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ABSTRACT

In Cameroon, epilepsy is one of the most common neurological diseases. Available anti-epileptic medication, on
the other hand, have been associated with pharmacological toxicity and emotional impairment. The identifi-
cation of a more efficient replacement is critical. Recent research reveals that ferroptosis contributes to the
pathophysiology of epilepsy and related anxiety disorders. Lantana camara is a plant with a high neurophar-
macological potential, but its mechanisms of action have yet to be understood. The purpose of this study was to
determine the effect of ethanolic and aqueous extracts of Lantana camara on the kainate model of epilepsy in
mice. The focus was on these extracts’ capacity to suppress ferroptosis. Mice were injected with kainate (12 mg/
kg, i.p.) to induce epilepsy. After status epilepticus, animals were left for 19 days, which correspond to an
epileptogenic period. After the appearance of spontaneous recurrent seizures, mice were treated with distilled
water (10 ml/kg, p.o.), levetiracetam (80 mg/kg, p.o.), sodium valproate (300 mg/kg, p.o.), ethanolic extract of
L. camara (230, 460, 920 mg/kg, p.o.), or an aqueous extract of L. camara (460 mg/kg p.o.). These treatments
lasted for 14 days. During this period, the number and duration of seizures were recorded. The mice were then
subjected to elevated zero-maze and open field tests to assess anxiety-like behavior. At the end, mice were
sacrificed and hippocampus, amygdala, and striatum were dissected out for biochemical and histological ana-
lyses. The extracts alleviated seizure- and anxiety-like behavior in KA-treated mice. Decreased iron levels, re-
flected by a decrease in ferritin levels and a increase in transferrin levels, were observed in the hippocampus,
striatum and amygdala of the extract-treated group compared to the KA-treated group. In addition, increase in
GABA and GSH levels, and a decrease in MDA levels were observed in these groups. Hematoxylin-eosin staining
revealed less pronounced neuronal degeneration and a more sustained architecture in the brain region of extract-
treated mice. These findings indicated that ethanolic and aqueous extracts of L. camara effectively attenuate
seizures and anxiety disorders. Probable mechanisms of action include GABAergic, iron, GSH, and MDA
modulations.

1. Introduction

middle-income nations, with Cameroon being one of the most impacted
(Prischich et al., 2008; Njamnshi et al., 2009). This high incidence may

Epilepsy can be defined as a chronic brain disorder that features
recurrent and unprovoked seizures (Alva-Diaz et al., 2021). More than
65 million people worldwide suffer from epilepsy, the most common
form being temporal lobe epilepsy (Vezzani et al., 2016; Formentin
et al., 2023). This condition is highly prevalent in low- and

be attributed to the lack of access to diagnosis and treatment among the
population in this country (Bekele et al., 2024). Over time, several
theories have attempted to explain the deleterious mechanism behind
epilepsy. Well-accepted theories indicate excitotoxicity, iron overload,
oxidative stress, and a decrease in inhibitory drive (Falco-Walter, 2020).
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glutamate decarboxylase; GABA, y-aminobutyric acid; GSH, reduced glutathione; KA, kainate; L. camara, Lantana camara; Lev, Levetiracetam; SEM, standard error of
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Furthermore, there is a high prevalence of anxiety disorders in in-
dividuals with epilepsy. This is likely due to the anatomical and physi-
ological proximity between the regions of the brain involved in the
control of anxiety and those affected by seizures (Vinti et al., 2021).

Epilepsy is caused by genetic and environmental factors. Environ-
mental factors include exposure to neurotoxins such as kainate (KA).
The KA model of temporal lobe epilepsy in rodents is well recognized
(Lapouble et al., 2006; Mojarad and Roghani, 2014). In addition, the
involvement of ferroptosis in seizure-induced cell death in rats and the
cognitive comorbidities of temporal lobe epilepsy was reported by Ye
et al. (Ye et al., 2019). Since then, ferroptosis’s role in the neuro-
degeneration underlying epilepsy and related neurobehavioral disorders
has been discussed in many other studies (Li and Mao, 2019; Mao et al.,
2019). Dixon et al. reported ferroptosis as a non-apoptotic form of cell
death. He discovered that ferroptosis has a special mix of morphological
and biochemical features that distinguishes it from autophagy, necrosis
and apoptosis (Dixon et al., 2012). Levetiracetam and sodium valproate
are two examples of antiepileptic medications that are accessible,
although they are linked to drug toxicity and anomalies in the nervous
system. The latter has been reported to have anti-ferroptotic activities
(Perucca and Gilliam, 2012; Li et al., 2020). Furthermore, these drugs
don’t address the disease’s fundamental causes. Thus, finding a medi-
cation that provides a better prognosis is a challenge.

"Inhibition of ferroptosis plays neuroprotective roles in epilepsy and
anxiety disorders," a claim made by some scientists, was the starting
point for this work (Ye et al., 2019; Xie et al., 2022; Cai and Yang, 2021).
Phytomedicine has gained popularity as a dependable source of pre-
paring new drugs to treat various ailments. These plants are readily
available, cost-effective, and have milder side effects than chemical
drugs. Over the years, Lantana camara has produced some interesting
results. According to Cameroonian traditional healers, this plant effec-
tively mitigates epilepsy and its associated conditions. Some traditional
healers suggest the use of an aqueous decoction, while others suggest
maceration of the leaf part of the plant in alcohol for 8 h (personal
communication). The plant’s aqueous leaf extract showed encouraging
antiepileptic properties, according to Kandeda et al. (Kandeda et al.,
2022). Studies by other authors suggest that the ethanolic extract may
potentially contain more secondary metabolites (Ghisalberti, 2000;
Tadesse et al., 2017). Furthermore, ethanolic extracts of L. camara
showed anticonvulsant, anxiolytic, and antidepressant-like properties in
neuropharmacological investigations (Kalita et al., 2012; Kazmi et al.,
2012; Imran Kazmi et al., 2013; Naz and Bano, 2013; M et al., 2015;
Amoah et al., 2023). While current research indicates that ferroptosis
plays a role in the etiology of epilepsy, the effects of this herb’s extracts
on this pathway have yet to be investigated. Thus, the objective of this
study was to explore the effects of ethanolic and aqueous extracts of
L. camara on a kainate model of epilepsy and anxiety disorders. The
effects of ethanolic and aqueous extracts on some ferroptosis-related
brain markers were highlighted.

2. 1. Materials and methods
2.1. 1.1. Plant collection and extraction

Fresh leaves of L. camara were harvested in Yaoundé (Center region,
Cameroon). To ensure accurate identification, the plant was compared
to a reference specimen deposited at the National Herbarium of
Cameroon (HNC) under voucher number 30440/HNC/Cam. This veri-
fication was performed by Mr. Ngansop Eric. The plant name was then
checked at http://www.theplantlist.org/tpl1.1/record/kew-107934.

The harvested leaves were washed and dried in the shade for 30 days.
They were then powdered using a mechanical blender (TT-1777). Two
extracts of L. camara were used in this study. They were prepared strictly
as described by traditional healers. The ethanolic extract was prepared
by macerating 20 g of powder in 80 ml of 95 % ethanol for 8 h. The
mixture was then filtered using Whatman’s paper No 3, and the solvent
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evaporated at 45°C, yielding 4.43 g of dry extract (22.15 % yield). The
aqueous extract was prepared following the method described by in our
previous study (Kandeda et al., 2022). The most effective dose
(460 mg/kg) from that study was used here. For the current experiment,
stock solutions of 230, 460, and 920 mg/kg were prepared for the
ethanolic extract. All extracts were administered orally to the mice at a
volume of 10 ml/kg body weight.

2.2. 1.2. Drugs, chemicals, and reagents

The study used a variety of chemicals, including kainate, diazepam,
valproate, and levetiracetam, all of which were obtained from Sigma
Aldrich, Hamburg, Germany. Additionally, trichloroacetic acid and
thiobarbituric acid were purchased from Rhone-Poulenc laboratories in
Lyon, France, while diazepam was acquired from La Roche laboratories
in Switzerland. Other essential reagents, such as Ellman reagent and
formalin, were purchased from Sigma Chemical Co., St. Louis, United
States.

2.3. 1.3. Animals and ethics

The study utilized male Swiss mice aged 6-8 weeks, weighing
27-33 g. These mice were housed in the Laboratory of Animal Physi-
ology at the University of Yaoundé I in Cameroon under controlled
conditions, including a 12-hour light/dark cycle and a temperature
range of 24-26 °C. Standard animal diet and tap water were provided ad
libitum. All animal procedures adhered to ethical guidelines established
by the Institutional Ethics Committee of the Cameroon’s Ministry of
Scientific Research and Technological Innovation (Reg. no. FWA-IRD
0001954, 04/09/2006), which align with the European Union’s guide-
lines on animal care (C.E.E. Council 86/609). Euthanasia was performed
following the American Veterinary Medical Association (AVMA)
guidelines for the euthanasia of animals (2020). The study design,
including animal allocation to groups, experimental dosages, outcome
measures, and statistical methods, followed the ARRIVE Guidelines 2.0.
(https://www.nc3rs.org.uk/arriveguidelines/resources/author-chec
klists).

2.4. 1.4. Experimental design

2.4.1. 1.4.1. Induction of epilepsy

To induce status epilepticus, 82 male mice were randomly divided into
two groups as follows:

- a group of 75 mice treated with kainate (12 mg/kg, i.p.);

- anormal control group of 7 mice given 0.9 % saline (10 ml/kg, i.p.).

Two hours after the onset of status epilepticus, the mice were treated
with diazepam (10 ml/kg, i.p.) for termination of status epilepticus. Then,
these mice were video-monitored (6 hr/day) for 19 days, until the
appearance of spontaneous recurrent seizures (SRS).

2.4.2. 1.4.2. Selection, grouping, and treatment of animals

Mice that developed SRS characterized by tonic-clonic seizures were
selected for further studies, then divided into 7 groups of 7 each and
treated as follows:

- a kainate group that received 0.9 % saline (10 ml/kg, p.o.);

- two positive control groups that either received sodium valproate
(300 mg/kg, p.o.) or levetiracetam (80 mg/kg, p.o.);

- three test groups received the ethanolic extract of L. camara at doses
of 230, 460, and 917 mg/kg, respectively, p.o.;

- another test group received an aqueous extract of L. camara at doses
of 460 mg/kg, p.o.

-a normal control group was added (n = 7), and these animals were
treated with 0.9 % saline (10 ml/kg, p.o.).

The treatments were administered for 14 days. During this time, the
mice were monitored for 6 h a day to record the number and duration of
SRS. The severity of seizures was assessed according to the Racine’s
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scale (Racine, 1972):

- stage 0: indicating no response;

- stage 1: indicating hyperactivity and clonus of vibrissae;

- stage 2: indicating shaking of the head and myoclonic jerks;

- stage 3: indicating unilateral clonus of the forelimbs;

- stage 4: indicating rearing and bilateral clonus of the forelimbs;

- stage 5: indicating tonic-clonic seizures with loss of the righting
reflex.

Twenty-four hours after the end of behavioral seizures analysis, mice
were evaluated for anxiety disorders (open-field and elevated zero-maze
tests). After these behavioral evaluations, the mice were euthanized and
their brains were sampled (Fig. 1).

2.5. Behavioral studies

2.5.1. Elevated zero-maze test

The elevated zero maze is used to assess levels of anxiety, emotion-
ality and reactivity (Tucker and McCabe, 2021). For habituation pur-
poses, animals were placed in the testing room for one hour before the
test. The elevated zero-maze used was a wooden apparatus. The appa-
ratus is composed of 2 circular closed arms (50 x 5 x 15 cm) and 2
circular opened arms (50 x 5 x 2 cm). This apparatus was elevated
50 cm from the floor. The mice were placed at the entrance of a closed
arm and allowed to explore the maze for 5 min. After each trial, the
maze was cleaned with 70° alcohol. The following metrics were tracked
with ANY-maze software version 7.2: distance traveled, average speed,
number of entries in the closed arm, and percentage of time spent in the
opened arm.

2.5.2. Open-field test

The open-field test is commonly used to evaluate the level of loco-
motor activity, exploration, and emotional reactivity in rodents
(Bronikowski et al., 2001). The method used in the present study was
that described by Rex et al. (1998). The open arena is made of wood with
dimensions of 20 cm x 20 cm x 45 cm (length x width x height). The
exploratory surface was subdivided into 17 squares (5 cm x 5 cm) and
one central square (5 cm x 5 cm). The mice were placed one after the
other in the center of the experimental device. A food lid (5 cm in
diameter), containing 5 g of food, was placed at the center of the maze to
stimulate exploration. The behavior of each mouse was monitored for
5 min. Distance traveled, number of crossings (number of lines tra-
versed), number of entries, percent time spent in the zones, and the
animal’s tract plots were all measured in the maze’s central and pe-
ripheral zones. The latency to first access into the food cover zone and
exploratory behavior were also assessed. Any-maze software version 7.2
was used to conduct the analyses.

2.6. Sacrifice and preparation of homogenates

Following the behavioral assessments, animals were immediately
euthanized under anesthesia with ketamine (70 mg/kg, i.p.) or diaz-
epam (10 mg/kg, i.p.). Some brains (n = 5) were isolated, washed in
0.9 % NaCl, and blotted for dryness. The hippocampus, amygdala, and
striatum were isolated, weighed, and homogenized in Tris-HCl buffer
(50 mM, pH 7.4) at a ratio of 20 % (w/v). After centrifugation at
3000 rpm at 4 °C for 25 min, the supernatant was collected into tubes
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and stored at —20 °C for further biochemical evaluations. Other brains
(n = 2) were fixed in 10 % formalin for histological analyses.

2.7. Biochemical analyses

The level of GABA in the homogenates was assessed using the Lowe
et al. (1988) method. The estimation of reduced glutathione (GSH) and
malondialdehyde (MDA) levels was performed as described by Ellman
(Ellman, 1959) and Wilbur et al. (Wilbur et al., 1949), respectively. The
iron, ferritin, and transferrin levels were assessed using colorimetric kits
purchased from LABKIT®.

2.8. Histological analyses

This study followed a standardized histological protocol adapted
from Suvarna et al (Survana et al., 2019) to analyze the micro-
architecture of the CA1 and dentate gyrus of the hippocampus, striatum
(Caudate Putamen), and amygdala (basolateral nucleus) in the brain of
mice. This protocol involved a series of steps: tissue fixation, sectioning,
dehydration, embedding, trimming, staining using hematoxylin and
eosin, mounting, and finally, observation under a microscope. The
stained and mounted slides were examined at 100 x magnification using
a Scientico STM-50 optical microscope equipped with a digital camera
for image capture. Image analysis was then performed using Image J
software version 1.54i.

2.9. Statistics

GraphPad Prism version 8.01 and Microsoft Office Excel 2019
version 15.0.4420.1017 were used for statistical analysis of the data
obtained, as well as graph construction. Results were reported as mean
+ SEM or percentages. The various values were compared using a one-
or two-way analysis of variance (ANOVA). When differences emerged,
the Tukey multiple comparison post-hoc tests were utilized. The dif-
ference was statistically significant at p < 0.05.

3. Results

3.1. Effects of the extracts of Lantana camara on the number and
duration of seizures

3.1.1. Effects on the mean number of seizures

Epilepsy is characterized by spontaneous and recurrent seizures. No
seizures were observed in the control group. The administration of
kainate provoked stages 1, 2, 3, and 4 seizures in all mice. The ethanolic
extract (920 mg/kg) of the plant led to a significant decrease (p < 0.001)
in the mean number of stages 1 by 75.75 %, stage 2 by 75.86 %, and
stage 3 by 87.39 % seizures, relative to negative control. In addition, this
extract at all doses, prevented the appearance of stage 4 seizures. On the
other hand, the administration of the aqueous extract led to a significant
decrease in the mean number of stages 1 by 72.31 %, stage 2 by 75.86,
stage 3 seizures by 87.39 %, and prevented the appearance of stage 4.
The administration of levetiracetam led to a significant (p < 0.001)
decrease in the mean number of stages 1 by 69.23 %, stage 2 by 77.59 %,
stage 3 seizures by 86.41 %, and prevented the appearance of stage 4
seizures. The administration of sodium valproate led to a significant (p <

a o0 un
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Fig. 1. Experimental protocol. KA, kainate (12 mg/kg); DZP, diazepam (10 ml/kg).
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0.001) decrease in the mean number of stages 1 by 59.23 %, stage 2 by
65.52 %, stage 3 seizures by 74.76 %, and prevented the appearance of
stage 4 seizures (Fig. 2).

3.1.2. Effects on the mean duration of seizures

Fig. 3 shows the mean duration of seizures per day of treatment. The
administration of kainate significantly increased (p < 0.001) the mean
duration of stages 1, 2, 3, and 4 seizures in mice, compared to all groups.
The ethanolic extract (460 mg/kg) led to a significant decrease in the
duration of stages 1 by 76.93 %, stage 2 by 81.25 %, and stage 3 by
85.42 % seizures, relative to the kainate-treated group. On the other
hand, the administration of the aqueous extract led to a significant
decrease in the daily duration of stages 1 by 72.30 %, stage 2 by
81.73 %, and stage 3 by 86.44 %. The administration of levetiracetam
led to a significant decrease (p < 0.001) in the duration of stages 1 by
69.22 %, stage 2 by 81.88 %, and stage 3 seizures by 96.13 %. The
administration of sodium valproate led to a significant decrease in the
duration of stages 1 by 59.24 %, stage 2 by 74.12 %, and stage 3 seizures
by 74.79 % (Fig. 3) as compared to the kainate-treated group.

3.2. Effects of the extracts of Lantana camara on anxiety-like behavior
and exploratory activities in the elevated zero-maze

3.2.1. Effects of the extracts of Lantana camara on anxiety-like behavior in

the elevated zero-maze
Anxiety disorders are associated with epilepsy. The distance traveled
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in the maze by mice treated with kainate was significantly reduced by
46.43 % (p < 0.01) than that of the normal control. The ethanolic extract
at the dose of 460 mg/kg showed an increase in this distance by
112.26 % (p < 0.001), while the aqueous extract showed an increase of
98.87 % (p < 0.001) when compared to the kainate-treated group. So-
dium valproate caused an increase in this metric by 75.47 % (p < 0.01)
relative to the kainate-treated group (Table 1).

The average speed in the maze of mice treated with kainate was
significantly reduced by 50.75 % (p < 0.01) compared to that of the
normal control. The ethanolic extract at the dose of 460 mg/kg caused
an increase in this parameter by 96.97 % (p < 0.001), while the aqueous
extract caused an increase by 30.30 % (p < 0.05) when compared to the
kainate-treated group. Sodium valproate caused an increase in this
number by 81.82% (p < 0.01) relative to the kainate-treated group
(Table 1).

The number of entries in the closed arm and percentage time spent in
the opened arm by mice in the kainate-treated group were significantly
reduced by 77.30 % (p < 0.001) and 5.56 % (p < 0.001), respectively,
when compared to the normal control. The ethanolic extract at a dose of
460 mg/kg led to an increase in the number of entries in the closed arm
by 143.75 % (p < 0.05) and the percentage time spent in the opened arm
by 69.94% (p < 0.01). Meanwhile, the aqueous extract led to an
increment in these numbers by 50.00 % (p < 0.05) and 33.92 % (p <
0.05), respectively, when compared to the kainate-treated group
(Table 1). Sodium valproate caused an increase in this number to
287.50 % (p < 0.001) and 110.08 % (p < 0.001) relative to the kainate-
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Fig. 2. Effects of the extracts of Lantana camara on the average number of seizures per day. A: stage one, B: stage two, C: stage three, D: stage four. Results were

expressed as mean &+ SEM. N = 14. Data were analyzed by one-way ANOVA, followed by Tukey post hoc test.

“p < 0.001 vs control group treated only with saline

0.9 %; cp < 0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and
920 mg/kg, respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).
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Fig. 3. Effects of the extracts of Lantana camara on the mean duration of seizures per day. A: stage one, B: stage two, C: stage three, D: stage four seizures. Results
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920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate; DW, distilled water (10 ml/kg); Lev, levetiracetam (80 mg/kg); Val, sodium

valproate (300 mg/kg).
treated group (Table 1).

3.2.2. Effects on the exploratory activity of mice in the elevated zero-maze

The elevated zero maze (EZM) was used to examine mice’s explor-
atory behavior. Fig. 4 shows red and blue plots representing mouse
movement in the maze’s closed and open arms, respectively. Normal
control mice demonstrated balanced exploration, spending similar time
in both arms (Fig. 4A). In contrast, kainate-treated mice showed a strong
bias toward the closed arm, as demonstrated by a more pronounced red
plot and a decreased blue plot compared to the control group (Fig. 4D).
Notably, the exploratory behavior of mice treated with the extracts
(Fig. 4E, F, G, and H), levetiracetam (Fig. 4B), and valproate (Fig. 4C)
was similar to that of the normal controls.

3.3. Effects of the extracts of Lantana camara on anxiety-like behavior in
the open field

3.3.1. Effects on the distance traveled and exploratory activity of mice

In its upper panel, Fig. 5 shows the distances traveled in the pe-
ripheral and central zones of the OF. These numbers were elevated in the
normal control group by 48.64 % (p < 0.001) and 77.55 % (p < 0.001),
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respectively, compared to the kainate-treated group. This is reflected by
the poor exploration of the zones by kainate-treated mice relative to that
of the normal control (Lower panel, Fig. 5A, D). The ethanolic extract of
the plant at the dose of 460 mg/kg caused an increase in these param-
eters, respectively, by 179.66 % (p < 0.001) and 377.25 % (p < 0.001).
Meanwhile, the aqueous extract showed an increase of 50.51 % (p <
0.01) and 132.28 % (p < 0.001) in these respective numbers, when
compared to the kainate-treated group. Mice treated with these extracts
showed the greatest exploratory activities, both in the peripheral and
central zones (Lower panel, Fig. 5E, F, G, and H). Sodium valproate
caused an increase in these numbers by 30.85% (p < 0.05) and
205.82 % (p < 0.001), respectively, compared to the kainate-treated
group.

3.3.2. Effects in the peripheral zone of the open field

Table 2 displays the behavior of mice treated with the extracts in the
peripheral zone of the open field. The number of crossings was elevated
in the normal control group by 121.48 % (p < 0.001), compared to the
kainate-treated group. The ethanolic extract of the plant at the dose of
460 mg/kg caused an increase in these parameters by 195.56 % (p <
0.001). Meanwhile, the aqueous extract showed an increase of 67.41 %
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Table 1
Effects of the extracts of Lantana camara on anxiety-like behavior in the elevated
zero-maze.

Treatments Distance Average Number of Percentage time
traveled speed entries in spent in opened
(m) (x103m/  closed-arm arm (%)

s)

Nor 1.97 £ 0.31 6.70 £ 0.70 35.25 + 2.50 35.13 £ 2.11

KA + Lev 1.93 £ 6.50 + 18.00 + 33.06+ 2.16%
0.11° 0.31° 1.08

KA + Val 1.86 + 6.00 + 31.00 + 62.12 + 4.34¢
0.22° 0.72° 4.42¢

KA 4+ DW 1.06 £ 3.30 + 08.00 + 29.57 + 3.22%
0.34%* 1.10%* 2.55%**

KA + 1.90 + 6.50 + 14.25 + 48.63 + 2.67°

EELC230 0.36" 1.22° 3.35°

KA + 2.25 + 7.20 + 19.50 + 50. 25 £ 4.02°

EELC460 0.49¢ 1.70 3.48°

KA + 2.05 + 7.00 + 15.00 + 44.14 + 3.22°

EELC920 0.24° 0.74° 2.20°

KA + 1.26 £ 4.30 +£0.73% 12.00 + 39.06 + 2.33%

AELC460 0.23% 2.80%

Results were expressed as mean + SEM, N = 7. Data were analyzed by one-way
ANOVA, followed by Tukey (HSD). ***p < 0.001, vs normal control group
treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp < 0.001, vs kainate
group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230,
460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA,
kainate; levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

(p < 0.05) when compared to the kainate-treated group. Sodium val-
proate led an increase in these numbers by 50.64 % (p < 0.01),
respectively, compared to the kainate-treated group.

The number of entries in the peripheral zone and percentage time
spent in this zone were significantly reduced by 58.18 % (p < 0.001) and
44.22 % (p < 0.001), respectively, in the kainate-treated group as
compared to the normal control. The ethanolic extract of the plant at the
dose of 920 mg/kg led to an increase in the number of entries by
261.11 % (p < 0.05) and the percentage time spent in this zone by
29.56 % (p < 0.01). Meanwhile, the aqueous extract led to an increment

~— In closed arm

— |n opened arm
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in these numbers by 150.00 % (p < 0.001) and 40.88 % (p < 0.01),
respectively, when compared to the kainate-treated group (Table 2).
Sodium valproate caused an increase (p < 0.001) in these numbers by
205.56 % and 42.26 %, relative to the kainate-treated group (Table 2).

3.3.3. Effects in the central zone of the open field

The number of entries in the central zone of the OF decreased
significantly (p < 0.001) by 88.39 % in kainate-treated animals relative
to the normal control (Table 3). The ethanolic extract of the plant at the
dose of 460 mg/kg caused an increase in the number of entries by
377.25 % (p < 0.001). Meanwhile, the aqueous extract led to an incre-
ment in these numbers by 132.28 % (p < 0.05), when compared to the
kainate-treated group (Table 3). Sodium valproate led an increase in this
number by 175.00 (p < 0.001) relative to the kainate-treated group
(Table 3).

A significant decrement (p < 0.001) in the latency to the first entry,
percentage time spent, and latency to the first entry to the food lid zone
(p < 0.001) by 204.79 %, 14.08 %, 204.79 %, respectively, was
observed in the animals of the kainate-treated group after comparison
with those of the normal control group. The ethanolic extract of the
plant at the dose of 920 mg/kg led to an increase in the latency to first
entry by 66.44 % (p < 0.001), percentage time spent in this zone by
27.33 % (p < 0.01), and latency to the first entry to the food lid zone
66.44 % (p < 0.001) as compared to the animals in the negative control
group. Meanwhile, the aqueous extract led to an increment in these
numbers to 71.64 % (p < 0.001), 37.80 % (p < 0.01), and 71.64 % (p <
0.001), respectively, when compared to the kainate-treated group
(Table 3). Sodium valproate caused a significant increase (p < 0.001) in
these numbers by 69.67 %, 39.07 %, and 69.67 %, respectively, when
compared to the kainate-treated group (Table 3).

3.4. Effect of the extracts of L. camara extract on GABA levels in the
hippocampus, striatum, and amygdala

GABA is reported to provide an equivalent inhibitory drive to
counteract neuronal hyperexcitation and prevent epilepsy and anxiety

7

C

~——— Other

Fig. 4. Exploratory tract plot of mice in the closed arms (red) and opened arms (blue) of the elevated zero maze. Normal control (A), Levetiracetam-treated (B),
Valproate-treated (C), Kainate-treated (D), ethanolic extract-treated (E, F, G), and aqueous extract-treated (H) groups. The red plot represents the movement of mice

in the closed arm, while the blue plot shows activity in the opened arm.
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Fig. 5. Upper panel — Effects of the extracts of L. camara extract on the distance traveled in the peripheral (A) and central (B) zones of the open field. Results were
expressed as mean, N = 7. Data were analyzed by one-way ANOVA, followed by Tukey (HSD). ***p < 0.01, vs control group, treated only with saline 0.9 %; bp <
0.01, cp < 0.001 vs disease kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg). EE, ethanolic extract; AE, aqueous extract; LC (230, 460,
920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate; DW, distilled water (10 ml/kg); Lev, levetiracetam (80 mg/kg); Val, sodium
valproate (300 mg/kg). Red plots indicate a tract plot in the peripheral zone; blue plots indicate a tract of mice in the central zone of the maze.Lower panel —
Exploratory tract plot of mice in the peripheral (red) and central (blue) zones of the open field. Normal control (A), Levetiracetam-treated (B), Valproate-treated (C),
Kainate-treated (D), ethanolic extract-treated (E, F, G), and aqueous extract-treated (H) groups.

disorders. The level of GABA was decreased (p < 0.001) in the hippo-
campus by 63.91 %, amygdala by 46.96 %, and striatum by 93.14 % of
animals treated with kainate as compared to normal control animals.
This amount was found to increase (p < 0.001) in the hippocampus by
177.50 % amygdala by 82.29 %, and striatum by 77.51 % of animals
treated with the ethanolic extract (460 mg/kg). Similar observations
were made in these zones of the brains of animals treated with the
aqueous extract of the plant i.e. hippocampus by 108.53 % (p < 0.001),
amygdala by 53.81 % (p < 0.05), and striatum by 53.68 % (p < 0.001).
Levetiracetam led to an increase in the level of this neurotransmitter in
the hippocampus by72.97 % (p < 0.01), amygdala by 32.19% (p <
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0.001), and striatum by 123.63 % (p < 0.001), relative to the kainate-
treated group. Sodium valproate led to an increase (p < 0.001) in the
level of this neurotransmitter in the hippocampus by 165.35 %, amyg-
dala by 98.72 %, and striatum by 58.74 % relative to the kainate-treated
group (Fig. 6).

3.5. Effects of the extracts of L. camara extract on MDA and GSH levels
in the hippocampus, striatum, and amygdala

3.5.1. Effects on GSH levels in the hippocampus, amygdala, and striatum
Reduced glutathione (GSH) can be used to store iron, preventing
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Table 2
Effects of the extracts of Lantana camara on some parameters in the peripheral
zone of the open field.

Treatments Number of Number of Percentage of
crossings entries time spent (%)

Nor 74.75 + 5.72 19.25 +1.11 33.31 £1.30

KA + Lev 45.75 + 7.56" 10.00 + 2.35" 22.51 + 1.45°

KA + Val 50.75 + 8.02° 13.75 + 4.53° 27.74 + 2.44°

KA + DW 33.75 &+ 7.49%** 04.50 + 2.18%** 48.04 +

3.56%**

KA + 85.75 + 13.62¢ 16.75 + 0.85° 43.16 £ 3.44°

EELC230

KA + 99.75 + 11.56° 16.25 + 1.80¢ 33.20 £ 3.20°

EELC460

KA + 97.25 + 10.15°¢ 19.75 + 2.69° 33.84 + 4.55°

EELC920

KA + 56.50 + 7.96° 11.25 + 0.48° 28.40 + 2.22°

AELC460

Results were expressed as mean + SEM, N = 7. Data were analyzed by one-way
ANOVA, followed by Tukey (HSD). ***p < 0.001, vs normal control group,
treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp < 0.001, vs kainate
group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230,
460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA,
kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

Table 3
Effects of the extracts of Lantana camara in the central zone of the open field.

Treatments Numberof Latency to Percentage of Latency to

entries the first time spent (%) entry in the
entry (s) food lid zone
(s)

Nor 15.50 + 18.80 66.69 + 1.30 18.80 + 8.78
1.55 +10.37

KA + Lev 8.75 + 26.45 77.49 + 1.45° 26.45 + 4.30°
2.02° +6.58°

KA + val 11.00 + 17.38+2.54¢ 72.26 + 2.44° 17.38 + 3.04¢
3.81°¢

KA + DW 4.00 + 57.30 £ 51.96 + 57.30 £
1.38%** 7.97%%* 3.56%** 22.88%***

KA + 12.75 + 32.77 57.84 + 3.44¢ 32.77 £ 10.22°

EELC230 1.11° +9.37°

KA + 12.75 + 20.17 66.16 + 3.20¢ 25.17 +9.03¢

EELC460 1.70¢ +5.59¢

KA + 16.00 + 19.23 + 66.16 + 4.55¢ 19.23 + 6.80¢

EELC920 2.48¢ 6.67¢

KA + 8.50 + 16.25 + 71.60 + 2.22° 16.25 + 5.49°

AELC460 0.65" 5.84¢

Results were expressed as mean + SEM, N = 7. Data were analyzed by one-way
ANOVA, followed by Tukey (HSD). ***p < 0.001, vs control group, treated only
with saline 0.9 %; ap < 0.05, bp < 0.01, cp < 0.001, vs kainate group treated
with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920),
L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate;
Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

ferroptosis. Fig. 7 shows a depletion of GSH in the hippocampus by
49.16 % (p < 0.001), the amygdala by 83.00 % (p < 0.001), and the
striatum by 35.91 % (p < 0.01), relative to the normal control group.
The ethanolic extract of the plant, at a dose of 460 mg/kg, led to an
increase in the level of GSH in the hippocampus by 37.95 % (p < 0.001),
amygdala by 23.90 % (p < 0.001), and striatum by 32.16 % (p < 0.001).
Similar observations were made in the aqueous extract-treated group i.e.
an increase in this amount in the hippocampus (58.24 %; p < 0.001),
amygdala (19.44 %; p < 0.05), and striatum (32.00 %; p < 0.01) when
compared to the kainate-treated group. Levetiracetam led to an increase
in the level of GSH in the hippocampus (61.98 %; p < 0.001), amygdala
(8.8 %; p < 0.05), and striatum (52.59 %; p < 0.001). Also, Sodium
valproate led to an increase in the level of GSH in the hippocampus
(75.21 %; p < 0.001), amygdala (47.20 %; p < 0.01), and striatum
(54.00 %; p < 0.001), relatively to the kainate-treated group (Fig. 7).
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3.5.2. Effects on MDA levels in the hippocampus, amygdala, and striatum

Malondialdehyde (MDA) is a product of ferroptosis-mediated lipid
peroxidation. Data from Fig. 8 reveals an increment in the level of MDA
in the hippocampus by 151.87 % (p < 0.001), amygdala by 83.00 % (p <
0.001), and striatum by 93.21 % (p < 0.01) of kainate-treated mice,
relatively to the normal control group. The ethanolic extract of the plant,
at a dose of 460 mg/kg, led to a decrease in the level of MDA in the
hippocampus by 50.27 % (p < 0.001), amygdala by 50.88% (p <
0.001), and striatum by 47.89 % (p < 0.001). Similar observations were
made in the aqueous extract-treated group i.e. an increase in this amount
in the hippocampus (44.00 %; p < 0.01), amygdala (53.46 %; p < 0.05),
and striatum (46.63 %; p < 0.001) when compared to the kainate-
treated group. Levetiracetam led to a decrease in the level of MDA in
the hippocampus (45.89 %; p < 0.001), amygdala (51.02 %; p < 0.001),
and striatum (48.03 %; p < 0.001). Also, sodium valproate led to a
decrease in the level of MDA in the hippocampus (48.04 %; p < 0.001),
amygdala (53.05 %; p < 0.01), and striatum (47.44 %; p < 0.001),
relatively to the kainate-treated group.

3.6. Effect of the extracts of L. camara on iron, ferritin, and transferrin
levels in the hippocampus, amygdala, and striatum

3.6.1. Effect on iron levels in the hippocampus, amygdala, and striatum

Accumulation of iron induces ferroptosis and promotes the forma-
tion of reactive oxygen species, which is responsible for epilepsy pro-
gression. The iron level was found to be increased in the hippocampus by
202.48 % (p < 0.001), the amygdala by 176.95 % (p < 0.001), and the
striatum by 141.74 % (p < 0.001) of kainate-treated mice, compared to
the normal control. The ethanolic extract of the plant at the dose of
460 mg/kg led to a decrease in the levels of iron in the hippocampus by
55.97 % (p < 0.001), amygdala by 57.68 (p < 0.001), and striatum by
56.15% (p < 0.001), relative to the kainate group. Similarly, the
aqueous extract of the plant led to a decrease in the levels of iron in the
hippocampus by 42.16 % (p < 0.001), the amygdala by 56.70 (p <
0.001), and the striatum by 50.68 % (p < 0.001), relative to the kainate
group. Levetiracetam led to a decrease in the level of this marker in the
hippocampus by 54.10 % (p < 0.001), amygdala by 57.68 % (p <
0.001), and striatum by 55.90 % (p < 0.001), relative to the kainate-
treated group. On the other hand, sodium valproate led to a decrease
in the level of this marker in the hippocampus by 46.64 % (p < 0.001),
the amygdala by 56.22 % (p < 0.001), and the striatum by 50.99 % (p <
0.001), relative to the kainate-treated group (Fig. 9).

3.6.2. Effects on ferritin level in the hippocampus, amygdala, and striatum

Ferritin is an iron storage protein and an indicator of iron overload.
Data from Fig. 10 reveals an increase in the level of ferritin in the hip-
pocampus by 110.07 % (p < 0.001), amygdala by 414.86 % (p < 0.001),
and striatum by 300 % (p < 0.001) of kainate treated-mice, compared to
the normal control. The ethanolic extract of the plant at the dose of
230 mg/kg led to a decrease in the levels of this indicator in the hip-
pocampus by 41.07 % (p < 0.001), amygdala by 76.32 % (p < 0.001),
and striatum by 38.89 % (p < 0.001), relative to the kainate group. Also,
in comparison to the kainate group, the aqueous extract of the plant led
to a decrease in the levels of iron in the hippocampus by 37.5 % (p <
0.001), amygdala by 44.74 % (p < 0.001), and striatum by 36.11 % (p <
0.001). Levetiracetam decreased the level of this marker in the hippo-
campus by 37.50 % (p < 0.001), amygdala by 68.42 % (p < 0.001), and
striatum by 72.22 % (p < 0.001), relative to the kainate-treated group.
Sodium valproate decreased in the level of this marker in the hippo-
campus by 48.21 % (p < 0.001), amygdala by 44.74 % (p < 0.001), and
striatum by 52.78 % (p < 0.001), relative to the kainate-treated group
(Fig. 10).

3.6.3. Effects on transferrin levels in the hippocampus, amygdala, and
striatum
Transferrin is an iron transporter as well as a neuroprotective agent.
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Fig. 6. Effects of the extracts of L. camara extract on GABA level in the hippocampus(A), amygdala (B), and striatum (C) Data are mean + SEM, N = 5 per group. Data
were analyzed by one-way ANOVA, followed by Tukey (HSD). ***p < 0.001 vs control group treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp < 0.001, vs
kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); Nor, control animal treated with distilled water(10 mg/kg); EE, ethanolic extract; AE,
aqueous extract; LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate; Lev, levetiracetam (80 mg/kg;); Val, sodium

valproate (300 mg/kg).
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Fig. 7. Effect of the extracts of L. camara extract on GSH levels in the hippocampus (A), amygdala (B), and striatum (C). Results were expressed as mean + SEM, N =

7. Data were analyzed by one-way ANOVA, followed by Tukey (HSD). **

*p < 0.001, vs control group, treated only with saline 0.9 %; ap < 0.05, bp < 0.01, ¢p <

0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg,
respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

Data from Fig. 11 reveals a decrease in the level of transferrin in the
hippocampus by 44.44 % (p < 0.001), amygdala by 33.33% (p <
0.001), and striatum by 33.33 % (p < 0.001) of kainate-treated mice,
compared to the control. The ethanolic extract of the plant at the dose of
230 mg/kg led to an increase in the levels of this protein in the hippo-
campus by 40.00 % (p < 0.001), amygdala by 64.29 % (p < 0.001), and
striatum by 50.00 % (p < 0.001), relative to the kainate group. The
aqueous extract of the plant led to an increase in the levels of this protein
in the hippocampus by 40.00 % (p < 0.001), amygdala by 57.14 % (p <
0.001), and striatum by 31.25 % (p < 0.001), relative to the kainate
group. Levetiracetam led to a decrease in the level of this marker in the
hippocampus by 60.0 % (p < 0.001), amygdala by 57.14 % (p < 0.001),
and striatum by 56.25 % (p < 0.001), relative to the kainate-treated
group. On the other hand, sodium valproate led to a decrease in the
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level of this marker in the hippocampus by 72.00 % (p < 0.001), the
amygdala by 57.14 % (p < 0.001), and the striatum by 62.50 % (p <
0.001), relative to the kainate-treated group (Fig. 11).

3.7. Effects of the extracts of Lantana camara on the histology of the
hippocampus, amygdala, and striatum

3.7.1. Effects of the extracts of Lantana camara on the microarchitecture
and percentage of degenerating neurons in the Cornu ammonis 1 and dentate
gyrus of the hippocampus

Fig. 12 (upper panel) shows the hematoxylin-eosin stain of the CAl
and dentate gyrus of the hippocampus. The micro-architecture of the
hippocampus of the normal control group showed healthy neurons in
the CA1 and DG (Fig. 12 Al and A2, respectively). Compared to the
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Fig. 8. Effect of the extracts of L. camara extract on MDA levels in the hippocampus (A), amygdala (B), and striatum (C). Results were expressed as mean + SEM, N =

7. Data were analyzed by one-way ANOVA, followed by Tukey (HSD). ***p <

0.001, vs control group, treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp <

0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg,
respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).
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Fig. 9. Effect of the extracts of L. camara on iron levels in the hippocampus (A),
were analyzed by one-way ANOVA, followed by Tukey (HSD). ***p

amygdala (B), and striatum (C). Results were expressed as mean + SEM, N = 7. Data

< 0.001, vs normal control group, treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp <

0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg,
respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

normal control and the extract-treated groups, the kainate-treated group
showed shrunken and/or pyknotic nuclei and granular cell dispersion
(Fig. 12 D1). Also, regions with neuronal loss and a cluster of degen-
erated neurons (encircled region) were observed in the dentate gyrus of
this group (Fig. 12 D2). Fewer malformations are observed in these re-
gions in the extract treatment groups (Fig. 12 E1 and 2, F1 and 2, G1 and
2, and H1 and 2), as well as levetiracetam (Fig. 12 Bl and 2) and
valproate-treated groups (Fig. 12 C1 and 2).

Neuronal counting in the CAl and dentate gyrus regions of the
amygdala using ImageJ software revealed a significant increase (p <
0.001) in the percentage of degenerating neurons in kainate-treated
mice compared to the normal control group (Fig. 12: lower panel).
These increments were by 192.55% and 100.56 %, respectively.
Compared to the kainate-treated group, treatment with the ethanolic
extract (460 mg/kg) of the plant significantly (p < 0.001) reduced the
percentage of degenerating neurons by 58.36 % and 31.62 %, respec-
tively in the CAl and dentate gyrus regions. Similarly, treatment with
the aqueous extract of the plant significantly (p < 0.01) reduced the
percentage of degenerating neurons by 48.07 % and 24.36 %, respec-
tively in the CA1 and dentate gyrus regions, compared to kainate-treated

mice. Significant reductions (p < 0.01) in these numbers were observed
in the Levetiracetam-treated group (CA1l: 42.48 %; Dentate gyrus:
20.64 %) as well as the valproate-treated group (CAl: 41.75 %; Dentate
gyrus: 22.88 %), compared to the kainate group (Fig. 12: lower panel).

3.7.2. Effects of the extracts of Lantana camara on the microarchitecture
and percentage of degenerating neurons in the amygdala

Microscopic analysis of the basolateral nucleus of the amygdala
following hematoxylin and eosin staining revealed several pathological
features in kainate-treated mice compared (Fig. 13D, upper panel) to the
normal control group (Fig. 13A, upper panel). These included prominent
eosinophilia of the cytoplasm, with some neurons exhibiting kar-
yopyknosis (shrunken nuclei) or pyknosis (condensed and hyper-
chromatic nuclei). Additionally, kainate treatment induced neuronal
swelling and vacuolation (formation of cavities within the cell)
(Fig. 13D). Notably, these changes were substantially more evident in
the striatum of mice treated with kainate. Furthermore, kainate
administration resulted in the development of lipid vacuolation within
the brain parenchyma of these mice. Interestingly, the observed patho-
logical changes were completely reversed in mice treated with extracts
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Fig. 10. Effect of the extracts of L. camara on ferritin levels in the hippocampus (A), amygdala (B), and striatum (C). Results were expressed as mean + SEM, N = 7.
Data were analyzed by one-way ANOVA, followed by Tukey (HSD). ***p < 0.001, vs control group, treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp < 0.001,
vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively;
KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).
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Fig. 11. Effect of the extracts of L. camara on transferrin levels in the hippocampus (A), amygdala (B), and striatum(C) Results were expressed as mean + SEM, N =
7. Data were analyzed by one-way ANOVA, followed by Tukey (HSD). ***p < 0.001, vs control group, treated only with saline 0.9 %; ap < 0.05, bp < 0.01, cp <
0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg,
respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

(Fig. 13E, F, G, and H), levetiracetam (Fig. 13B), or valproate (Fig. 13C).

Quantification of neurons in the basolateral nucleus area of the
amygdala using ImageJ software revealed a significant increase (p <
0.001) in the percentage of degenerating neurons in kainate-treated
mice compared to the control group (Fig. 13: lower panel). Treatment
with the ethanolic extract (230 mg/kg) and the aqueous extract of the
plant significantly (p < 0.001) reduced the percentage of degenerating
neurons by 42.43 % and 41.78 %, respectively, compared to kainate-
treated mice. Similarly, levetiracetam and sodium valproate adminis-
tration resulted in significant reductions (p < 0.001) in the percentage of
degenerating neurons by 41.12 % and 54.94 %, respectively, compared
to the kainate group (Fig. 13: lower panel).
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3.7.3. Effects of the extracts of Lantana camara on the microarchitecture
and percentage of degenerating neurons in the striatum

Hematoxylin and eosin staining of the striatum (Caudate Putamen)
revealed various characteristics of degenerating neurons, including
significant eosinophilic cytoplasm with or without shrunken nuclei,
pyknotic nuclei, and neuron enlargement and vacuolization. These
features were more apparent in the striatum of kainate-treated mice
(Fig. 14D) than in the normal control group (Fig. 14A). Additionally,
kainate treatment caused lipid vacuolation in the brain’s parenchyma of
these mice (Fig. 14D). The changes were completely reversed in extract-
treated mice (Fig. 14E, F, G, and H), as well as those treated with lev-
etiracetam (Fig. 14B) and sodium valproate (Fig. 14C).

Image J neuronal counting of the caudate-putamen revealed an
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Fig. 12. Upper panel — Microphotographs of the Cornu ammonis 1 and dentate gyrus after hematoxylin and eosin staining (x 100). DG: dentate gyrus; CAl: Cornu
ammonis 1; A1 and A2, Normal control groups; B1 and B2, Levetiracetam-treated groups; C1 and C2, Valproate-treated groups; D1 and D2, Kainate-treated groups;
El, F1, G1, and E2, F2, G2, ethanolic extract-treated groups at 230, 460, and 920 mg/kg, respectively; H1 and H2, aqueous extract-treated groups. Normal neurons
(stars) can be obtained with rounded nuclei and intact nucleoli. Prominent eosinophilic cytoplasm with or without shrunken nuclei (full arrow), pyknotic nuclei (dash
arrows), and neuron swelling and vacuolation (double arrows) are characteristics of degenerating neurons. Scale bar —50 um. Lower panel - Percentage of
degenerating neurons in the Cornu ammonis 1 (A) and dentate gyrus (B) after ImageJ neuronal cell count. Data are mean + SEM, N = 4 per group. ***p <
0.001, vs control group treated only with saline 0.9 %; bp < 0.01, cp < 0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water (10 ml/kg); LC
(230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate (300 mg/kg).

increase in the percentage of degenerating neurons in kainate-treated
mice by 13.61 %, (p < 0.001) relative to the normal control. The
ethanolic extract (460 mg/kg) as well as the aqueous extract led to a
decrease in the percentage of degenerating neurons by 55.32 %, (p <
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0.001) and 39.30 %, (p < 0.001), respectively when compared to the
kainate-treated mice. Levetiracetam as well as sodium valproate led to a
decrease in the percentage of degenerating neurons by 42.82 %, (p <
0.001) and 35.07 %, (p < 0.01), respectively relatively to the kainate-
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Fig. 13. Upper panel — Microphotographs of the amygdala (Basolateral nucleus) after hematoxylin and eosin staining (x 100). A, Normal control; B, Levetiracetam-
treated group; C, Valproate-treated group; D, Kainate-treated group; E, F, G, ethanolic extract-treated groups at 230, 460, and 920 mg/kg, respectively; H, aqueous
extract-treated group. Normal neurons (stars) can be obtained with rounded nuclei and intact nucleoli. Prominent eosinophilic cytoplasm with or without shrunken
nuclei (full arrow), pyknotic nuclei (dash arrows), and neuron swelling and vacuolation (double arrows) are characteristics of degenerating neurons. Scale bar —50
pm. Lower panel - Percentage of degenerating neurons in the amygdala (Basolateral Nucleus) after ImageJ neuronal cell count. Data are mean + SEM, N = 4
per group. ***p < 0.001, vs control group treated only with saline 0.9 %; bp < 0.01, cp < 0.001, vs kainate group treated with kainate (10 mg/kg) and distilled water
(10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val, sodium valproate
(300 mg/kg).

treated mice (Fig. 14). were potential explanations for the observed effects (Kandeda et al.,
2022) Some traditional practitioners treat these ailments with an etha-

4. Discussion nolic extract of the same plant’s leaves. The antiepileptic and anxiolytic
properties of this extract have not been studied. The increasing literature

Kankeda et al. conducted significant research on the antiepileptic and also emphasizes the importance of ferroptosis in the development of
anxiolytic properties of an aqueous extract of Lantana camara leaves. epilepsy and anxiety disorders. The effect of the two extracts on
These authors suggested that antioxidation and GABAergic modulation ferroptosis-related brain indicators has yet to be explored. This research
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Fig. 14. Upper panel — Microphotographs of the striatum (caudate putamen) after hematoxylin and eosin staining (x 100).A, Normal control; B, Levetiracetam-
treated group; C, Valproate-treated group; D, Kainate-treated group; E, F, G, ethanolic extract-treated groups at 230, 460, and 920 mg/kg, respectively; H,
aqueous extract-treated group. Normal neurons (stars) can be obtained with rounded nuclei and intact nucleoli. Prominent eosinophilic cytoplasm with or without
shrunken nuclei (full arrow), pyknotic nuclei (dash arrows), and neuron swelling and vacuolation (double arrows) are characteristics of degenerating neurons. Scale
bar —50 um. Lower panel - Percentage of degenerating neurons in the amygdala (Basolateral Nucleus) after ImageJ neuronal cell count. Data are mean +
SEM, N = 4 per group. ***p < 0.001, vs control group treated only with saline 0.9 %; bp < 0.01, cp < 0.001, vs kainate group treated with kainate (10 mg/kg) and
distilled water (10 ml/kg); LC (230, 460, 920), L. camara at the doses of 230, 460, and 920 mg/kg, respectively; KA, kainate; Lev, levetiracetam (80 mg/kg); Val,

sodium valproate (300 mg/kg).

delved into the potential benefit of consuming both extracts from
L. camara for addressing epilepsy and anxiety disorders using kainate
model. Emphasis was laid on the potentials of extracts of L. camara to
inhibit ferroptosis.

Kainate is a glutamate analogue and agonist. Neuronal excitotoxicity
following glutamate pathway aberrations, seizures and anxiety, ferrop-
tosis, and neurodegeneration are reported features of the kainate model
of epilepsy (Lapouble et al., 2006; Scott et al., 2017). In the current
study, the number and duration of seizures in mice treated with KA were
significantly higher than in the normal control group. These results
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corroborate those of Kandeda et al. and Sedaghat (Kandeda et al., 2022;
Sedaghat et al., 2017). These parameters were significantly reversed in
the extract-treated groups as well as in both the levetiracetam and val-
proate treatment groups, comparably to those reported in the KA group.
Similar findings were found in several investigations using the kainate
model (Xie et al., 2022; Zhang et al., 2022). In these studies, a reduction
in the frequency and duration of seizures indicated an alleviation of
seizure-like behavior. The results obtained in the current suggests that
the ethanolic extract of the plant, similar to the aqueous extract, can
reduce seizure-like behavior in mice.
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This study used two mazes to investigate anxiety-like behavior in
mice. In the elevated zero maze, mice treated with KA exhibited a lower
total distance travelled, average speed, number of entries into the closed
arm, and percentage of time spent in the open arm compared to the
control group. Similar results were obtained by Maaroufi et al. and
Kandeda et al. and suggest anxiety-like behavior (Kandeda et al., 2022;
Maaroufi et al., 2009). The propagation of seizures and their deleterious
consequences to zones of the brain such as the hippocampus, striatum,
and amygdala involved in the control of emotions and anxiety could be
responsible for these observed effects (Zimcikova et al., 2017). The
treatment with the extracts of the plant led to a notable reversion of the
above-assessed parameters. Extract-treated mice in the periphery zone
demonstrated positive results in the open field with regard to of distance
traveled, number of crossings, number of entrances, percentage of time
spent, longest visit, and average duration of visit. In the central section
of the maze, positive results were also attained in terms of travel dis-
tance, number of entries, latency to the first entry, percentage of time
spent, average speed, and latency to the first entry to the food lid zone.
According to these findings, the maze’s the central zone, which is the
most anxiogenic location, has been thoroughly investigated by
extract-treated mice. According to emerging literature, anxiolytic ac-
tions are suggested by the ease with which animals explore such settings
(Prut and Belzung, 2003; Pulga et al., 2012). Similar observations were
made in mice treated with valproate, a reference antiepileptic and
anxiolytic drug. These results suggest that the plant’s extracts might
alleviate anxiety disorders.

In our current research, we observed a significant decrease in GABA
levels within the striatum, amygdala, and hippocampal regions of KA-
treated mice compared to the control group. Loss of inhibitory in-
terneurons during epilepsy leads to a reduction in GABA release and
impairments in neuromodulation. This decrease correlates with seizure
activity and anxiety-related behaviors, as reported by numerous studies
(Vinti et al.,, 2021; Kandeda et al., 2022; Hingray et al., 2019).
Furthermore, emerging evidence suggests that brain iron status plays a
crucial role in regulating GABA levels (Ye et al., 2019). Dysregulation of
iron levels can result in emotional and psychological disturbances due to
its essential role in the proper functioning of GABA shunt enzymes
(Maaroufi et al., 2009; Rouault and Cooperman, 2006). This suggests
that the aforementioned epileptic and anxiety-like behaviors observed
in mice may be attributed to impairments in iron level modulation. The
extract-treated groups, as well as positive controls, exhibited elevated
GABA levels compared to the KA-treated group. Several studies have
proposed that the anti-seizure and anxiolytic-like effects of these ex-
tracts may be mediated by an increase in the inhibitory drive provided
by GABA. This could explain the observed antiepileptic and anxiolytic
effects in the extract-treated groups. Our previous research indicated
that the plant’s aqueous extract regulates GABA levels by influencing
L-GAD activity and GABA transaminase (Kandeda et al., 2022).

Ferroptosis is a kind of iron-dependent programmed cell death
characterized by a high production of lipid-based reactive oxygen spe-
cies, iron overload, and neuronal degeneration. The detrimental rela-
tionship between ferroptosis and the KA-induced epilepsy model was
established by Cai and Yang, (2021)). Glutamate accumulation is re-
ported to trigger ferroptosis by blocking the glutamate/cysteine anti-
porter pathway, which is necessary for the synthesis of GSH (Cai and
Yang, 2021; Maher et al., 2018). Moreover, emerging studies have
shown that the level of GSH and the labile iron pool are intimately
linked. Indeed, GSH can retain iron. Thus, the depletion of GSH results in
the release and accumulation of iron (Friedmann Angeli et al., 2014;
O’keeffe et al., 2021; Chen et al., 2024). Iron is essential for energy
metabolism, biosynthesis, neurotransmission, and myelination, as well
as for neuronal activity and appropriate physiological function (Rouault
and Cooperman, 2006). Indeed, dysregulation and accumulation of iron
contribute to the Fenton reaction, which induces the generation of free
radicals and other reactive oxygen species contributing to ferroptosis
(Cao and Dixon, 2016). Thus, the current study’s reported increase in
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iron levels and decrease in GABA levels is most likely due to a drop in
GSH levels in the investigated mouse brain areas. Cai et Yang and Maher
observed similar results (Cai and Yang, 2021; Maher et al., 2018). In the
meantime, the groups that received the extract saw a considerable in-
crease in GSH levels. Ye et al., Shao et al., Shao et al., and Zhang et al. all
published results that were comparable to this one (Ye et al., 2019;
Zhang et al., 2022; Shao et al., 2020; Shao et al., 2022). This result
suggest that the extracts of the plant shows anti-ferroptotic activities by
modulating GSH levels. Additionally, the hippocampus, striatum, and
amygdala of extracts-treated mice showed high amounts of transferrin
and low levels of ferritin relatively to the KA-treated group. A low
amount of the protein ferritin, which stores iron, in the brain is indic-
ative of low availability of iron (Koorts and Viljoen, 2007). The extra-
cellular iron transporter transferrin, on the other hand, is recognized as a
critical positive regulator of ferroptotic cell death (Gomme et al., 2005).
Increased transferrin availability has been reported as an approach to
mitigate iron influx into neuronal cells and preventing ferroptosis from
occurring. Indeed, Transferrin has revealed antioxidant properties, iron
regulation, and facilitation of drug delivery potentials in a Parkinsonian
subtansia nigra (Ayton et al., 2016; Daruich et al., 2019). Similar results
were obtained in mice treated with sodium valproate. Valproate has
revealed potent anti-ferroptotic activities over the years (Li et al., 2020;
Kong et al., 2024). Numerous authors revealed similar findings and re-
ported inhibition of ferroptosis (Hou et al., 2016; Gao et al., 2015; Park
and Chung, 2019). These findings suggest that the plant’s extracts
inhibit ferroptosis by its action on transferrin and ferritin.

Iron can cause lipid peroxidation and ferroptosis by attacking poly-
unsaturated fatty acids in cell membranes. Iron possibly starts non-
enzymatic Fenton reactions and can be integrated into enzymes that
produce ROS (Friedmann Angeli et al., 2014; Lei et al., 2019). This
stimulates the peroxidation of lipids, producing molecules like malon-
dialdehyde (Friedmann Angeli et al., 2014; Lei et al., 2019). In this
investigation, the MDA level was considerably higher in the KA-treated
group than in the control group. This corroborates accumulating studies
(Mao et al., 2019; Cai and Yang, 2021; Fikry et al., 2024). The level of
this marker was significantly reduced in the extract-treated groups.
Many authors obtained similar results (Zhang et al., 2022; Jia et al.,
2020; Hao et al., 2022). This result lend support to the hypothesis that
the ethanolic and aqueous extracts of the plant have anti-ferroptotic
potentials. Moreover, ferroptosis and lipid peroxidation disrupt
normal cell physiology. This in turn increases oxidative stress and ag-
gravates neuronal damage. In our previous study on kainate model of
epilepsy, we reported high levels of nitrites and superoxide dismutase
indicative of oxidative stress (Kandeda et al., 2022). Iron, by inducing
lipid peroxidation and oxidative stress, can lead to neurodegeneration.
Ferroptosis is thus characterized by neurodegeneration and neuronal
disorganization (Reichert et al., 2020; Ren et al., 2023). Furthermore,
KA-induced excitotoxicity and DNA methylation occurring during fer-
roptosis are responsible for the pyknotic nuclei observed in brains
(Dixon et al., 2012). These alterations were observed in the dentate
gyrus, CAl, striatum, and amygdala of KA-treated mice after Hema-
toxylin and eosin stain. Similar results were obtained by numerous au-
thors (Yao et al., 2019; Chen et al., 2021). Fewer of the above-mentioned
alterations were observed in the brains of extract-treated mice. Firky et
al. (Fikry et al., 2024) obtained a similar result. Chen et al. also observe
neuroprotection was achieved primarily by suppressing neuronal fer-
roptosis (Chen et al., 2024). This signifies that the extracts effectively
protected the brain of mice against ferroptosis-induced hippocampal,
amygdala, and striatal alterations. These results might be the explana-
tion for the antiepileptic and anxiolytic effects observed in this study
since the neurons of these brain regions play a critical role in the
modulation of anxiety and the initiation of seizures.

5. Conclusion

This study is the first to investigate the effects of extracts of an
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ethanolic and aqueous extract of Lantana camara on a kainate model of
epilepsy and anxiety disorders with highlights on some ferroptosis
markers. It was observed that the extracts: led to a reduction in the
number and duration of epileptic seizures; improved anxiety responses
in the elevated zero maze and open field; improved GABA levels;
reduced iron levels by modulating iron homeostasis; increased GSH
levels while decreasing MDA levels; and preserved the micro-
architecture of the hippocampus, striatum and amygdala. However,
research into the effect of the plant on ferroptosis in epilepsy is still at an
early stage. Firstly, the specific molecules responsible for these effects
have yet to be identified in terms of type and quantity. Secondly, the
effect of the plant extract on other markers of ferroptosis needs to be
established. Thirdly, more mechanistic approaches by these molecules
against ferroptosis pathways need to be elucidated. Regardless, the re-
sults of this study confirm the claims of some traditional healers in
Cameroon regarding the use of various extracts of the plant against
epilepsy and its comorbidities.
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