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AIM AND SCOPES

Journal of Cellular Neuroscience and Oxidative Stress is an
online journal that publishes original research articles,
reviews and short reviews on the molecular basis of
biophysical,  physiological and pharmacological
processes that regulate cellular function, and the control
or alteration of these processes by the action of receptors,
neurotransmitters, second messengers, cation, anions,
drugs or disease.

Areas of particular interest are four topics. They are;

A- lon Channels (Na*- K* Channels, CI~ channels, Ca?*

channels, ADP-Ribose and metabolism of NAD+, Patch-
Clamp applications)

B- Oxidative Stress (Antioxidant vitamins, antioxidant
enzymes, metabolism of nitric oxide, oxidative stress,
biophysics, biochemistry and physiology of free oxygen
radicals)

C- Interaction Between Oxidative Stress and lon Channels
in Neuroscience

(Effects of the oxidative stress on the activation of the
voltage sensitive cation channels, effect of ADP-Ribose
and NAD* on activation of the cation channels which
are sensitive to voltage, effect of the oxidative stress
on activation of the TRP channels in neurodegenerative
diseases such Parkinson’s and Alzheimer’s diseases)

D- Gene and Oxidative Stress

(Gene abnormalities. Interaction between gene and free
radicals. Gene anomalies and iron. Role of radiation and
cancer on gene polymorphism)
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Abstract

Drug-resistant epilepsy is a commonly devastating
condition, affects more than 50 million people globally.
Type 2 diabetes mellitus (T2DM) is associated with an
increased risk of neurological disorders, and a potential
association between epilepsy and subsequent T2DM has
emerged. Inhibiting sodium-glucose linked transporters,
which are differentially expressed in the brain, has been
shown to reduce epileptic episode activity. This study
effect of
empagliflozin in rats with seizures induced by maximal

aimed to evaluate the anticonvulsive

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 — 1204.

electric shock (MES) and pentylenetetrazol (PTZ).
Generalized tonic—clonic seizures were induced in the rats
using an electroconvulsive meter, and pentylenetetrazol
was injected to induce absence seizures. The duration of all
the stages of seizure and Racine stage scoring (RSS) were
performed. Malondialdehyde (MDA), nitric oxide (NO),
reduced glutathione (GSH) levels, and histopathological
analysis in the brain tissues were determined. A significant
(p <0.01) decrease in the duration of tonic hind limb
extension, a significant decrease in the levels of pro-
oxidants such as MDA and NO, and an increase in the
levels of antioxidants such as GSH were observed in the
low dose 10 mg/kg and high dose 20 mg/kg empagliflozin
groups compared to the disease control group.
Histopathological analysis revealed a greater number of
healthy neurons with few dark-stained cells in the
treatment groups, suggesting the neuroprotective effect of
empagliflozin. In conclusion, results of the present study,
showed that empagliflozin modulates epileptic activity.
Empagliflozin has a potential role in the management of
epilepsy in diabetic patients.

Keywords:  Antioxidants, —maximal electroshock,
empagliflozin, SGLT2 inhibitor, epilepsy
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Introduction

Epilepsy is a neurological disorder characterized by
repeated spontaneous epileptic seizures that are connected
to specific neurobiological and behavioral changes.
Epilepsy is thought to affect 80—100 per 100000 people per
year, with a higher incidence in people residing in low-
income countries. The term "drug-resistant epilepsy" refers
to epilepsy that is refractory to treatment and affects 20 to
30% of patients despite continuing advancements in the
diagnosis and management of this condition (Thijs et al.,
2019). Side effects are frequently experienced by patients
who need a combination of antiepileptic agents for the
treatment of epilepsy. These adverse reactions might range
from mild, such as dizziness, headaches, and cognitive
decline, to more serious, such as mood swings,
arrhythmias, and interactions with the effects of different
medications. Although there are numerous antiepileptic
medications available for the treatment of epilepsy, there is
still a need for better medications with target-based
therapeutics and fewer side effects.

Due to temporary imbalances between the inhibitory
neurotransmitter gamma-aminobutyric acid and the
excitatory neurotransmitter glutamate, neuronal hyper
synchronization occurs. Increased glutamate levels induce
excitotoxicity, which allows calcium ions to enter cells
more easily and activate enzymes such as proteases,
phospholipases, and endonucleases, which produce
reactive oxygen species (ROS). This ROS cause DNA
fragmentation, lipid peroxidation and the alteration of
nitrogenous bases (Dogan and Yildizhan 2021)

Sodium-glucose cotransporter 2 (SGLT?2) inhibitors,
a class of newly developed oral antidiabetic drugs, prevent
the reabsorption of glucose by the kidneys. Canagliflozin,
dapagliflozin, empagliflozin, and ertugliflozin are SGLT2
inhibitors that have received approval from the United
States Food and Drug Administration. SGLT2 inhibitors
can normalize lipid profiles, lower blood pressure, and
enhance visceral adiposity, in addition to reducing blood
glucose. Due to their capacity to lower the oxidative stress
caused by elevated glucose levels, SGLT2 inhibitors
function as indirect antioxidants. SGLT2 inhibitors have
also been shown to upregulate the levels of the antioxidants
reduced glutathione (GSH) and superoxide dismutases
(SODs), as well as to block pro-oxidants such as
thiobarbituric acid-reactive substances (TBA) and NADPH
oxidase 4. The blood brain barrier may be crossed by
SGLT2 inhibitors, allowing brain cells to benefit from their

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 — 1204.
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antioxidative properties (Tsai et al. 2021). The stabilizing
impact of sodium-glucose linked transporters (SGLTSs)
inhibitors on excitability and depolarization is made
possible by the reduction in sodium transportation across
neuronal membranes and the availability of glucose
(Erdogan et al. 2018).

It has been proven that inhibiting SGLTs that are
differentially expressed in the brain decreases episodic
activity in epilepsy. The recent generation of SGLT2
inhibitors, such as empagliflozin, has shown the highest
SGLT2 selectivity over SGLT1 compared to others. It was
authorized by the Food and Drug Administration (FDA) in
2014 and is used to treat type 2 diabetes (Levine 2017). We
were inspired to carry out this research to learn more about
how empagliflozin affects seizure behavior in maximal
electroshock (MES) and pentylenetetrazol (PTZ) models
of epilepsy in rats.

Materials & methods
Animals

The study was carried out in accordance with the
rules set forth by the Committee for Control and
Supervision of Experimentation on Animals, and the
protocol was authorized (IAEC/KMC/65/2021) by the
Institutional Animal Ethics Committee. At the Central
Animal Research Facility, fifty-six male albino Wistar rats
weighing between 200 and 300 grams were kept in cages
with three rats each under 12:12 light: dark lighting
conditions at a temperature of 25 + 30 °C and 50%
humidity. Normal rodent diet pellets and water were
provided ad libitum.

MES-induced generalized tonic—clonic seizure model

After acclimatization for 1 week, the Wistar albino
rats were divided into 4 groups with 6 animals per group.
Disease control rats were administered saline, group 2
received 300 mg/kg sodium valproate, group 3 received 10
mg/kg low-dose empagliflozin, and group 4 received 20
mg/kg high-dose empagliflozin for 14 days.

Generalized tonicclonic seizures were induced using
an electroconvulsiometer (Alachkar et al. 2018). Electric
stimulation at an intensity of 150 mA for 0.2 seconds (50-
60 Hz frequency) via ear clip electrodes was used to induce
seizures on the 14th day of the experiment after 1 hour of
dosing with empagliflozin, valproate and saline.

The duration of all the seizure stages, which included
flexion, tonic hind limb extension (THLE), clonic

1196



convulsions and stupor, was noted. The Racine stage score
(RSS) was determined. Death/recovery after twenty-four
hours of induction was recorded. THLE was the endpoint
(backward extension of the hind limb > 90° against the
plane of the body axis). The percentage inhibition of
convulsions and percentage protection were calculated.

PTZ-induced absence seizure model

Animals were assigned to four groups of eight
animals in each group at random. Before beginning the
experiment, they were acclimatized for 7 days in the animal
facility. Animals in Group | received saline water, Group
Il received 300 mg/kg sodium valproate intraperitoneally,
and Groups |11 and 1V were pretreated with empagliflozin
at doses of 10 mg/kg and 20 mg/kg, respectively, for 2
weeks. The freshly prepared pentylenetetrazol was injected
at a dose of 60 mg/kg, i.p., following 30 minutes of drug
administration on the 14th day. Rats were monitored
separately for 60 minutes. (Sarangi et al., 2017)

According to the Racine classification with slight
modifications (Liittjohann et al. 2009; Alachkar et al.
2018) seizures were scored as follows:

Stage 0 - no change in behavior

Stage 1 - stereotype mouthing, eye blinking, and/or mild
facial clonus

Stage 2 - head nodding and/or severe facial clonus

Stage 3 - Myoclonic jerk in forelimbs

Stage 4 - clonic convulsions in the forelimbs with rearing

Stage 5 - generalized clonic convulsions associated with
loss of balance

On the 15th day, the rats in both models were
euthanized by an overdose of thiopentone sodium (120
mg/kg i.p.). Rat brains were quickly dissected and stored
in phosphate-buffered saline (0.1 M, pH 7.4) for
biochemical estimations and in 10% formalin for
histopathological analysis.

MDA Assay

The brain tissue homogenate that was produced was
centrifuged for 10 minutes at 10,000 rpm (4°C) to obtain
the supernatant. By using the TBA reaction, the MDA
levels were calculated. Lipoproteins were precipitated with
trichloroacetic acid (pH 2-3). It is boiled with
thiobarbituric acid, which reacts with malondialdehyde to

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 — 1204.
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generate MDA-TBA2 and provides a pink color. The
complex that turned pink was cooled to room temperature
and measured at 532 nm with a spectrophotometer
(Eppendorf AG 22331 Hamburg, Germany). The
concentrations of MDA were presented as uM/g tissue
(Senthilkumar. 2021).

NO - Griess Reagent Assay

Nitrite is transformed into nitrous acid in acidic
solution, and this acid diozolizes sulfonamides. After
reacting with  N-(1-naphthyl)-ethylenediamine, this
sulphanilamide-dizonium salt creates a chromophore that
is detected at 540 nm. (Lee et al., 2003)

GSH Assay

This method is based on the redox reaction between
GSH and DTNB, which results in the formation of a yellow
pigment when the Ellman’s reagent DTNB is introduced to
sulfhydryl compounds. The pigment which forms is stable
for approximately 10 minutes, and temperature changes
have a small impact on the process. At 412 nm, the reaction
was recorded. (Beutler et al., 1963)

Histopathological analysis

The degree of neuronal degeneration was evaluated
via the Nissl staining technique. A cryostat operating under
frozen conditions (-18°C) was used to cut serial coronal
sections with a thickness of 30-50 um. To improve
penetration and staining, cresyl violet was used for staining
at 37-50°C. This stain is useful since it may be used to
identify neuronal cell death and stain both glial and
neuronal cells. Sections were dehydrated using 70%, 95%,
and 100% alcohol before being washed with xylene.
Mounting was performed using mountant-DPX.
(Smiatowska et al. 2003)

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 8.0.1. The analysis was performed using one-way
ANOVA followed by post hoc Tukey's multiple
comparison test for the biochemical and behavioral
parameters. All the data are expressed as the mean =+
standard deviation (SD).

Results
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Table 1. Effect of empagliflozin on MES-induced epilepsy in rats, A/l values are expressed as the mean + SD. Statistical analysis was
performed by one-way ANOVA, followed by post hoc Tukey’s multiple comparison test. 'p<0.05; “p<0.01; "*p<0.001; **p<0.0001 vs
disease control

Group | Group Name | Flexion THLE (sec) Clonic Stupor Inhibition of
No (sec) Convulsions (sec) THLE (%)
(sec)

1 Disease 12.00+1.41 18.33+5.88 22.83+231 134.3 £32.65 0%

control
2 Sodium 6.83 +1.941™ | 0.00 £ 0.00™"" 6.50 + 1.87™" | 66.00 + 66.00™" | 100%

valproate
3 Empagliflozin | 9.16 + 1.72" 5.66 + 6.53™ 1450+ 6.77" | 96.00 + 18.30" | 66.6%

10 mg/kg
4 Empagliflozin | 7.50+1.37™" | 1.66 +4.08™"" 8.00 +£3.34™ | 80.50+7.66™ 83.3%

20 mg/kg
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Figure 2. Effect of empagliflozin on the brain oxidative markers MDA (fig A), GSH (fig B) and Nitric oxide (fig C) in MES-model,

All values are expressed as the mean + SD. Statistical analysis was performed by one-way ANOVA, followed by post hoc Tukey’s multiple
comparison test. (MDA: F=57.08; GSH: F=25.78; NO: F=39.43) "p<0.05; "p<0.01; ™ p<0.001 vs disease control "’p<0.01 vs low dose
empagliflozin #p<0.01 vs sodium valproate

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 — 1204.
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Figure 1. Effect of sodium valproate and empagliflozin on average Racine
stage score- MES, All values are expressed as the median (IQR). Statistical
analysis was performed by Kruskal-Wallis test followed by post hoc DSCF
pairwise comparison test. *n<0.05. **p<0.01: vs disease control.

»
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-
“ .
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Figure 4: Effect of sodium valproate and empagliflozin on
average Racine stage score- PTZ model, All values are
expressed as the median (IQR). Statistical analysis was
performed by Kruskal-Wallis test followed by post hoc
DSCF pairwise comparison test. “p<0.05, *p<0.01; vs
disease control

CA3 CAl

Figure 3: Representative photomicrographs of
Cresyl hippocampal CA3 and CA1 regions of
group 1 (disease control), group 2 (standard
drug), group 3 (low-dose test drug) and group 4
(high-dose test drug) rats showing the cell bodies
of the pyramidal neurons. [Magnification:
40x10 X1 - MES model

The duration of flexion, duration of
clonic convulsion and duration of stupor
were significantly shorter in the low-dose
and high-dose empagliflozin and sodium
valproate groups than in the disease control
group. There was a significant decrease in
the duration of THLE in the sodium
valproate group (p<0.0001), low-dose
empagliflozin group (p<0.01) and high-dose
empagliflozin group (p <0.0001). The
sodium valproate group exhibited 100%
protection from THLE, while the high-dose
empagliflozin ~ group and  low-dose
empagliflozin group exhibited 83.3% and
66.6% protection, respectively. There was no
mortality recorded after 24 hours of
induction in any of the groups.

There was a significant reduction in the
MDA levels in the groups treated with
sodium valproate (p <0.001), low-dose
empagliflozin (p <0.01) and high-dose
empagliflozin (p <0.001) in comparison to
the disease control group.

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 - 1204.
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Compared with that in the disease control group,
there was a significant increase in GSH in the sodium
valproate (p <0.01) and high dose empagliflozin (p
<0.01) groups. Additionally, GSH levels in the high-dose
empagliflozin group were significantly greater than those
in the low-dose empagliflozin group.

There was a significant decrease in nitric oxide
levels in the groups treated with sodium valproate (p
<0.001), low-dose empagliflozin (p <0.05) and high-
dose empagliflozin (p <0.001) in comparison to the
disease control group.

Qualitative analysis of cresyl violet-stained
pyramidal neurons in the hippocampal CA3 and CAl
regions: Fig 3&6

The rats in group 1 had pyramidal neuronal cell
bodies in the hippocampal CAS3 region that displayed
many flame-shaped, pyknotic, degenerating pyramidal
neurons (shown by the red arrow in the figure). The
presence of profoundly basophilic, flame-shaped cells is
a sign of karyopyknosis in hippocampal neurons.
Compared with the rats in group 1, the rats in group 3
and group 2 groups showed a slight decrease in flame-
shaped, degenerating pyramidal neuronal cell bodies and
a slight increase in healthy neurons in the hippocampal
CA3 region.

Antiseizure activity of empagliflozin

Nonetheless, the high dose empagliflozin group
demonstrated a notable increase in the quantity of
healthy neurons (shown by the yellow arrow).

The average Racine stage score (RSS) significantly
decreased in the sodium valproate group (p <0.01), low
dose& high dose empagliflozin group (p <0.05)

In PTZ model; MDA levels were significantly
lower in sodium valproate group (p <0.0001), low-dose
empagliflozin group (p <0.01) and high-dose
empagliflozin group (p <0.0001) than in the disease
control group.

Compared with those in the disease control group,
there were significant increases in GSH (reduced form)
in the sodium valproate group (p <0.01), low-dose
empagliflozin group (p <0.05) and mg/kg high-dose
empagliflozin group (p <0.01).

There was a significant decrease in nitric oxide
levels in the groups treated with sodium valproate (p
<0.001), low dose empagliflozin (p <0.01) and high dose
empagliflozin (p <0.001) in comparison with the disease
control group.

MDA

mg'mg of protein

Figure 5: Effect of empagliflozin on the brain oxidative markers MDA (fig A), GSH (fig B) and Nitric oxide (fig C) in
PTZmodel, All values are expressed as the mean + SD. Statistical analysis was performed by one-way ANOVA, followed by
post hoc Tukey’s multiple comparison test. (MDA F=77.90; GSH F=9.09; NO F=10.62) “p<0.05; "p<0.01; ™p<0.001;

Kk

p<0.0001 vs disease control

GSH

Nitric Oxide

FigC
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CA3 CAl

Figure 6: Representative photomicrographs of Cresyl violet-stained hippocampal
CA3 and CAl regions of group 1 (disease control), group 2 (standard drug), group
3 (low-dose test drug) and group 4 (high-dose test drug) rats showing the cell
bodies of the pyramidal neurons. [Magnification: 40x10 X] - PTZ model

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 - 1204.
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Discussion

In the present study, empagliflozin
was tested at doses of 10 mg/kg and 20
mg/Kkg in rats that had been subjected to
MES and PTZ-induced seizures.

Sodium valproate showed 100%
protection, while low dose
empagliflozin showed 66.6%
protection, and high dose empagliflozin
showed 83.3% protection against THLE
and as shown by the Racine stage
scores. Dapagliflozin, an SGLT2
inhibitor at both high and low doses,
significantly improved the RSS in a
study by Erdogan MA et al. Likewise,
both  high and low doses of
empagliflozin  reduced the RSS
compared to disease control and the
high dose empagliflozin group exhibited
a substantial increase in the number of
healthy neurons in our study. This
finding suggested that high-dose
empagliflozin  exhibited  potential
neuroprotective effects against seizures
in a dose-dependent manner.

Numerous disorders, including
epilepsy, involve free radicals as part of
their pathophysiology. The main effects
of free radicals are tissue damage and
membrane lipid peroxidation, which
lead to cell membrane malfunction and
apoptosis. Normally, many antioxidants
regulate the biological impacts of free
radicals, such as GSH and SOD.
Currently, research is being conducted
to identify antiepileptic medications
with antioxidant and neuroprotective
benefits because free radicals are
thought to be involved in augmenting
convulsions (Sudha et al. 2001).
Seizures can  encourage lipid
peroxidation, and antioxidants have
been found to prevent cell death in the
hippocampus and lipid peroxidation in
both hemispheres (Frantseva et al.
2000).
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SGLT?2 inhibitors such as canagliflozin and dapagliflozin
increased GSH levels while decreasing MDA and nitric
oxide levels, as reported in earlier reports (Hassanein et al.
2023; Abd et al. 2022). Our study revealed reduced MDA
and nitric oxide levels and elevated GSH levels, suggesting
that empagliflozin has antioxidative effects.

A cohort examination of national health insurance
claims in Taiwan revealed that individuals with type 2
diabetes had a greater likelihood of seizures than controls,
irrespective of severe hypoglycemia (Lu et al. 2018). The
relationship between type 2 diabetes and epilepsy as a
comorbid condition is well established (Sander et al. 2016;
Nadeem et al. 2023).

Improved glycemic management is associated with a
reduction in seizure activity in people with diabetes
mellitus and seizure disorders, even after antiepileptic
medications are stopped. Several epileptic disorders,
including treatment-resistant epilepsy in children, have
been shown to be controlled by increasing the metabolism
of glucose, often by lowering its availability and pushing
the brain to rely on alternate energy sources such as ketones
(Neal et al. 2008).

Antiepileptic drugs are ineffective against seizures
caused by hyperglycemia. Neuronal hyperexcitability,
neuropropagation, and seizures have all been connected to
elevated extracellular glucose levels. Low levels of GABA
and adenosine triphosphate-sensitive potassium channels
(KATP) have been linked to these outcomes (Huang et al.
2007). One of the hypothesized causes is the decrease in
GABA levels caused by depression of glucose uptake and
the Krebs cycle, which increases the activity of alternative
glucose metabolism pathways. Due to these metabolic
alterations,  the  succinic-semialdehyde  pathway
synthesizes succinic acid from GABA, meeting up to 40%
of the energy requirements of brain tissue (Guisado and
Arieff 1975). In contrast, diabetic ketoacidosis has an
antiepileptic effect because it meets most of the energy
needs of brain tissue through ketone bodies. In a case with
refractory status epilepticus dapagliflozin was initiated to
achieve persistent ketosis along with infusions of propofol
and midazolam (Blunck et al. 2018). The patient was able
to be weaned off the propofol injection within a week of
starting SGLT2i because a consistent state of ketosis was
met. This report supported the hypothesis that SGLT2i can
enhance ketogenesis, which has been confirmed in past
research studies to be beneficial in the treatment of
refractory status epilepticus (D'Andrea et al. 2019).

J Cell Neurosci Oxid Stress 2024; 16(2): 1195 — 1204.
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The connection between glucose availability and
seizures is complicated since low glucose availability
sometimes causes seizures rather than preventing them
(Rovet and Ehrlich 1999). In some patients with
intolerance to metformin or renal disease, metformin may
not be useful as the standard drug for treating diabetes. The
alternative  choices include sulfonylureas (SUs),
pioglitazone, acarbose, meglitinides and dipeptidyl
peptidase-4 (DPP-4) inhibitors. These medications may
result in an increase in weight and hypoglycemia. The use
of SGLT2 inhibitors such as dapagliflozin, empagliflozin,
and canagliflozin for the treatment of type 2 diabetes does
not increase the frequency of hypoglycemic incidents.

SGLT activity is elevated in seizure-prone brain
regions that are experiencing seizures, as indicated by the
tracking of the radioactive emissions produced by methyl
alpha-D-[U-14C] glucopyranoside, an isotope-labeled
nonmetabolizable SGLT substrate that tends to accumulate
in seizure-prone neurons in earlier report (Poppe et al.
1997). SGLTs physiologically create inward currents to
transport sodium and glucose through cellular membranes
and into the cytoplasm. Reduced neuronal excitability and
a reduction in the available metabolic resources for cellular
respiration resulting in an increase in the seizure threshold
were hypothesized for the control of seizures observed
with the SGL2i dapagliflozin (Erdogan et al. 2018). The
SGLT inhibitor phlorizin was shown to exacerbate the
severity of pilocarpine-induced limbic seizures during
status epilepticus (SE) in mice, as well as the extent to
which neurodegeneration occurred in the hippocampus 24
hours after SE (Melo et al. 2016). The different effects of
phlorizin and dapagliflozin reported were attributed to
phlorizin inhibiting both SGLT1 and SGLT2, whereas
dapagliflozin inhibiting only SGLT2 (Tharmaraja et al.
2022). Empagliflozin has been shown to have greater
selectivity for SGLT2 (2500-fold) than dapagliflozin
(1200-fold) and canagliflozin (250-fold) (Wicinski et al.
2020). Due to these implicit processes, SGLT2-selective
inhibition may prevent seizure activity and offers a
plausible explanation for the findings of this investigation.
Further studies are necessary to explore the exact
molecular mechanism of empagliflozin in epilepsy.
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