Wu, L., Chen, Y., Chen, Y., Yang, W., Han, Y., Lu, L., et al. Effect
of HIF-10/miR-10b-5p/PTEN on Hypoxia-Induced Cardiomyo-
cyte Apoptosis. J Am Heart Assoc 2019, 8(18), e011948.

Sun, H. S., Xu, B., Chen, W., Xiao, A., Turlova, E., Alibraham,
A., et al. Neuronal K(ATP) channels mediate hypoxic precondi-
tioning and reduce subsequent neonatal hypoxic-ischemic brain
injury. Exp Neurol 2015, 263, 161-171.

Flagg, T. P., Kurata, H. T., Masia, R., Caputa, G., Magnuson, M.
A., Lefer, D. J., Coetzee, W. A., & Nichols, C. G. Differential
structure of atrial and ventricular KATP: atrial KATP channels
require SURL. Circulation research 2008; 103(12), 1458—-1465.
Poitry, S., van Bever, L., Coppex, F., Roatti, A., & Baertschi, A. J.
Differential sensitivity of atrial and ventricular K(ATP) channels
to metabolic inhibition. Cardiovascular research 2003; 57(2),
468-476.

Long, Y., Zhuang, K., Ji, Z., Han, Y., Fei, Y., Zheng, W., et al.
2-Deoxy-D-Glucose Exhibits Anti-seizure Effects by Mediating
the Netrin-G1-KATP Signaling Pathway in Epilepsy. Neurochem
Res 2019; 44(4), 994-1004.

Miyake, A., Yamada, K., Kosaka, T., Miki, T., Seino, S., & Inaga-
ki, N. Disruption of Kir6.2-containing ATP-sensitive potassium

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

channels impairs maintenance of hypoxic gasping in mice. Eur J
Neurosci 2007, 25(8), 2349-2363.

Zhu, X., Dong, J., Xia, Z., Zhang, A., Chao, J., & Yao, H. Re-
peated restraint stress increases seizure susceptibility by activa-
tion of hippocampal endoplasmic reticulum stress. Neurochem Int
2017; 110, 25-37.

Yue, J., Wei, Y. J,, Yang, X. L., Liu, S. Y., Yang, H., & Zhang, C.
Q. NLRP3 inflammasome and endoplasmic reticulum stress in the
epileptogenic zone in temporal lobe epilepsy: molecular insights
into their interdependence. Neuropathol Appl Neurobiol 2020;
46(7), 770-785.

Bohuslavova, R., Cerychova, R., Papousek, F., Olejnickova, V.,
Bartos, M., Gorlach, A., et al. HIF-1a is required for development
of the sympathetic nervous system. Proc Natl Acad Sci U S A
2019; 116(27), 13414-13423.

Rani, S., Sreenivasaiah, P. K., Kim, J. O., Lee, M. Y., Kang, W.
S., Kim, Y. S., et al. Tauroursodeoxycholic acid (TUDCA) attenu-
ates pressure overload-induced cardiac remodeling by reducing
endoplasmic reticulum stress. PloS one 2017, 12(4),e0176071.
Rodrigues, C. M., Sola, S., Nan, Z., Castro, R. E., Ribeiro, P. S.,
Low, W. C., et al. Tauroursodeoxycholic acid reduces apoptosis
and protects against neurological injury after acute hemorrhagic
stroke in rats. Proc Natl Acad Sci U S A 2003; 100(10), 6087-
6092.

Sun, D., Gu, G., Wang, J., Chai, Y., Fan, Y., Yang, M., et al. Ad-
ministration of Tauroursodeoxycholic Acid Attenuates Early
Brain Injury via Akt Pathway Activation. Frontiers in cellular
neuroscience 2017, 11, 193.

Wu, H., Yu, N., Wang, X., Yang, Y., & Liang, H. Tauroursodeoxy-
cholic acid attenuates neuronal apoptosis via the TGRS/ SIRT3
pathway after subarachnoid hemorrhage in rats. Biological Re-
search 2020, 53(1), 56.

Guo, Y. Role of HIF-1a in regulating autophagic cell survival dur-
ing cerebral ischemia reperfusion in rats. Oncotarget 2017; 8(58),
98482-98494.

Li, J., Tao, T., Xu, J., Liu, Z., Zou, Z., & Jin, M. HIF-1a attenuates
neuronal apoptosis by upregulating EPO expression following
cerebral ischemia-reperfusion injury in a rat MCAO model. /nter-
national journal of molecular medicine 2020; 45(4), 1027-1036.
Farooqi AA. Regulation of deregulated cell signaling pathways by
pomegranate in different cancers: Re-interpretation of knowledge
gaps. Semin Cancer Biol. 2021 Aug;73:294-301. doi: 10.1016/j.
semcancer.2021.01.008.

Farooqi AA, Attar R, Xu B. Anticancer and Anti-Metastatic Role
of Thymoquinone: Regulation of Oncogenic Signaling Cascades
by Thymoquinone. Int J Mol Sci. 2022 Jun 5;23(11):6311. doi:
10.3390/ijms23116311.

Farooqi AA, Wen R, Attar R, Taverna S, Butt G, Xu B. Regu-
lation of Cell-Signaling Pathways by Berbamine in Different
Cancers. Int J Mol Sci. 2022 Mar 2;23(5):2758. doi: 10.3390/
jms23052758.

111



