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Abstract—Though valproic acid (VPA) is used to treat seizures, more investigations have been needed to
understand the effect of VPA on the nitric oxide pathway in epilepsy. Our investigation aimed to study the
effect of VPA on cortical and hippocampal NOS isomers in epileptogenesis processes in the PTZ kindling
model of epilepsy in the rat to reveal its mechanisms of action. Twenty-four male Wistar albino rats were used
in this study. The animals were divided into four groups control, PTZ without VPA, and PTZ with VPA at
two doses (100 and 200 mg/kg) Rats were kindled by injections of PTZ (35 mg/kg) with drugs or vehicle
30 minutes before, once every other day for 12 times and their behavior was observed. After completing the
epileptic model process, nitric oxide pathway markers (eNOS, nNOS, iNOS, and NO) in the cortex and hip-
pocampus were assessed by using ELISA methods. VPA suppressed seizure stages and decreased nNOS,
iNOS, and NO levels while increasing eNOS levels in the hippocampus and cerebral cortex. The effect of
VPA on nitric oxide pathway was found to contribute to its anti-epileptic activity.

Keywords: pentylenetetrazole, epilepsy, nitric oxide pathway, valproic acid
DOI: 10.1134/S1819712423020113

INTRODUCTION
Epilepsy is one of the most important chronic dis-

eases that causes recurrent seizures affecting human
life mentally and physically [1]. An imbalance
between the excitatory and inhibitory control systems
in particular areas of the brain leads to the develop-
ment of epilepsy [2]. Epileptic seizure or convulsion is
a period of temporary neurological dysfunction
caused by abnormal electrical discharges which occur
from time to time in the brain [3]. Valproate was first
used in clinical practice around 50 years ago, and its
efficacy and tolerability have been well documented in
preclinical and clinical studies. It has been the main-
stay of anti-epileptic therapy because of its broad spec-
trum of action for various seizures and epileptic syn-
dromes. Several clinical trials suggest that valproate
provides the broadest spectrum of anticonvulsant
effects among all currently known anti-epileptic med-
icines in adults and children with epilepsy [4]. One of
the mechanisms of valproate is related to pre-and
post-synaptic modulation of GABAergic transmis-
sion. Specifically, valproate supports the availability of
synaptic GABA and facilitates GABA-induced
responses by both pre-synaptic and post-synaptic
mechanisms [5]. Valproate, in particular, slows the

loss of post-synaptic inhibition activity due to the acti-
vation of GABA-A receptors by interacting directly
with the benzodiazepine regulatory regions of GABA
receptors and enhances the binding of baclofen to
GABA-B receptors [6].

Nitric oxide (NO) is a freely diffuse gas synthesized
from the oxidation of L-arginine by one of the iso-
forms of the NO synthase enzyme ((NOS) (neuronal
(nNOS), endothelial (eNOS) and inducible (iNOS)).
NO acts as a second messenger and a neurotransmit-
ter/neuromodulator in the brain and influences vari-
ous physiological functions such as interneuron com-
munication, synaptic plasticity, memory, intracellular
signal transduction and mediator release [7, 8]. NO
has also been linked to the development of pathologies
that can lead to neurological problems like ischemia,
stroke, and epileptogenic seizures [8].

In experimental animals, pentylenetetrazole
(PTZ) is one of the most commonly used agents in the
production of primary generalized seizures. [9]. PTZ
exerts its stimulating effect in the central nervous sys-
tem by inhibiting the opening of Cl- channels via bind-
ing to the picrotoxin binding site of the GABA-A/
benzodiazepine receptor complex. PTZ inhibits the
depolarization of neurons by reducing the activity of
GABA synapses via the GABA receptor-benzodiaze-
pine-chloridianophore complex. Repeated PTZ
injections have been linked to an increase in the num-
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Fig. 1. Experimental design of the study (created with BioRender.com).
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ber of benzodiazepine receptors [10]. Seizures induced
by PTZ, changes in extracellular and intracellular ion
levels, and enhanced excitatory or decreased inhibi-
tory activity have all been linked to impairments in
certain membrane functions [11].

Since several clinical trials suggest that VPA has
beneficial effects in adults and children with epilepsy,
more studies are needed to understand the underlying
mechanisms. In this study, we aim to investigate the
effect of VPA on cortical and hippocampal NOS iso-
mers in epileptogenesis processes in the PTZ kindling
model of epilepsy in the rat to reveal its mechanisms of
action.

MATERIALS AND METHODS

Animals. Twenty four adult male Wistar albino rats,
4–5 months old and weighing 225–265 g, (provided
by Cumhuriyet University Animal Laboratory, Sivas,
Turkey) were used in the study. The rats were kept under
standard conditions, including a constant temperature of
23 ± 2°C 35–60% humidity, and a 12:12-hour light-dark
cycle. Rats were given unlimited access to food and
water. All the experiments took place between 8 a.m.
and 5 p.m. The procedures were carried out following
the Local Ethics Committee’s recommendations for
the welfare of experimental animals (Approval
no. 65202830-050.04.04-511).

Chemicals. PTZ and valproic acid (Sigma-Aldrich
Co., Missouri, USA) were dissolved in physiological
saline. All of the treatments were given intraperitone-
ally (i.p.). All other general agents employed in the
research were of analytical grade.

Experimental design. Rats were randomly divided
into 4 groups (n = 6 per group): control group (vehicle +
vehicle), vehicle-treated group (vehicle + 35 mg/kg
PTZ), VPA-treated group (100 mg/kg VPA + 35 mg/kg
PTZ), VPA-treated group (200 mg/kg VPA + 35 mg/kg
N

PTZ). Rats were kindled by injections of PTZ (35 mg/kg)
with drugs or vehicle 30 min before, once every other
day for 12 times, and their behavior was observed. All
drugs were given through a peritoneal route (Fig. 1).

PTZ kindling. PTZ was given at a subconvulsive
dose (35 mg/kg) every other day for 12 times to trigger
kindling. Animals in the VPA groups were given VPA
(100 and 200 mg/kg) for 30 min before receiving the
PTZ injection. After each administration, the rats
were separated into plexiglass cages for a 30-min
observation period. The following is how a modified
Racine’s scale was used to score behavioral seizures: In
stage zero, there is no convulsion. In stage one, vibris-
sae and pinnae twitching is observed. In stage two,
motor arrest with more prominent twitching is
observed. In stage three, generalized myoclonic sei-
zures occur. In stage four, seizures of tonic-clonic type
with no loss of postural control are observed. In stage
five, seizures of tonic-clonic type with a lack of the
righting reflex are observed. In stage six, a lethal sei-
zure is observed. The rats with stage 4 seizures for
three consecutive days were defined as “kindled” [12].

Preparation of brain tissue homogenates. Once the
experiment was finished, the rats were decapitated,
and their brains were removed for additional biochem-
ical parameter analysis. The cortical and hippocampal
tissues were separated from the brain. A mechanical
homogenizer (a light-duty Ultra-Turrax homogenizer,
ISOLAB, Germany) was used to homogenize the cor-
tical and hippocampal tissues in a cold phosphate buf-
fer solution (pH 7.4). The homogenates were centri-
fuged at 4000 rpm for 10 min at a temperature of 4°C
[13]. The supernatants were then collected for bio-
chemical examination. The total protein levels in each
sample were calculated using a Bradford protein assay
kit (Merck, Germany) [14].

Measurement of nNOS, eNOS, iNOS and NO lev-
els. The nNOS, eNOS, iNOS and NO levels in the
EUROCHEMICAL JOURNAL  Vol. 17  No. 2  2023
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Fig. 2. Effect of the pretreatment of valproic acid on seizure stage during epileptogenesis process. Values are presented as mean ±
SEM (n = 6 rat in each group). ***P < 0.001, compared with the PTZ group.
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cortical and hippocampal supernatants were measured
using rat ELISA commercial kits (YL Biont, Shang-
hai, China). The procedures were carried out in accor-
dance with the manufacturer’s guidelines. In a nut-
shell, tissue samples and standards were placed in a
plate and incubated at 37°C for 60 min. After the
washing step, staining solutions were added and incu-
bated at 37°C for 15 min. An ELISA reader (Thermo
Fisher Scientific, Altrincham, UK) was used to read
the results at 450 nm after the stop solution was added.
Standard curves were plotted to determine the value of
samples. The coefficients of variance between and
within plates were less than 10%.

Statistical analysis. Data were expressed as the
mean ± standard error of the mean (SEM). The drug ×
time interaction on the seizure stages was investigated
using a two-way ANOVA followed by a Bonferroni
posttest. One-way ANOVA followed by the Tukey,
multiple comparison post hoc test, was used to analyze
nNOS, eNOS, iNOS and NO levels in the cortex and
hippocampus. P < 0.05 was considered statistically
significant.

RESULTS
Effect of valproic acid on epileptogenesis. Chemical

kindling was induced by repeated injections of the
PTZ at a sub-convulsive dose (35 mg/kg, i.p.) every
other day for 12 times, with a gradual rise in seizure
score reaching a mean value of 5 after the 10th injec-
tion. Administration of the VPA at doses of 100 and
200 mg/kg i.p., 30 min before the injection of PTZ,
NEUROCHEMICAL JOURNAL  Vol. 17  No. 2  2023
remarkably reduced the seizure score from the first
day until the last day compared to the PTZ-induced
seizures (P < 0.001) (Fig. 2).

Effect of valproic acid on nNOS levels in the cortex
and hippocampus. The means of nNOS levels in corti-
cal tissues were 49.24 ± 1.44 ng/g protein in the con-
trol group, 68.55 ± 3.56 ng/g protein in the PTZ
group, 41.54 ± 2.59 ng/g protein in the VPA (100 mg/kg)
group, and 33.60 ± 1.51 ng/g protein in the VPA
(200 mg/kg) group. The PTZ increased the cortical
nNOS levels compared to the control (P < 0.001; Fig. 3a).
In addition, the VPA at the two doses reduced the cor-
tical nNOS levels compared to the PTZ group (P <
0.001; Fig. 3a).

The means of nNOS levels in hippocampal tissues
were 64.95 ± 2.34 ng/g protein in the control group,
80.51 ± 3.27 ng/g protein in the PTZ group, 68.25 ±
0.97 ng/g protein in the VPA (100 mg/kg) group, and
58.31 ± 3.86 ng/g protein in the VPA (200 mg/kg)
group. The PTZ increased the hippocampal nNOS
levels compared to the control (P < 0.01; Fig. 3b). In
addition, the VPA at the two doses reduced the hippo-
campal nNOS levels compared to the PTZ group (P <
0.05 to P < 0.001; Fig. 3b).

Effect of valproic acid on eNOS levels in the cortex
and hippocampus. The means of eNOS levels in corti-
cal tissues were 15.46 ± 1.01 ng/g protein in the control
group, 7.77 ± 0.71 ng/g protein in the PTZ group,
17.83 ± 0.39 ng/g protein in the VPA (100 mg/kg)
group, and 29.14 ± 0.92 ng/g protein in the VPA
(200 mg/kg) group. The PTZ increased the cortical
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Fig. 3. Effect of the pretreatment of valproic acid on nNOS
levels in the rat cortex and hippocampus. Values are pre-
sented as mean ± SEM. (n = 6 rat in each group). ++P <
0.01 and +++P < 0.001, compared with the control group;
*P < 0.05, and ***P < 0.001, compared with the PTZ
group. 
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Fig. 4. Effect of the pretreatment of valproic acid on eNOS
levels in the rat cortex and hippocampus. Values are pre-
sented as mean ± SEM. (n = 6 rat in each group). +P <
0.05, ++P < 0.01 and +++P < 0.001, compared with the
control group; ***P < 0.001, compared with the PTZ
group. 
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eNOS levels compared to the control (P < 0.001;
Fig. 4a). In addition, the VPA at the two doses
reduced the cortical eNOS levels compared to the
PTZ group (P < 0.001; Fig. 4a).

The means of eNOS levels in hippocampal tissues
were 14.06 ± 0.57 ng/g protein in the control group,
5.49 ± 0.18 ng/g protein in the PTZ group, 20.01 ±
1,68 ng/g protein in the VPA (100 mg/kg) group, and
29.93 ± 2.34 ng/g protein in the VPA (200 mg/kg)
group. The PTZ increased the hippocampal eNOS
levels compared to the control (P < 0.01; Fig. 4b). In
addition, the VPA at the two doses reduced the hippo-
campal eNOS levels compared to the PTZ group (P <
0.001; Fig. 4b).

Effect of valproic acid on iNOS levels in the cortex
and hippocampus. The means of iNOS levels in corti-
cal tissues were 74.21 ± 3.98 ng/g protein in the control
group, 102.01 ± 4.96 ng/g protein in the PTZ group,
79.74 ± 2.62 ng/g protein in the VPA (100 mg/kg) group,
and 71.42 ± 2.48 ng/g protein in the VPA (200 mg/kg)
group. The PTZ increased the cortical iNOS levels
compared to the control (P < 0.001; Fig. 5a). In addi-
tion, the VPA at the two doses reduced the cortical
N

iNOS levels compared to the PTZ group (P < 0.01 to
P < 0.001; Fig. 5a).

The means of iNOS levels in hippocampal tissues
were 86.63 ± 1.47 ng/g protein in the control group,
113.91 ± 2.18 ng/g protein in the PTZ group, 96.83 ±
3.77 ng/g protein in the VPA (100 mg/kg) group, and
84.57 ± 1.58 ng/g protein in the VPA (200 mg/kg)
group. The PTZ increased the hippocampal iNOS
levels compared to the control (P < 0.001; Fig. 5b). In
addition, the VPA at the two doses reduced the hippo-
campal nNOS levels compared to the PTZ group (P <
0.001; Fig. 5b).

Effect of valproic acid on NO levels in the cortex and
hippocampus. The means of NO levels in cortical tis-
sues were 8.14 ± 0.19 μM/g protein in the control
group, 15.17 ± 1.09 μM/g protein in the PTZ group,
9.86 ± 0.71 μM/g protein in the VPA (100 mg/kg)
group, and 7.85 ± 0.29 μM/g protein in the VPA
(200 mg/kg) group. The PTZ increased the cortical
NO levels compared to the control (P < 0.001; Fig. 6a).
EUROCHEMICAL JOURNAL  Vol. 17  No. 2  2023
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Fig. 5. Effect of the pretreatment of valproic acid on iNOS
levels in the rat cortex and hippocampus. Values are pre-
sented as mean ± SEM. (n = 6 rat in each group). +P <
0.05 and +++P < 0.001, compared with the control group;
**P < 0.01 and ***P < 0.001, compared with the PTZ
group. 
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0.01 and +++P < 0.001, compared with the control group;
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In addition, the VPA at the two doses reduced the cor-
tical NO levels compared to the PTZ group (P < 0.001;
Fig. 6a).

The means of NO levels in hippocampal tissues
were 13.65 ± 0.27 μM/g protein in the control group,
22.74 ± 0.73 μM/g protein in the PTZ group, 16.28 ±
0.19 μM/g protein in the VPA (100 mg/kg) group, and
12.73 ± 0.57 μM/g protein in the VPA (200 mg/kg)
group. The PTZ increased the hippocampal NO levels
compared to the control (P < 0.001; Fig. 6b). In addi-
tion, the VPA at the two doses reduced the hippocam-
pal NO levels compared to the PTZ group (P < 0.001;
Fig. 6b).

DISCUSSION
In this study, the role of nitric oxide pathway in the

anti-epileptogenic effects of VPA on PTZ-induced
epileptic seizures in rats was evaluated for the first
time. It was found that PTZ administration every
other day for 12 times resulted in typical epileptic sei-
zures that were associated with decreased levels of
eNOS and elevated levels of nNOS, iNOS, and NO in
the hippocampal and cortical regions of rats. In addi-
tion, treatment with VPA caused a significant reduc-
NEUROCHEMICAL JOURNAL  Vol. 17  No. 2  2023
tion in seizure stages, increased decreased levels of
eNOS, and decreased elevated levels of nNOS, iNOS,
and NO in the cortex and hippocampus after PTZ-
induced kindling. VPA’s antiepileptic activity has been
thoroughly validated in experimental research in diverse
models of generalized and localized seizures [15].

VPA enhanced the latency to seizure initiation [16]
despite being ineffective in avoiding status epilepticus
in a pilocarpine model [17]. VPA acute intraperitoneal
treatment dramatically improved the seizure threshold
in the PTZ model of epilepsy [18], with anticonvulsant
action potentiated by long-term treatment [19]. The
efficacy of VPA was also demonstrated in the electro-
shock-induced seizures model, where VPA reduced
seizure frequency in a dose-dependent manner [20].
VPA increased the number of after-discharges needed
to elicit epileptic seizures in a dose-dependent manner
in an experimental design based on a kindling model
[21]. VPA inhibited seizures by modulating membrane
permeability, inhibiting T-type voltage-activated Ca2+

currents and voltage-dependent sodium channels, and
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amplifying GABA-mediated inhibition [22]. VPA also
reversed the neuronal damage caused by persistent
convulsions in the hippocampus formation in the kin-
dling model, enhancing neuroprotection and prevent-
ing behavioral abnormalities [23]. In the kainate
model of status epilepticus, similar effects were
observed [24]. Furthermore, VPA effectively reduced
seizure frequency and was capable of achieving sei-
zure-free status in a rat or human temporal lobe epi-
lepsy model [25]. VPA not only reduces seizure fre-
quency but also lowers mortality [26]. Despite con-
trolling seizures, the great majority of antiepileptic
drugs are still unable to slow the progression of epi-
lepsy’s underlying natural history. As a result, consid-
ering their importance in seizure management, most
antiepileptic medicines lack a demonstrated anti-epi-
leptogenic potential [27]. Even though various antie-
pileptic medications have neuroprotective activities,
only a few achieve anti-epileptogenic properties [28].
Findings from the kindling pharmacoresistant epi-
lepsy model imply that VPA reduces the formation of
kindling and inhibits kindled seizures completely, act-
ing as both a symptomatic and disease-modifying
agent [22, 29]. In line with previous studies, it was
found in our study that VPA produced remarkable
antiepileptic effects, as proved by a significant
decrease in the seizure stages in the VPA group.

eNOS, iNOS and nNOS are the NOS isoenzymes.
eNOS and nNOS are produced in endothelial cells
and neurons. iNOS is produced in reactive astrocytes
and mediates immune processes. Whereas the aug-
mented activity of nNOS and iNOS is associated with
excitotoxicity, the eNOS causes a protective influence
against neurotoxicity [30]. As a result, medicines that
decrease iNOS and enhance eNOS activities have
been suggested as a potential alternative antiepileptic
drug [31]. It was shown by Bahcekapili et al. that PTZ-
induced seizures caused down expression of eNOS
[30]. In this study, it was shown that repeated injec-
tions of the PTZ at a sub-convulsive dose caused a
decrease in eNOS levels in the cortex and hippocam-
pus of the rats. On the other hand, VPA increased
eNOS levels in the hippocampus and cortex after sei-
zures induced by repeated injections of the PTZ.

nNOS is widely generated in neurons [32]. The
stimulation of nNOS causes a rise in NO levels in
postsynaptic neurons, which causes the soluble gua-
nylate cyclase (sGC)/guanozine monophosphate
(cGMP) pathway to be activated. cGMP is a second-
ary messenger that induces glutamate release in pre-
synaptic neurons and excitement in postsynaptic neu-
rons. As a result, the nNOS/sGC/NO/cGMP path-
way is critical for presynaptic and postsynaptic neuron
excitation [33]. It’s also been claimed that nNOS is
involved in epileptic seizures, generating neuronal
stimulation after the seizures [34]. Furthermore, it has
been observed that nNOS is linked to epileptogenesis
and PTZ-induced epileptic seizures [35]. In this study,
it was shown that repeated injections of the PTZ at a
N

sub-convulsive dose caused an increase in nNOS lev-
els in the cortex and hippocampus of rats. On the other
hand, VPA decreased nNOS levels in the hippocam-
pus and cortex after seizures induced by repeated
injections of the PTZ.

iNOS is abundantly expressed in glial cells [36]. It
was shown that iNOS plays a role in epilepsy and is
responsible for the induction of neuroinflammation,
which results in neuronal stimulation after seizures
[37]. Furthermore, it was found that iNOS synthesis
increased after PTZ-induced epileptic convulsions
[30]. In this study, it was shown that repeated injec-
tions of the PTZ at a sub-convulsive dose caused an
increase in iNOS levels in the cortex and hippocampus
of rats. In addition, VPA decreased iNOS levels in the
hippocampus and cortex after seizures induced by
repeated injections of the PTZ. In agreement with our
results, VPA was found to inhibit iNOS in the spinal
cords of encephalomyelitis rats [38] and reduce nNOS
in the basolateral amygdala of animal models [39].
However, the involvement of NOS isoform in antiepi-
leptic effect of VPA has not been investigated. We
demonstrated in this study that pretreatment of VPA
remarkably suppressed iNOS and nNOS levels and
elevated eNOS levels in the cortex and hippocampus
in PTZ administration rats. We hypothesized that one
of the antiepileptic mechanisms of VPA in PTZ-
induced epilepsy may be through decreased iNOS and
nNOS and increased eNOS expression in the cortex
and hippocampus, the regions most susceptible to sei-
zure-induced damage. VPA may create a neuroprotec-
tive effect by increasing eNOS levels, an anti-inflam-
matory effect by decreasing iNOS levels, and an anti-
excitatory effect by lowering nNOS levels, all of which
support the antiepileptic effect of VPA.

The term “oxidative stress” refers to an imbalance
between the oxidant and antioxidant systems. The two
primary sources of oxidant systems are reactive nitro-
gen species (RNS) and reactive oxygen species (ROS)
[40]. In physiological circumstances, ROS and RNS
play critical roles in redox control. Increases in ROS
and RNS, on the other hand, generate oxidative and
nitrosative stress, both of which are linked to epilepto-
genesis and epileptic seizures. Nitrosative stress is
another source of NO, in addition to the iNOS,
nNOS, and eNOS systems [41]. Furthermore, nitro-
sative stress has been found to play a role in the activa-
tion of T-type voltage-gated calcium channels and
N-methyl-d-aspartate (NMDA) receptors [42].
Hyperexcitability in neurons results from the opening
of calcium channels in response to nitrosative stress
[43]. In our study, it was shown that repeated injec-
tions of the PTZ at a sub-convulsive dose caused an
increase in NO levels in the cortex and hippocampus
of rats. On the other hand, VPA diminished NO levels
in the hippocampus and cortex after seizures induced
by repeated injections of the PTZ. One of the pro-
posed mechanisms underlying VPA’s antiepileptic
EUROCHEMICAL JOURNAL  Vol. 17  No. 2  2023
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characteristics is its influence on NO as part of nitro-
sative stress.

CONCLUSION
This research determined, in line with previous

studies, that VPA administration to rats provided anti-
epileptogenic properties in PTZ-induced epileptic sei-
zures. The anti-epileptogenic effect could occur by
alteration of nitric oxide pathway (eNOS, nNOS,
iNOS and NO pathway). These findings support the
neuroprotective and anti-epileptogenic properties of
VPA. More research is needed to answer the questions
concerning the possible mechanisms involved.
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