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Summary: Epilepsy is a chronic disease of the brain characterized by seizures. The currently available anticonvulsants only
treat symptoms with serious adverse drug reactions. Therefore, there is need for new therapeutic intervention that will prevent
epileptogenesis with greater therapeutic success. Quercetin (QT) is a flavonoid with known neuroprotective and anti-
inflammatory properties. The study aimed to investigate its effects against pentylenetetrazole (PTZ)-induced seizures.
Animals were divided into four groups (n = 10). Group 1(control) only received vehicle (10 mL/kg), group 2 received vehicle,
groups 3 and 4 received QT 12.5 mg/kg and 25 mg/kg respectively. Sixty minutes after treatments, animals in groups 2 to 4
were injected with sub-convulsive dose of pentylenetetrazole (35 mg/kg, i.p.) on every alternate day (48+2h) for 21 days.
The mice were observed for 30 minutes after each PTZ injection for seizure activity. Brain samples were collected for
biochemical assays. Administration of PTZ caused significant increase in the intensity of seizures, neuronal degeneration
and level of proinflammatory cytokines in animals compared to control. These behavioural alterations were attenuated
significantly by QT (12.5 and 25 mg/kg). The PTZ-induced increase in IL-12, TNF-a and IFN-y were significantly reduced
by pre-treatment with the QT (12.5 and 25 mg/kg, p.o). Quercetin also reduced neuronal loss compared to control. Quercetin
attenuates seizures in kindled mice and reduces neuroinflammation and neurodegeneration. This neuroprotective effect may
be attributed to its ability to inhibit inflammatory mediators in the brain.
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INTRODUCTION epileptogenesis and prolong the latency of epileptic attacks
(Muke et al., 2018, Samokhina and Samokhin, 2018).
The mechanisms underpinning the pathophysiology of

Epilepsy is a neurological condition with a prevalence of  epjlepsy are very complex and multifactorial. Increasing

more than 65 million people worldwide (Pearson-Smith and
Patel, 2017). Hallmarks of epilepsy include recurrent
seizures (Sankaraneni and Lachhwani, 2015), spontaneous,
abnormal and extreme neuronal firing in the central nervous
system (Muke et al., 2018). Refractoriness to available
neuroleptics is one of the significant challenges affecting the
effective management of epilepsy (de Souza et al., 2019). In
addition, an associated cognitive impairment following
prolonged administration of these neuroleptics has been
reported in 50% of epileptic patients (Mehla et al., 2010).
The current neuroleptics only focus on reducing the
symptoms of epilepsy (Muke et al., 2018) without
necessarily preventing the onset of epileptic seizures. It is
important to develop novel therapeutic agents that will delay

knowledge emanating from clinical and experimental
studies has suggested and given credence to inflammatory
processes as a crucial underlying factor in epilepsy
pathology (Riazi et al., 2010, Choi et al., 2009, Vezzani et
al., 2011, Vezzani and Baram, 2007). Previous studies have
shown the antiepileptic property of steroids and anti-
inflammatory agents in some drug-resistant epilepsies
(Tavakoli et al., 2023, Wheless et al., 2007, Wirrell et al.,
2005, Riikonen, 2004). Similarly, a high level of
inflammatory mediators has been demonstrated in febrile
convulsion (Dinarello, 2004). The inflammatory hypothesis
is further reinforced by the high incidence of epilepsies in
an autoimmune system in some patients suffering from
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seizures (Dalmau et al., 2008, Vincent and Bien, 2008, Bien
et al., 2007).

Evidence has emerged that inflammation might be a
causative factor and the aftermath of epilepsy (Vezzani et
al., 2011). Numerous inflammatory markers were detected
in the brain tissue of patients suffering from refractory
epilepsy (Vezzani et al., 2011). The occurrence of
neuroinflammation in epilepsy that was not associated with
immune dysfunction indicates the role of chronic
inflammation in the manifestation of epilepsies (Vezzani et
al., 2011). Evidence of mediators like pro-inflammatory
cytokines and microglial as key players in epilepsy has been
documented (Ahmadian et al., 2019, Salgado et al., 2018,
Cerri et al., 2017, Gales and Prayson, 2017). In an animal
model of seizure, activation of microglia has been
reportedly significant in elevating tumour necrosis factor-
alpha (TNF-a) levels, interleukin-1 beta (IL-1B) levels and
other inflammatory biomarkers (Jeon et al., 2008, Chen et
al., 2004, Thompson et al., 2004, Gupta et al., 2003). Past
studies have documented elevated nitric oxide levels
concerning pentylenetetrazole (PTZ) kindling in laboratory
animals (Ahmadian et al., 2019, Haj-Mirzaian et al., 2019,
Amiri et al., 2016, Watanabe et al., 2013).

The PTZ kindling model is a chronic epilepsy model,
which involves continuous administration of low doses of a
convulsant resulting in seizures (Dehkordi et al., 2023, Dhir,
2012, McNamara, 1984). It mimics clinical epilepsy and the
various psychiatric and neurological changes and symptoms
associated with this neurological disorder (Kaur et al.,
2016). It helps scientists study the pathophysiology and
molecular pathways related to the onset and duration of
epileptic seizures, which are very important when screening
new potential antiepileptic drugs (Shimada and Yamagata,
2018). The three phases of this model involve the pre-
kindling phase, the kindling phase and the post-kindling
phase (Samokhina and Samokhin, 2018). Continuous
administration of PTZ (20 to 40 mg/kg, i.p.) can trigger
seizures in laboratory animals such as rats and mice (Dhir,
2012). The PTZ acts by blocking and suppressing gamma
amino butyric acid (GABA) mediated neurotransmission at
GABAA receptors at alpha 1, 2, 3 and 5 (Samokhina and
Samokhin, 2018). The experimental animal population can
record various phases of convulsions like myoclonic
seizures, straub's tail, clonus, tonic-clonic jerks, and death.
Furthermore, the kindling model provides an avenue for
researchers to study cognitive deficits associated with
epilepsy (Pourmotabbed et al., 2011). This model
mentioned above is a chronic epilepsy model which can
result in neuronal loss and degeneration in the CAl, CA3
and dentate gyrus of the hippocampus with the amygdala
and entorhinal cortex (Mehla et al., 2010), subsequently
resulting in memory impairment.

Phytochemicals and some herbal products with anti-
inflammatory properties have been able to ameliorate
epileptic symptoms and seizures in recent times (Ahmadian
et al., 2019, Shimada et al., 2014). Quercetin is a flavonoid
that possesses neuroprotective properties (Nassiri-Asl et al.,
2016, Chakraborty et al., 2014). The antioxidant and anti-
inflammatory effects of quercetin may serve as prime targets
in preventing neurodegeneration in epilepsy. Several studies
have documented quercetin's anti-inflammatory and
antioxidant properties (Li et al., 2016b, Li et al., 2016a,
Zheng et al., 2016). Studies have shown an antiseizure effect

of quercetin-containing extracts in animal models of
epilepsy (Can and Ozkay, 2012, Guo et al., 2011,
Manigauha and Patel, 2010). Although, effect of quercetin
against picrotoxin and PTZ-induced convulsion has been
demonstrated in several studies, antiepileptic property of
quercetin against PTZ-induced seizures and
neurodegeneration in  kindled mice has not been
investigated. Therefore, we evaluated the neuroprotective
potential of  quercetin  against  seizures  and
neurodegeneration in mice using the pentylenetetrazole
kindling model.

MATERIALS AND METHODS

Experimental animals: Forty male mice weighing between
(22-25g) were purchased from the Central Animal House.
The animals were kept in a standard environment with
unlimited access to a standard rodent pellet diet and water
ad libitum. They were kept in a room temperature-controlled
environment with 12hr/12hr (light/dark) cycle, 40-70%
relative humidity, with water and standard rodent chow ad
libitum. Ethical approval was sought from the Animal Care
and Use Research Ethics Committee for the experimental
procedures. It was carried out in line with the NIH's care and
animal use guidelines.

Drugs and Chemicals: Pentylenetetrazole (Sigma
Aldrich), quercetin (Sigma Aldrich), silver nitrate, (Sigma
Aldrich) potassium dichromate (Sigma Aldrich).

PTZ-induced kindling model: Kindling was induced using
a well-established method (Taiwe et al., 2016, Kiasalari et
al., 2013). In brief, a sub-convulsive dose of PTZ (35 mg/kg,
i.p.) was administered every alternate day, and seizure
behaviours were monitored for 30 minutes after each PTZ
injection. Subsequently, the animals were monitored for 30
min after PTZ administration for seizure activity and scored
using a scoring scale of 0 to 6: stage 0: no response; stage 1:
hyperactivity, vibrissae twitching; stage 2: head nodding,
head clonus and myoclonic jerk; stage 3: unilateral forelimb
clonus; stage 4: rearing with bilateral forelimb clonus; stage
5: generalised tonic-clonic seizure with loss of writing
reflex, stage 6: lethality (Malhotra and Gupta, 1997, Racine,
1972). The number of myoclonic jerks, the duration and the
latencies to myoclonic jerks, generalised tonic-clonic
seizures and lethality were recorded. The animals were
considered to be kindled after exhibiting at least three
consecutive maximum seizures stages.

Experimental procedure: The neuroprotective effect of
quercetin on pentylenetetrazole-induced epileptogenesis
was evaluated using a known method (Taiwe et al., 2016,
Kiasalari et al., 2013). The animals were randomly divided
into four (4) groups of 10 each. Animals in group 1, served
as normal control, received vehicle (10 mL/kg, p.o.), group
2 were given vehicle which served as negative control. Mice
in groups 3 and 4 were treated with the selected doses of
quercetin (12.5 mg/kg and 25 mg/kg, p.o.). Sixty minutes
after treatments, animals in groups 2 to 4 were given
pentylenetetrazole (35 mg/kg, i.p.) on every alternate day
(48« 2 h) for 21 days (total of 10 PTZ injection). The mice
were monitored for 30 minutes after each PTZ
administration. Several grades of seizures were scored using
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a scoring scale according to Racine (1972) as modified by
Malhotra and Gupta (1997). The total number of myoclonic
seizures, the duration and the latencies of myoclonic
seizures, tonic-clonic seizures and lethality were noted.

Study Design
N=40

Group 2 Group 3 Group 4

Group 1
12.5 mg/kg

quercetin

25 mg/kg
quercetin

Negative control

Control
(n-butanol)

NE10 N=10 N=10 N=10

Figure A:
This figure depicts the study design which entails the grouping,
total number of animals and agents administered.

Preparation of brain tissues for biochemical studies:
After behavioural studies on day 22, mice in respective
groups were euthanised with cervical dislocation, and the
brain samples were harvested immediately, weighed and
cleaned with cold 0.90% saline. Afterwards, the
hippocampus was dissected out and homogenised with
phosphate buffer (0.1M, PH 7.4) and centrifuged at 10,000
rpm at 40 C for 10 minutes. Thereafter, the supernatant was
separated for the various biochemical tests.

Measurement of brain levels of pro-inflammatory
cytokines with ELISA techniques: The ELISA technique
is a widely used method for measuring the levels of specific
proteins or molecules in a sample. In this case, the levels of
interferon-gamma  (IFN-y), interleukin-12 and tumour
necrosis factor-o (TNF- o) were measured in brain tissue
samples according to the respective manufacturers’
instructions. To quantify the concentration of the cytokines
in the brain tissue samples, a standard curve was first
generated using known concentrations of the cytokines and
their respective optical densities (OD) values obtained at
450nm. The concentrations of cytokines in the brain tissue
samples were then extrapolated from this standard curve
based on their OD values. These concentrations were
expressed as pg/mL.

Golgi Staining Procedure: On the last day of treatment,
animals were perfused and their brains fixed with 10%
formo-saline. The brain tissues were later stained using
Golgi staining techniques.

Brain samples were fixed in 4% paraformaldehyde for 1 day
(24 hours). The tissue blocks were thereafter immersed in
3% potassium dichromate for 7 days in darkness. Solution
was changed daily. The tissues were later immersed into 2%
silver nitrate solution for 72 hours at room temperature in
darkness. Before putting tissue blocks to a solution
containing silver nitrate. The excess solution was absorbed
by using an absorbent paper. The silver nitrate solution was
changed several times until brown precipitate stopped
appearing. The various brain sections were cut into distilled
water using a vibratome which is 60 um thick. They were
mounted on foist plus slides and dried under normal room

temperature for 10 minutes. Dehydration through 95%
alcohol then 100% alcohol was ensured. Finally, the section
was cleared in xylene, covered with slide and snapped.

Statistical analysis: Values were expressed as mean + SD.
All data were analyzed using one-way analysis of variance
(ANOVA). The Tukey’s post hoc test was carried out in
order to spot inter-group differences, the comparison groups
being the normal and negative controls. The statistical
differences were considered at p < 0.05.

RESULTS

Effect of Quercetin on PTZ-induced kindling behaviour
in mice: Seizure grades were analysed to know the possible
anti-epileptogenic effect of quercetin in the PTZ-induced
kindling model. The PTZ-treated group exhibited a
significant (P< 0.05) increase in seizure intensity from 2nd
injection to 9th injection compared to the control. However,
quercetin at both doses significantly (P<0.05) reduced
seizure intensity (stage) compared to the saline+PTZ group
in 5th, 6th, 7th, 8th and 9th injections.

& QT(125)+PTZ
- QT(25)+PTZ
-¥- Control
-~ PTZ(35)

Seizure scores

0 5 10 15 20

DAYS

Figure 1:

Effect of quercetin pretreatment (QT 12.5 or 25 mg/kg p.o.) on the
mean kindling score as assessed every other day from dayl to
day15 of the study. #p < 0.05 in relation to vehicle + saline-treated
group. *p < 0.05 in relation to vehicle + PTZ-treated group (group
2) (ANOVA followed by Tukey’s test). Group 1: Control
(vehicle); group 2: vehicle + PTZ (35 mg/kg); group 3: QT (12.5)
+ PTZ; group 4: QT (25) + PTZ

Effect of Quercetin on PTZ-induced central IL-12
production: The one-way ANOVA test showed
significance elevation [F (3, 20) = 20.20, P = 0.0001] in
brain level of IL-12 between the treated groups. Post hoc
analysis further reveal that PTZ significantly (P< 0.05)
elevated IL-12 level (Fig.c2) compared to the control
(VEH). However, pretreatment with Q (12.5 mg/kg and 25
mg/kg, p.o.) significantly decreased hippocampal IL-12
levels in comparison with the PTZ-treated group (VEH +
PTZ) (Fig 2).

Effect of quercetin on PTZ-induced central IFN-y
production: The one-way ANOVA test showed a
significant difference [F (3, 20) = 9.858, P=0.0003] in the
brain level of IFN-y between the treated groups. Post hoc
analysis further reveals that PTZ (30 mg/kg i.p.)
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significantly (P< 0.05) increased IFN-y level (Fig.3)
compared to the control (VEH). However, pretreatment with
Q (12.5 mg/kg and 25 mg/kg, p.o.) significantly decreased

IFN-y level in relation to the PTZ-treated group
(VEH+PTZ) (Fig. 3).
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Figure 2:

Effect of quercetin on the brain level of IL-12 in rats subjected to
the PTZ model of epilepsy. Data represent mean + SD (n=6). #p <
0.05 when compared with control group (VEH); *p < 0.05, when
compared with PTZ control group (VEH + PTZ); one-way
ANOVA with Tukey’s multiple comparison
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Figure 3:

Effect of quercetin on the brain level of IFN-y in mice subjected to
PTZ model of epilepsy. Data represent mean + SD (n=6). # p <
0.05 when compared with control group (VEH); *p < 0.05, when
compared with PTZ control group (VEH + PTZ); one-way
ANOVA followed by Tukey’s multiple comparison.

s
Plate 1:
Photomicrograph of a brain section stained by Golgi cox techniques showing CA1 of the PTZ-treated animals. The control group (A) shows the presence
of moderate neuronal processes, while the PTZ group (B) shows depleted neuronal processes. Treatment with QT 12.5 mg/kg (C) and QT 25 mg/kg (D)
prevents neuronal loss and shows the presence of mild neuronal processes. Magnification: (X100).
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Figure 4:

Effect of quercetin on the brain level of TNF-a in mice subjected
to the PTZ model of epilepsy. Data represent mean + SD (n=5). #p
< 0.05 in comparison with the control group (VEH); *p < 0.05,
when compared with PTZ control group (VEH + PTZ); one-way
ANOVA followed by Tukey’s multiple comparison.

Neuroprotective effect of the extract on PTZ-induced
neuronal damage: Histology of the hippocampus CA1l
revealed evident neurodegeneration of dendrite and
neuronal cells in the groups exposed to PTZ. Well-defined
pyramidal neurons given rise to a single apical dendrite with
many terminal branches and well-arborized basal dendrites
were observed in the CALl of the control animals. The
pyramidal cells and dendrites were significantly depleted in
the group exposed to the PTZ group compared to the
control. However, this depletion was significantly reduced
by the treatment with quercetin at 12.5 mg/kg and 25 mg/kg
(Plate 1) compared to the group treated with PTZ.

DISCUSSION

Epilepsy is a neurological condition affecting about 30
million people worldwide, out of which 30% of patients no
longer respond to conventional medical treatment (Meng
and Yao, 2020, Singh and Trevick, 2016, Laxer et al., 2014).
Some of the features of this neurological disorder include
recurrent seizures, an imbalance between inhibitory and
excitatory neurotransmitters, and neuronal damage,

amongst others (Rana and Musto, 2018). Recent and
emerging evidence has linked the pathogenesis of epilepsy
with neuroinflammation, which is connected with elevated
pro-inflammatory cytokine levels, microglial activation and
neurodegeneration (Rana and Musto, 2018).

s
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In this study, PTZ kindling epilepsy method was employed
to evaluate the neuroprotective property of quercetin in a
kindled mouse. Kindling is a chronic epilepsy model, which
involves the monotonous administration of sub-convulsive
doses of a convulsant resulting in seizures (Dhir, 2012,
McNamara, 1984). This model has demonstrated face and
construct validities in replicating and mimicking clinical
epilepsy and the various psychiatric and neurological
changes and symptoms associated with seizure disorders. It
makes it possible to study the underlying molecular
mechanisms involved in the pathogenesis of epilepsy
(Shimada and Yamagata, 2018). Continuous and alternate
administration of PTZ induces kindling in laboratory
animals, such as rats and mice (Dhir, 2012), by blocking and
suppressing GABA-mediated  neurotransmission  at
GABAA receptors (Samokhina and Samokhin, 2018). This
chronic model of epilepsy has resulted in neuronal loss and
degeneration in the CAl, CA3 and dentate gyrus of the
hippocampus and the amygdala (Mehla et al., 2010),
resulting in memory impairment. Hence, it provides an
avenue to study cognitive deficits associated with epilepsy
(Pourmotabbed et al., 2011) and neuronal decline and
morphological changes in the hippocampus and dentate
gyrus (Samokhina and Samokhin, 2018).

The findings of this study show that repetitive
administration of PTZ sub-convulsive dose consistently
elevated the severity of seizures and myoclonic jerks in the
PTZ-kindled mice. Conversely, treatment with quercetin
significantly reduced the severity of PTZ-induced seizures
and myoclonic jerks in mice. While the PTZ induced
seizures have been attributed to inhibition of GABA and
activation of NMDA (N-methyl-D-aspartate) receptors
increasing calcium ion influx into the neurons (Akyuz et al.,
2021) quercetin on the other hand has been reported to
modulates excessive glutamate neurotransmission by acting
as an NMDA antagonist, thus blocking the influx of calcium
ions into the neurons and preventing abnormal neuronal
excitability (Choudhary et al., 2011, Subash and
Subramanian, 2009). In addition, flavonoids have been
shown to modulate GABAA chloride ion channels because
of their similar structures with benzodiazepines (Nieoczym
et al., 2014, Choudhary et al., 2011). In managing temporal
lobe epilepsy, GABAA receptors are crucial targets
(Schipper et al., 2016). Therefore, the modulatory action of
quercetin as a flavonoid at this receptive site may also
account for its antiepileptic effect observed in this study.
There is emerging evidence of an inflammatory undertone
in epilepsy pathophysiology. The high incidence of seizures
in autoimmune disorders underscores the significance of
inflammation in the pathophysiology of epilepsy (Dalmau
et al., 2008, Vincent and Bien, 2008, Bien et al., 2007). In
an animal model of seizure, chemoconvulsants like PTZ and
kainic acid have been reported to increase and up-regulate
pro-inflammatory cytokine via activation of microglia in the
brain (Semple et al., 2020, Rawat et al., 2019, Jeon et al.,
2008). Consistently, in this study, chronic administration of
PTZ has markedly elevated the IL-12, IF-gamma and TNF-
alpha levels in the brain of PTZ-treated mice. Epilepsy has
been associated with increased interferon-gamma levels
(Lach et al., 2022). Similarly, inflammatory biomarkers
have reportedly been high in febrile convulsion (Dinarello,
2004). From our findings, treatment with quercetin,
however, significantly reduced PTZ-induced pro-

inflammatory cytokines (i.e. IL-12, TNF-a, [F-gamma). As
an anti-inflammatory agent, quercetin has dramatically
suppressed the levels of interleukin-12 and interferon-
gamma in the brain (Akyuz et al., 2021). Previous studies
have shown the antiepileptic property of steroids and anti-
inflammatory agents in some drug-resistant epilepsies
(Wheless et al., 2007, Wirrell et al., 2005, Riikonen, 2004).
The TNF-alpha is a pro-inflammatory cytokine implicated
in epileptogenesis, which up-regulates glutamate microglial
release by increasing Alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptors, thus
amplifying glutaminergic excitatory neurotransmission
(Rana and Musto, 2018, Galic et al., 2012, Takeuchi et al.,
2006). In addition, TNF alpha downregulates GABA
inhibitory neurotransmission, thus triggering abnormal
neuronal excitability and epileptogenesis (Rana and Musto,
2018, Stellwagen et al., 2005). In addition, TNF-alpha
levels were elevated in PTZ-treated animals. In the study,
we observed that treatment with quercetin significantly
reduced the level of TNF alpha compared to the group of
animals that were exposed to PTZ alone.

Furthermore, PTZ triggered the neurodegeneration of
dendrites and neuronal cells in the hippocampus CA1 region
and dentate gyrus of mice that were exposed to PTZ alone.
Quercetin reversed the depletion of dendrites and pyramidal
cells in the hippocampus CALl region and dentate gyrus of
mice. This neuroprotective mechanism of quercetin may be
attributed to its antioxidant property, ability to downregulate
inflammatory mediators and reduce oxidative stress (Wu et
al., 2020, Rishitha and Muthuraman, 2018), thus protecting
the brain from neurodegeneration (Sefil et al., 2014).

In conclusion, quercetin was able to suppress PTZ-
induced seizures and significantly declined interferon-
gamma and interleukin 12 brain levels. In addition,
quercetin  was able to reverse  PTZ-induced
neurodegeneration due to its anti-inflammatory, antioxidant
and neuroprotective properties of quercetin. Nevertheless, a
thorough understanding of the molecular patterns
surrounding quercetin's antiepileptic and neuroprotective
effects is vital for developing new therapeutic remedies that
can ameliorate epilepsy.
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