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Objective: Temporal lobe epilepsy (TLE) is a prevalent refractory partial epilepsy
seen in clinical practice, with most cases originating from the hippocampus
and being characterized by impaired learning and memory. Oxidative stress
plays a direct role in the development of epilepsy and neurodegeneration
while promoting cognitive dysfunction. Previous research indicates that benzyl
isothiocyanate (BITC) has antioxidative stress properties and contributes to
neuroprotection. In this study, we aimed to investigate the neuroprotective
effect of BITC on a lithium-pilocarpine-induced temporal lobe epileptic mice
model.

Methods: We conducted Intellicage learning tests, Morris water maze, open
field test, and step-down-type passive avoidance tests, respectively. In addition,
body weight and brain-to-body ratio were calculated. Nissl staining, real-time
quantitative PCR detection of nuclear factor erythroid 2-related factor 2 (Nrf2),
heme oxygenase 1 (HO-1) and NAD(P)H dehydrogenase quinone 1(NQO1) were
performed. Content of malondialdehyde (MDA) and activities of superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px) and total antioxidant capacity
(T-AOC) were determined.

Results: Our results demonstrate that BITC enhances cognitive function and
motor ability in mice, as determined by Intellicage learning tests, Morris water
maze, open field test, and step-down-type passive avoidance tests, respectively.
Epilepsy leads to the loss of neurons in the CA3 region, while BITC treatment
plays a positive role in neuroprotection, especially in the cortex. In comparison
to the control group, the EP group exhibited decreased transcription levels of
HO-1 and NQOY, alongside reduced GSH-Px activity, while MDA content was
elevated. Conversely, the BITC treatment group, when compared to the EP
group, showed enhanced transcription levels of Nrf2, HO-1, and NQO1, along
with increased GSH-Px activity, and a decrease in MDA content.

Conclusion: In summary, our study provides evidence that BITC can improve
cognitive impairments in pilocarpine-induced epileptic mice, demonstrating
significant antioxidant effects and neuroprotective properties. This highlights its
potential as a phytochemical for managing the sequelae of epilepsy.
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1 Introduction

Epilepsy is a clinical syndrome characterized by highly
synchronized abnormal neuronal discharges in the brain, resulting
from various etiologies (1). It is a common neurological disorder, with
approximately 30% of cases being refractory epilepsies (2). Among
these, temporal lobe epilepsy is the most prevalent type (3). Patients
with temporal lobe epilepsy often exhibit a wide range of cognitive
dysfunctions, which significantly impairs their quality of life (4, 5).
Good cognitive function is essential for daily activities that require
perception, attention, memory, and other cognitive processes (6).
However, temporal lobe epilepsy can cause structural abnormalities
in multiple cognitive brain areas, slow down cognition, diffuse
functional connections, and severely impair patients’ cognitive
function (7). Additionally, the increase in oxidative stress persists
throughout the development of epilepsy, leading to neuronal damage
and cognitive impairment (8). Intellicage learning tests, Morris water
maze tests, open field tests, and step-down type passive avoidance tests
are widely used to evaluate rodents’ learning and memory abilities (9).
Nerve cells are the most fundamental structural and functional units
of the nervous system (10), and the number of nerve cells closely
relates to cognitive function and memory ability. The hippocampal
region is a vital component of the limbic system, which regulates
learning, memory, and behavior (11). Therefore, the number of nerve
cells and the results of neurobehavioral tests can reflect the
neurodegenerative changes in animals to some extent. While surgery
is the preferred method for the treatment of refractory temporal lobe
epilepsy, it carries an elevated risk, a high cost, and many factors that
affect the outcome (3). Therefore, there is an ongoing need for research
and application of economic, safe, and effective antiepileptic drugs in
temporal lobe epilepsy.

In recent years, the bioactive substances in cruciferous vegetables
have attracted great attention in the field of health and wellness.
Phenolic compounds, organic sulfides, carotenoids, and vitamins
collectively contribute to the health-promoting attributes of
cruciferous vegetables (12). Among these, benzyl isothiocyanate
(BITC) is a natural component with remarkable properties. Numerous
studies have demonstrated that BITC has a variety of beneficial effects,
including anti-inflammatory, antioxidant, anti-cancer, and
cytoprotective properties (13-15). BITC has been the subject of
several studies due to its potential in modulating the levels of
malondialdehyde (MDA), catalase (CAT), superoxide dismutase
(SOD), and glutathione peroxidase (GSH-Px), and enhancing the
cellular antioxidant defense mechanism (16). The nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway plays a vital role in the
regulation of antioxidant enzymes (17). Moreover, the ability of BITC
to modulate inflammation, oxidative stress, and apoptosis through
Nrf2/ heme oxygenase 1 (HO-1) and nuclear factor kappa-B (NF-xB)
signaling pathways has been highlighted (13). It has been suggested
that some plant-derived phytochemicals, including BITC, could
be effective in the prevention and/or management of diseases
associated with oxidative stress and inflammation (18). Despite the
insights provided by previous studies regarding the molecular role of
BITG, there are still significant gaps, particularly in understanding its
potential impact on neurological function, especially in pilocarpine-
induced epileptic mice. The complex interaction between bioactive
compounds and neurological function remains a compelling area of
inquiry. Consequently, this study aims to bridge this knowledge gap
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by investigating whether BITC can indeed improve the cognitive
impairment in epileptic mice and play a neuroprotective role. By
exploring this unknown aspect, our objective is to contribute valuable
insights to the ongoing discussions on the multifaceted benefits of
cruciferous vegetables and their potential applications in promoting
neurohealth. This investigation is anticipated not only to enhance our
comprehension of the impact of BITC, but also to pave the way for
new therapeutic interventions in the field of cognitive health.

2 Materials and methods
2.1 Reagent

BITC (purity: >98.0%), pilocarpine (purity: >98%), and atropine
(purity: >98.0%) were obtained from Sigma-Aldrich Corporation (St
Louis, Missouri); lithium chloride was purchased from Tianjin Haijing
Chemical Co. LTD (Tianjin, China); Nissl staining solution was
obtained from Beyotime Corporation (Shanghai, China); total RNA
extraction kit (Omega), reverse transcription kit, RT-PCR SYBR kit
(Dalian Takara); GSH-Px, T-SOD, T-AOC, and MDA assay kits
(Nanjing Jiancheng Bioengineering Institute). All other reagents were
obtained from commercial sources with the highest purity available.

2.2 Animals and treatment

Healthy 20-week-old C57BL/6] mice were provided by Ningxia
Medical University Experimental Animal Center (IACUC Animal
code: SCXK (Ning) 2017-0001). Mice were kept in a 12-h cycle of light
and dark, with temperatures controlled at 22°C+2°C, the humidity of
55% + 15%, and food and water ad libitum. The Animal Care and Use
Committee of Ningxia Medical University approved the experiment
(no. NXMU2020-021), which complied with the National Institute of
Health’s Guide for the Care and Use of Laboratory Animals. All efforts
were made to minimize suffering and the number of animals.

An acute epilepsy model in mice was established by randomly
dividing male mice into three groups (11 per group): a control group,
an epilepsy (EP) group, and an EP group treated with BITC
(EP +BITC). Mice in the EP + BITC group were administered 10 mg/
kg BITC dissolved in corn oil via gavage once daily; mice in the EP
and control groups were injected with an equivalent volume of corn
oil as a placebo, with the treatment lasting for 7 days. The temporal
lobe epilepsy model in mice was induced as follows: first, lithium
chloride (130mg/kg body weight) was injected 18h before the
administration of pilocarpine (290 mg/kg body weight). Then, 2h
later, anesthesia was performed using isoflurane, and the brain was
extracted. In each group, 3 mice were selected for perfusion to collect
brain tissue, and the remaining 8 were used to obtain fresh brain
tissue samples.

Status epileptic mouse model: Male mice were randomly divided
into 3 groups (n=10) by weight: a control group and epilepsy (EP)
group with or without BITC treatment. Animal treatments are shown
in timeline (Figure 1). Temporal lobe epilepsy was induced in epilepsy
group and BITC intervention group (EP +BITC) at the beginning of
the experiment whereas the mice in control group were treated with
saline. The lithium-pilocarpine-induced temporal lobe epileptic mice
was carried out as follows: Mice were injected with lithium chloride
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FIGURE 1
Scheme of animal treatments.

(130mg/kg bodyweight, ip.) 18h before pilocarpine (290 mg/kg
bodyweight, i.p.) injection. Mice in the EP+BITC group were
treatment by gavage with 10 mg/kg BITC (dissolved in corn oil) once
a day during the whole experiment, and mice in the EP group and
control group were injected with gastric equivalent vehicle. All mice
were weighed weekly.

Behavioral tests for mice were performed on the 60th days after
treatment, and then animals were sacrificed 5days after the last
behavioral test to calculate brain-to-body weight ratio and to conduct
Nissl’s Staining.

2.3 Behavioral tests

The behavioral test for mice was performed in a quiet enclosed
room at a temperature of 22 + 2°C. There is a video camera connected
to a computer directly above the center of the experimental area
during Morris water maze, open field test, step-down-type passive
avoidance tests.

2.3.1 Intellicage learning tests

Intellicage (TSE Systems GmbH, Germany) is equipped with four
chambers located in four corners. Each chamber contains two water
bottles and a transponder reader antenna that registers the microchip
of the entering mice. Infrared beam-break sensors were programmed
to keep open or closed upon nose-poke response. Microchips were
implanted into subcutaneous part of nuchal region of each mouse to
ensure data to be separated by each individual mouse. The
experimental procedure was as follows [refer to previously described
with major modification (19)]:

Divided into 5 parts:

Free exploration: The mice were allowed to explore freely and
familiarize themselves with the environment for 3 days. All doors were
opened, and all water bottles were available. The number of corner
visits and numbers of drinks of each mouse were recorded.

Nose-poke learning: During these 3 days, all doors were closed
initially, and mice need to nose-poke to open the door to drink water.
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The number of corner visits were recorded to calculate corner
preference of each mouse.

Behavioral extinguishment: Mice were allowed to do free
exploration for 1day to extinguish the previous learning behavior.

Positive position learning: During 3 days of test, each mouse’s least
preferred corner was defined as “right” corner, while the remaining
corners would be defined as “wrong” corners. The doors would
be opened and the mice were allowed to drink after they nose-poked
the “right” corner. The number of right visits and number of drinking
were recorded to evaluate the positive position learning abilities of
the mice.

Reversed position learning: During these 3 days, the opposite
corner of the previous “right” corner would be defined as the new
“right” corner, while the remaining corner would be defined as new
“wrong” corners. The doors would be opened and the mice were
allowed to drink after they nose-poked the “right” corner. The number
of right visits and number of drinking were recorded to evaluate the
reversed position learning abilities of the mice.

All mice were washed out for 5days at the end of Intellicage
learning tests.

2.3.2 Morris water maze

A five-day Morris water maze procedure was carried out as
described previously (20) after Intellicage learning tests, and the
escape latency in escape trials and the passing times in the probe trials
were recorded. And the mice were washed out for 5 days at the end of
Morris water maze.

2.3.3 Open field test

The test was executed as described previously (20) after Morris
water maze, and immobility time in the central area (latency), times
of cross grids, and times of uprights were recorded. A three-day
wash-out period would be conducted after the open field test.

2.3.4 Step-down-type passive avoidance tests

YLS-3TB platform recorder (Yiyan Technology, Jinan, China) was
used to conduct Step-Down-Type passive avoidance tests follow the
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methods we described before (21). Escape latency and numbers of
errors in training session and Step-down latency and numbers of
errors in retention test were recorded.

The mice would be sacrificed after a five-day wash-out.

2.4 Brain-to-body weight ratio

After anesthetized with isoflurane, the mice were weighed, and
brains were quickly isolated and washed with ice-cold saline. The
brain-to-body weight ratio were calculated according to the
following formula:

Brain — to — body weight ratio = Brain mass (mg)/ Weight (g)

2.5 Nissl's staining

The brains from Bregma —2.5mm to —3.5mm were removed,
post-fixed with 4% paraformaldehyde (pH 7.4), and dehydrated with
30% sucrose solution. Coronal sections (40 pm) were obtained with a
cryostat and washed with phosphate buffer. After stained with crystal
violet solution at 56°C for 30 min, followed by washing with distilled
water. Sections were differentiated with 1% hydrochloric acid ethanol
solution until the backgrounds were nearly colorless. Dehydration was
carried out by 70% alcohol, 80% alcohol, and 95% alcohol, respectively,
for 2min, and then by anhydrous alcohol twice for 5min. Then
sections were transparentized with xylene, and sealed. The changes in
the morphology and number of nerve cells in hippocampal CA1, CA3,
and CORTEX areas were observed with an optical microscope.

2.6 Real-time quantitative PCR

Real-time quantitative PCR was employed to assess the mRNA
levels of HO-1, NAD(P)H dehydrogenase quinone 1 (NQO1), and
Nrf2 in the hippocampal tissues of diverse mouse groups. Initially,
total RNA was extracted from each sample, and the total mRNA
concentration was standardized to 500 ng/pL. Subsequently, mRNA
underwent reverse transcription to form cDNA. The reverse
transcription reaction system comprised: 5X PrimeScript RT Master
Mix (Perfect Real Time) 2 pL, total mRNA 1 pL, and sterile water 7 pL.

GAPDH served as the internal reference, followed by PCR
amplification. The specific primers were as follows:

HO-1 primers:

Forward: 5’-CAAGCCGAGAATGCTGAGTTCATG-3’

Reverse: 5-GCAAGGGATGATTTCCTGCCAG-3

NQOL1 primers:

Forward: 5-AGGATGGGAGGTACTCGAATC-3

Reverse: 5-AGGCGTCCTTCCTTATATGCTA-3’

Nrf2 primers:

Forward: 5-AAAATCATTAACCTCCCTGTTGAT-3’

Reverse: 5-CGGCGACTTTATTCTTACCTCTC-3

The PCR amplification system comprised: TB Green Premix Ex
Tap IT 12.5 pL, forward primer 1 pL, reverse primer 1 pL, Sterile water
8.5uL and cDNA 2pL. Reaction conditions were as follows:
pre-denaturation at 95°C for 30s, followed by 40 cycles, each cycle
involving denaturation at 95°C for 15s, annealing at 58°C for 30, and
extension at 72°C for 30s.
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2.7 Enzymatic assay measurements

Isolate the mouse cortex and use an ultrasonic tissue disruptor to
prepare a 10% tissue homogenate, centrifuge at 2000 rpm for 15min
at 4°C, and carefully aspirate the supernatant. The activity of tissue
T-SOD, MDA, GSH-Px, and total antioxidant capacity (T-AOC) were
determined and calculated as follows. Protein concentration: Take the
sample to be tested, add Coomassie Brilliant Blue G-250 solution for
color development, mix thoroughly, then use an enzyme-linked
immunosorbent assay reader at 595nm wavelength for colorimetry,
record the absorbance value and calculate the protein concentration
in the solution based on the standard curve. T-SOD: Dilute the above
tissue homogenate to 2.5%, add substrate and incubate at 37°C for
20 min, read with an ELISA reader at 450 nm, and calculate. SOD
activity=(OD value after enzyme tube zeroing - OD value after
non-enzyme tube zeroing) x 1,000 / (OD value after enzyme tube
zeroing X 134x2.5% tissue homogenate protein concentration).
MDA: Use a 10% tissue homogenate to prepare the reaction system,
water bath at 95°C for 40 min, centrifuge at 3800 rpm for 10 min, read
with an ELISA reader at 532 nm, and calculate. MDA content=[(OD
value after zeroing — OD value after blank zeroing) x 10 / (OD value
after standard zeroing — OD value after blank zeroing) x 10% tissue
homogenate protein concentration x 10]. GSH-Px: Prepare a 2.5%
tissue homogenate, color development after enzymatic reaction for
15min, read with an ELISA reader at 412 nm, and calculate. GSH-Px
activity=(OD value after non-enzyme tube zeroing — OD value after
tube blank
zeroing) x 5% 0.2 x0.25% tissue homogenate protein concentration).

enzyme zeroing) x5 / ((standard zeroing -
T-AOC: Use a 10% tissue homogenate to prepare the reaction system,
react at room temperature for 10 min, read with an ELISA reader at
520nm, and calculate. T-AOC = (OD value - concentration after blank
zeroing) X 10 / ((concentration after standard zeroing — concentration

after blank zeroing) x 10% tissue homogenate protein concentration).

2.8 Statistical analyses

Parametric data were presented as means + standard error of the
means (Mean + SEM). Data were plotted using GraphPad 9.0 software.
If the data were normally distributed and had equal variance, one-way
ANOVA was used for analysis, and LSD-t test was used for multiple
comparisons between groups. Data that were not normally distributed
were analyzed using the Kruskal-Wallis H test. =0.05, p <0.05 was
considered statistically significant.

3 Results

3.1 Effect of BITC on epileptic mouse
model and body weights

During the acute phase of epilepsy, there was no significant
difference in the latency of seizure onset between the groups of mice
(p>0.05) (Supplementary Figure S1D). Compared to the control
group, the average power of 8 waves increased in the EP group and
EP +BITC group (p <0.05); there was no significant difference in the
average power of & waves between the EP group and EP + BITC group
(p>0.05) (Supplementary Figure S1E). During the treatment period,

frontiersin.org


https://doi.org/10.3389/fneur.2024.1330102
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Xiaoyu et al.

no sign of significant toxicity was observed in all mice, and there were
no significant differences (p>0.05) in body weight of mice between
groups for each week (Figure 2). The results indicate that the BITC
treatment did not impact the latency of seizure onset or the average
power of & waves in mice. Additionally, the BITC treatment did not
cause significant physiological alterations or modifications to the
growth pattern of mice.

3.2 Intellicage learning tests

As shown in Figure 3, at free exploration part, there was no
difference in terms of the number of visits and number of drinks
between groups (p>0.05). During positive position learning, mice in
EP group with or without BITC treatment exhibited a smaller number
of visits and drinks compared with mice in the control group (p <0.05),
while mice in EP +BITC group showed increased time of visits and
drinks compared with the EP group (p<0.05). During reversed
position learning, the number of visits and drinks decreased in EP
group compared with the control group (p <0.05), while the number
of visits increased in EP + BITC group compared with the EP group
(p<0.05). In summary, the Intellicage learning tests indicate that the
EP group experienced cognitive deficits, particularly in spatial
learning and memory tasks. However, BITC treatment appears to
mitigate these deficits, showing a potential cognitive-enhancing effect.
These results provide valuable information for understanding the
impact of the experimental conditions on cognitive function in
the mice.

3.3 Morris water maze

In terms of latency in escape trials of Morris water maze
(Figure 4), there was no difference in the escape latency between
groups in the first 2 days (p>0.05), form day 3 to day 4, mice in the EP
group showed prolonged escape latency compared with mice in the
control group (p<0.05), while EP+BITC mice had shorter escape
latency compared with the EP mice (p<0.05). In probe trial, the
passing time significantly reduced in the EP mice compared with the

weight

w w
o N
T 1

i

o028 =
b= > — ——— Control
= 26 - -
24 p = EP

22 +

20 !

20 22 24 26 28 30 32
FIGURE 2

Measurement of mice body weight. During the treatment, no
significant difference in body wights was observed between control,
EP and EP + BITC mice (n =10; mean + S.E.M.; One-way ANOVA
followed by post hoc least significant difference [LSD] multiple
comparison tests).
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control mice (p <0.05), while a remarkable increase of passing time
was found in the EP + BITC mice compared with the EP mice without
BITC (p<0.05). In conclusion, the Morris water maze results indicate
that the EP group experienced deficits in spatial learning and memory;,
particularly during later phases of training and in the probe trial.
However, BITC treatment appears to ameliorate these deficits,
suggesting a potential therapeutic effect on cognitive function in the
context of spatial memory tasks.

3.4 Open field test

The results from open field test were shown in Figure 5. Compared
with control, there was an obvious decrease in times of cross grids
(p<0.05), alonger latency in the central grid (p <0.05), and a reduced
times of upright (p<0.05) in EP group. Meanwhile, a remarkable
shorter latency in the central grid (p <0.05) and an increased times of
upright (p <0.05) were observed in EP + BITC mice compared with EP
mice. However, there is no difference in times of cross grids between
EP with or without BITC (p>0.05). To sum up, the open field test
results suggest that the EP group exhibited altered exploratory and
anxiety-like behaviors, while BITC treatment showed potential
ameliorative effects. The anxiolytic-like effects of BITC are indicated
by the improved performance in central grid latency and increased
times of upright.

3.5 Step-down-type passive avoidance
tests

As shown in Figure 6, in training session, EP mice showed longer
escape latency (p <0.05), while the mice in EP + BITC group exhibited
no difference compared with the controls (p >0.05). However, there
was no significant difference in the number of errors between these
three groups (p>0.05). In addition, in retention test, there is no
remarkable difference between groups (p>0.05). Considering the
above, the Step-Down-Type Passive Avoidance Tests indicate that the
EP mice initially struggled with learning, as indicated by longer escape
latency, but this impairment was mitigated by BITC treatment. The
comparable number of errors and performance in the retention test
suggest that the quality of learning and memory retention was not
significantly affected by the experimental conditions.

3.6 Brain—body ratio

During the treatment, no significant difference in body weights
was observed between control, EP and EP+BITC mice (p>0.05)
(Figure 7). The brain-to-body ratio results showed the overall health
stability of mice throughout the treatment, which was the basis for an
accurate explanation of other experimental results and emphasized
the safety of the interventions applied.

3.7 Morphological staining

As shown in Immunofluorescence staining of NeuN

(Supplementary Figures S2-54), the mean fluorescence intensities of
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FIGURE 3
Intellicage. Analysis of Intellicage test in mice of control, EP, and EP + BITC (n = 10 per group; mean + S.E.M.). (A) Intellicage learning module design.
(B) The number of visits of three groups of mice in free exploration. No difference between the control, EP, and EP + BITC groups, p>0.05. (C) The
number of drinks of three groups of mice in free exploration. No difference in weight gain between the control, EP, and EP + BITC groups, p >0.05.
(D) The number of visits of three groups of mice in position learning. (E) The number of drinks of three groups of mice in position learning. (F) The
number of visits of three groups of mice in reversal position learning. (G) The number of drinks of three groups of mice in reversal position learning. *
Compared with control group: p <0.05, # compared with EP group: p <0.05. One-way ANOVA followed by post hoc least significant difference [LSD]
multiple comparison tests.

the hippocampal CA1 and CA3 regions in acute seizure model mice
showed no significant difference (p>0.05); compared with the control
group and EP group, the mean fluorescence intensity of the cortex in
the EP + BITC group decreased slightly (p <0.05). As shown in Nissl’s
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staining of the chronic epilepsy state model (Figure 8), in terms of the
number of cells in CAl region of hippocampus, there was no
difference between groups (p >0.05). The EP mice showed decreased
cells in CA3 compared with the control mice (p<0.05). In addition,
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the number of cells in cortex was increased in EP+BITC group
compared with the EP group (p <0.05). These findings highlight the
differential effects of epilepsy and BITC treatment on neuronal density
in distinct brain regions. While epilepsy appears to induce neuronal
loss in the CA3 region of the hippocampus, BITC treatment may exert
neuroprotective effects, particularly evident in the cortex.

3.8 Real-time quantitative PCR

We investigated the transcription factor Nrf2, as well as two Nrf2-
regulated enzymes, HO-1 and NQOJI, in the transcriptional levels
within the hippocampus. As shown in Figure 9, compared to the
control group, the transcription levels of HO-1 and NQO1 in the EP
group were significantly decreased (p<0.05). Additionally, the
treatment with BITC markedly increased the transcription levels of
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Nrf2, HO-1, and NQOL in epileptic mice (p<0.05). These results
suggest that the antioxidant defense mechanism mediated by Nrf2 and
its downstream targets may be damaged under epileptic conditions.
The treatment of BITC enhanced the expression of Nrf2 and its
downstream antioxidant enzymes, which potentially reduced
oxidative stress and its harmful effects on hippocampal function in
epileptic mice.

3.9 Determination of oxidative stress index
in cerebral cortex of mice

In our study, we assessed the MDA levels and the activity of
antioxidant enzymes in the cerebral cortex across various mouse
groups. Figure 10 illustrates that, relative to the control group, the
MDA levels in the EP group were elevated, while GSH-Px activity
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FIGURE 7

Brain-to-body weight ratio. Analysis of brain-to-body weight ratio in
mice of control, EP, and EP + BITC. No difference between the
control, EP, and EP + BITC groups (n =10 per group; mean + S.E.M ;
p>0.05. One-way ANOVA followed by post hoc least significant
difference [LSD] multiple comparison tests).

diminished (p <0.05). Conversely, in the BITC intervention group,
MDA levels decreased, and GSH-Px activity increased when compared
with the EP group (p <0.05). Furthermore, the activities of T-AOC
and SOD did not show significant differences across the groups. BITC
might enhance the antioxidant defense mechanism, potentially by
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upregulating GSH-Px activity, thereby reducing lipid peroxidation as
indicated by lower MDA levels. This implies that BITC could have
therapeutic potential in mitigating oxidative stress-related neuronal
damage in epilepsy.

4 Discussion

TLE is the most common form of intractable epilepsy (22). In
clinical studies, TLE patients have been shown to have cognitive
impairments (23). Chronic central nervous system dysfunction is
usually accompanied with persistent and recurrent seizures (24).
Reactive oxygen species (ROS) formation and consequent oxidative
stress (OS) are reported to show a potential role in seizures and closely
linked to neuroinflammation (25, 26). BITC, an extract of cruciferous
vegetables, has been shown to have anti-inflammatory and
antioxidative stress effects, as well as cytoprotective effects (16, 27). In
the present study, we demonstrate that BITC exhibits improvements
in cognitive dysfunction and neuroprotective effects in lithium
pilocarpine-induced epileptic mice.

The lithium-pilocarpine-induced epilepsy model represents a
durable, reliable, and cost-effective method with a short timeframe.
Pilocarpine activates the M1 receptor, elevates glutamate levels,
triggers NMDA receptor activation in the hippocampus, and induces
hippocampal neuronal damage (28, 29). This model reproduces the
majority of the clinical neuropathological features of TLE and closely
resembles persistent epilepsy in humans (30). Sandro et al. found that
long-term memory impairment in rats

having early
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FIGURE 8
Nissl's staining. Analysis of Nissl's staining in mice of control, EP, and EP + BITC (n = 10 per group; mean + S.E.M.). (B) The number of nerve cells in the
CAl region in the three groups of mice. No difference between the control, EP, and EP + BITC groups, p > 0.05. (C) The number of nerve cells in the
CA3 region in the three groups of mice. (D) The number of nerve cells in the cortex region in the three groups of mice. * Compared with control
group: p<0.05, # compared with EP group: p <0.05. One-way ANOVA followed by post hoc least significant difference [LSD] multiple comparison
tests.

lithium-pilocarpine-induced epilepsy during object recognition tasks
(31). Jia et al. used male C57BL/6] mice induced status epilepticus
(SE) through pilocarpine hydrochloride injection (320 mg/kg) and
conducted behavioral testing within 7-10days post-surgery. SE
reduced the recognition index of new and old objects in mice, leading
to increased time spent in the central area during open field tests (32).
Wu et al. performed the Morris water maze test on a lithium-
pilocarpine-induced epileptic rat model, revealing a significant
impairment in spatial memory function (33). The modeling method
used in our experiment is similar to that of other experiments, and the
results of the behavioral tests are consistent. Four different behavioral
detection methods were used in this study. Intellicage learning tests
can protect experimental animals from human interference, truly
reflect the learning and memory abilities of experimental animals in
their natural state and monitor the behavior of multiple experimental
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animals at the same time, unaffected by time series and other factors
(34). Morris water maze is a classical behavioral experiment to study
and evaluate the spatial learning and memory abilities of animals (9).
Open field test can measure the anxiety, spontaneous activity, and
exploratory behavior of experimental animals; Step-down-type
passive avoidance tests are based on the fact that mice tend to jump
on small platforms that are uncomfortable, and animals inhibit their
behavior to avoid electric shocks, which is measured by longer delays
or refusing to step down. Delay is used to evaluate memory. In our
investigation, compared with the control group, epileptic mice
exhibited a reduction in corner visits and drinking episodes, an
extended escape latency, diminished occurrences of crossing the
original platform, grid crossing, and standing frequency. Meanwhile,
treatment with BITC had a positive effect on spatial cognition,
exploratory behavior, and learning and memory abilities in epileptic
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post hoc least significant difference [LSD] multiple comparison tests.

Analysis of mRNA levels of Nrf2, HO-1 and NQOL1 from hippocampus between groups (n = 8 per group; mean + S.E.M.). (A) Nrf2 transcription levels in
hippocampus of three groups of mice. (B) HO-1 transcription levels in hippocampus of three groups of mice. (C) Ngol transcription levels in
hippocampus of three groups of mice. * Compared with control group: p <0.05, # compared with EP group: p <0.05. One-way ANOVA followed by

mice, with a significant enhancement in spatial cognition and learning
and memory abilities.

The hippocampus plays an important role in spatial working
memory (35). Chen et al. used Timm staining and transmission
electron microscopy to observe the effect of pilocarpine-induced
epilepsy on the CA3 region of the hippocampus in rats, and they
observed abnormal mossy fiber sprouting (MFS) and vacuolar
degeneration in the CA3 region of the model group (36). Alberto
et al. used N-acetylcysteine and sulforaphane (SEN) as a temporary
treatment for the epileptic rats and the results showed that it
reduced the loss of hippocampal neurons and ameliorated cognitive
impairments (37). Nissl staining can indicate the Nissl body of
pyramidal cells in purple, and by observing the number of Nissl
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bodies, we can judge the damage in brain nerve cells and then the
cognitive function of the brain. In our study, consistent with
previous research, BITC treatment improved the number of
neurons in the cortex and CA3 region of the hippocampus in
epileptic mice and prevented the loss of neurons.

Cruciferous vegetables are recognized as abundant sources of
isothiocyanates (ITCs), including sulforaphane (SFN) and BITC
(38). These compounds demonstrate the capability to activate the
Nrf2 pathway, associated with antioxidant and anti-inflammatory
effects (39). The Nrf2 pathway plays a key role in up-regulating gene
expression driven by antioxidant response elements (ARE), thereby
reducing inflammation and providing cellular protection against
oxidative stress (40, 41). Furthermore, the protective effects of Nrf2
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FIGURE 10
Analysis of MDA and anti-oxidative enzymes levels in cortex of mice between groups (n = 8 per group; mean + S.E.M.). (A) The content of MDA in three
groups of mice. (B) T-AOC activity of three groups of mice. No difference between the control, EP, and EP + BITC groups, p > 0.05. (C) GSH-Px activity
of three groups of mice. (D) T-SOD activity of three groups of mice. No difference between the control, EP, and EP + BITC groups, p>0.05. *
Compared with control group: p <0.05, # compared with EP group: p <0.05. One-way ANOVA followed by post hoc least significant difference [LSD]
multiple comparison tests.

and its signaling pathway have been confirmed in many disease
models, such as vinblastine improving methotrexate-induced
nephrotoxicity through Nrf2/HO-1 antioxidant pathway (42). These
findings suggest that a targeted approach to Nrf2 holds therapeutic
promise in conditions linked to oxidative stress and inflammation.
In our experiment, BITC treatment increased the mRNA
transcription levels of HO-1, NQO1, and Nrf2 in epileptic mice.
This suggests that BITC may target the activation of Nrf2/HO-1

signal pathway in epileptic mice, play antioxidant and
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anti-inflammatory effects, and then protect hippocampal neurons

from lithium pilocarpine-induced damage and

cognitive impairment.

improve

In summary, BITC exhibits neuroprotective effects on pilocarpine-
induced epileptic mice. Treatment with BITC enhances the antioxidant
capacity of the brain tissue in epileptic mice, improving cognitive
impairments and neuronal damage caused by seizures. Our research
provides scientific evidence that BITC is a candidate drug for the
prevention and treatment of epilepsy and has great potential and value.
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5 Limitations of our study

Due to limitations in funding and data recording, our research
showed that BITC had no significant impact during the acute phase of
epileptic seizures. However, we believe that BITC’s potential in alleviating
oxidative stress may provide neuroprotective effects in the chronic stages
of epilepsy, emphasizing the need for further research to explore its full
therapeutic potential. We highlight the critical role of oxidative stress in
neurological diseases, including epilepsy, and the promising antioxidant
capabilities of BITC. Although cognitive impairment often co-occurs
with epilepsy, the complex interplay between oxidative stress, cognitive
dysfunction, and epilepsy indicates potential therapeutic strategies
worthy of in-depth investigation. Our goal is to extend our research
through comparative analysis of BITC’s effects in different epilepsy
models, such as the PTZ model, to comprehensively understand its
neuroprotective efficacy. Additionally, we plan to conduct seizure
threshold tests in both pilocarpine and PTZ models to quantitatively
assess BITC’s neuroprotective abilities and investigate its mechanism of
action, with a focus on its modulation of oxidative stress.
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