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A B S T R A C T

Lycopene (LCP) is a carotenoid that protects against many diseases by alleviating oxidative stress. However, the
effect of LCP on epileptic seizures has not been examined well in previous studies. In the current work, we
employed kainic acid (KA) to induce experimental epileptic seizures in mice, and investigated the function of
LCP during this process. We found that the onset and extent of KA-induced seizures were alleviated in LCP-
pretreated mice. Nissl staining of hippocampus showed that the granule cell dispersion lesion induced by KA was
improved by the LCP treatment. Additionally, we analyzed the oxidative stress levels in mice and found that LCP
elevated SOD activity and suppressed MDA level in KA-induced seizures. Moreover, the expression of GABA
receptors was influenced by LCP treatment. LCP suppressed the upregulation of gabrb2 and gabrb3 induced by
KA, whereas it enhanced the expression of gabrb1. Results suggested that LCP plays a protective function in KA-
induced seizures. Hence, it may be a potential functional food alternative for controlling and treating epileptic
seizures.

1. Introduction

Epilepsy is a common and disabling neurological disorder that af-
fects approximately 1% of the worldwide population. It is characterized
by recurrent seizures that are sudden, unprovoked, and transitory, and
recurrent episodes of abnormal hypersynchronous neuronal discharge
(Stafstrom and Carmant, 2015). However, its pathological mechanism
is not well understood, and no effective treatment is currently available
to cure it. Status epilepticus is a severe form of epileptic seizures that is
associated with significant morbidity and mortality. Epilepsy comprises
numerous syndromes, which vary greatly in terms of clinical features,
treatment, and prognosis. Temporal lobe epilepsy (TLE) is the most
prominent example of acquired and frequent epilepsy, and the seizure
origin of TLE typically involves the hippocampus (Mendez-Armenta
et al., 2014). To reveal the pathology of epilepsy and find way to cure it,
numerous animal models have been built. Among such models, the
kainic acid (KA) model is widely used for TLE (Ben-Ari and Cossart,
2000). KA, which is an excitatory amino acid extracted from seaweeds,
is an analog of glutamate. It can act on hippocampal neurons, evoke
glutamatergic and GABAergic spontaneous currents, and mimic TLE
episodes.

Oxidative stress is an imbalance among the production of reactive

oxygen species (ROS), reactive nitrogen oxygen (RNS), and detox-
ification; it is the most prominent mechanism in the development and
progression of epilepsy and other diseases (Roma-Mateo et al., 2015;
Waldbaum and Patel, 2010). Sustained neuronal discharge could result
in the generation of free radicals in the brain and cause oxidative stress
secondary to the unpaired electrons escaping the electron transport
chain and reacting with molecular oxygen. The enhanced oxidative
stress then damages the neurons which are particularly vulnerable to
oxidative imbalances, thereby accelerating the syndrome (Geronzi
et al., 2018). Increased ROS generation can lead to prolonged seizures,
which may result in mitochondrial dysfunction and cell death in the
hippocampus due to subsequent epileptogenesis (Chen et al., 2010;
Mendez-Armenta et al., 2014). Therefore, antioxidant treatment could
possibly prevent epilepsy.

Lycopene (LCP) is a lipophilic, unsaturated, and biologically active
natural product that is abundant in fruits and vegetables, especially
tomatoes (Kong et al., 2010). Moreover, LCP is one of the strongest
antioxidants found in plants. Its ability to scavenge oxygen radicals is
far beyond those of vitamin E and other carotenoids. Consuming LCP or
LCP-enriched food is inversely associated to diseases, such as cancers,
cardiovascular diseases, and diabetes, among others (Cheng et al.,
2017; Mozos et al., 2018; Zhao et al., 2018). The protective function of
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LCP in neurodegenerative diseases has been studied in vivo and in vitro.
Hwang et al. (2017) have reported that LCP is beneficial for preventing
oxidative stress-mediated neuronal death by reducing ROS and in-
hibiting mitochondrial dysfunction and NF-κB-target gene expression.
The neuroprotective effects of LCP against MPTP-induced Parkinson’s
disease in mice have been reported by Prema et al. in, 2015. However,
the function of LCP in TLE has not been studied until now. Only few
studies have reported the protective effect of LCP on pentylenetetrazol-
induced kindling epilepsy model, a model of epileptogenesis, which
rarely results in epilepsy (Bhardwaj and Kumar, 2016; Kumar et al.,
2016). In the current study, we used KA systematic injection mice
model to verify the neuroprotective effect of LCP on the onset and score
of seizures, cell damage of neurons, oxidative stress in hippocampus,
and expression of GABA receptors.

2. Materials and methods

2.1. Experimental animals

Adult male Kunming mice weighing 20–22 g (about 8 weeks old)
were obtained from Jiesijie Laboratory Animal Technology Co. Ltd.
(Shanghai, China). They were housed at 24 ± 2 °C under a 12-h
light–dark cycle with food and water available ad libitum. Animal ex-
periments were conducted under the regulations of laboratory animal
management enforced by the Ministry of Science and Technology of the
People’s Republic of China [1988] No. 134, which coincides with in-
ternationally recognized NIH guidance.

2.2. Drugs administration

LCP was purchased from Hongfan Biotechnology Co. Ltd, and KA
was purchased from Santa Cruz. LCP was diluted in olive oil at a con-
centration of 50mg/mL. KA was diluted in 0.9% physiological saline at
a concentration of 30mg/mL. A total of 36 animals were randomly
divided into three groups: the control group (control), the KA-treated
group (KA) and the LCP-pretreated group (LCP–KA). Prior to KA in-
jection, the LCP–KA group mice were pretreated with LCP (50mg/mL)
via intragastric administration once a day for a week. By contrast, the
control and the KA mice were given olive oil pre-treatment with the
same volume. One hour after the last LCP treatment, the KA and
LCP–KA mice were intraperitoneally injected with KA (30mg/kg),
whereas the control mice were injected with 0.9% physiological saline.

2.3. Behavioral assessment of seizures

All animals were evaluated for behavioral progression and scored
according to Racine’s classification (Racine, 1972): Stage 0, no reaction;
Stage 1, stereotypic mounting, eye blinking, and/or mild facial clonus;
Stage 2, head nodding and/or multiple facial clonus; Stage 3, myoclonic
jerks in the forelimbs; Stage 4, clonic convulsions in the forelimbs with
rearing; and Stage 5, generalized clonic convulsions and loss of balance.
The animals were scored at 15min, 30min, 60min, 3 h, and 5 h after
KA injection.

2.4. Nissl staining

Animals (n=3 for each group) were employed for drug adminis-
tration. Seven days after KA injection, the mice were deeply anesthe-
tized with 4% chloral hydrate (0.2 mL/20 g) and perfused with 4%
paraformaldehyde. Following perfusion, the brains were isolated and
immersed with 4% paraformaldehyde at 4 °C for 4 h. They were then
transferred to 30% sucrose (in phosphate buffer) at 4 °C for 2 or 3 days.
Their brain sections were then cut at a thickness of 25 μm on a frozen
microtome (Leica, Germany). The sections were performed using Nissl-
stained sections with 0.1% cresyl violet. In such sections, neurons in
hippocampus were observed, and images were captured under a Leica

microscope. In the stained sections, granule cell dispersion was de-
termined by measuring the average width of the granule cell layer
(GCL) in the mid and medial one-fourth portions of the upper blade of
the DG. To maintain consistency across the groups, a settled rectangular
frame was centered between the mid and medial one-fourth portions of
the GCL. The width of GCL inside the frame on each section was ana-
lyzed by using Image J. 5 measurements were taken equidistantly and
the average width was calculated per section. At least 6 sections were
analyzed for each mouse.

2.5. Measurement of SOD activity, MDA, and GSH concentration

To determine the oxidative stress level in the hippocampus, the
control, the KA, and the LCP–KA mice (n=6 for each group) were
sacrificed one hour after KA injection, and their hippocampuses were
isolated, homogenized and stored at−80 °C until use. The SOD activity,
MDA level, and GSH level were detected using specific detection kits
that obtained from Beyotime Co. LTD according the manufacturers’
instructions.

2.6. QPCR analysis

One hour after KA injection, the mice in three groups (n=6) were
sacrificed, and their hippocampuses were isolated. After homogeniza-
tion, the total RNA was prepared using Trizol (Vazyme Biotech Co.
LTD) according to manufacturer’s instructions. Afterward, cDNA was
synthesized via reverse transcription using HiScript 1st Strand cDNA
synthesis kit (Vazyme Biotech Co. LTD). The expression levels of GABA
receptor subunits GABRB1, GABRB2, and GABRB3, and the pro-in-
flammatory factor TNF-α were detected via QPCR analysis using AceQ
QPCR SYBR green master mix (Vazyme Biotech Co. LTD). The house-
keeping gene GAPDH was used as an internal control. The primer se-
quences were as follows: GAPDH forward- gagaggccctatcccaactc,
GAPDH reverse- tcaagagagtagggagggct; GABRB1 forward- gatca-
caaccactgcagcat, GABRB1 reverse- tactgctccctctcctccat; GABRB2 for-
ward- tgcctgacacctacttcctg, GABRB2 reverse- ttaggtccatcatgcaggca;
GABRB3 forward- cacaacaacccatgaccgtt, GABRB3 reverse- tctag-
taaaccggtgcacct; TNF-α forward- gtgcctagttctcagcctct, TNF-α reverse-
ctgatgagagggaggccatt.

2.7. Statistical analysis

The results were presented as mean ± standard deviation (SD).
Multiple comparisons among groups were performed using one-way
ANOVA. P < 0.05 was considered statistically significant. The statis-
tical analysis between KA group and control group, or LCP–KA group
and KA group, was performed by using unpaired t-test.

3. Results and discussion

3.1. LCP pretreatment alleviated the seizures induced by KA injection

Seizures are the main symptoms of epilepsy, and the KA injection
model has been reported to induce seizures efficiently. In this study, we
determined the behaviors of mice according to Racine’s classification
regulation on seizures onset stages, and verified the effect of LCP on the
behaviors of epilepsy mice models. The behaviors of live KA mice and
LCP–KA mice were evaluated and recorded every 15min after KA in-
jection for 5 h. Results showed that approximately 80% of KA group
mice showed Stage 1 behaviors 15min after KA injection, whereas
66.7% of LCP–KA group mice exhibited such conditions (Fig. 1A). After
30min, 66.7% KA mice showed Stage 2 behavior and 33.3% resident in
Stage 1. However, most LCP–KA injected mice (66.7%) showed Stage 1
behavior, and only a small number (16.7%) reached Stage 2 (Fig. 1B).
After 60min, all KA mice showed Stage 2 and 3 behaviors. However,
the behaviors of LCP–KA mice were more multiplex than others
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(Fig. 1C). After 3 h, the behaviors of mice in each group became stable.
About 50% KA mice showed Stage 3 behavior, and 33.3% showed Stage
4 behavior. In addition, 50% LCP–KA mice showed Stage 2 behaviors,
33.3% showed Stage 3, and 16.7% showed Stage 4 behaviors (Fig. 1D
and E). These results indicated that LCP treatment attenuated the
symptoms of seizures. As previously reported, the onset of KA-induced
seizures could lead to mice mortality. Hence, we also analyzed the
death rates of the KA and LCP–KA groups. The KA group had a 16.7%
death rate, which was similar to previous results (Hellier et al., 1998),
whereas the death rate in LCP–KA group was 8.3%. Thus, LCP pre-
treatment could alleviate the behavioral symptoms and death rate in-
duced by KA.

3.2. LCP pretreatment showed protective effects on hippocampus neurons

Hippocampal sclerosis and granule cell dispersion are common

structural lesions closely related to frequent seizures in TLE. Previous
studies have reported an enlargement of the GCL and abnormalities in
KA-induced epileptic mice hippocampal cytoarchitecture (Jang et al.,
2016; Jeong et al., 2015). In the current work, we examined the neural
morphologies in hippocampus by Nissl staining, which is often used to
display neural architectures and neurons. In the control group, the
thickness of GCL was normal, and the neurons were stained in blue
(Fig. 2A). However, in the KA group, the thickness of GCL became
larger and the staining color of neurons was lighter in comparison with
the control group (Fig. 2B). The fading of Nissl staining indicates da-
mage of neurons. This result, which is consistent with previous studies
(Jang et al., 2016; Jeong et al., 2015), suggested that our mice model
was well established, as proven by behavioral observations. In the
LCP–KA group, the thickness of GCL and the pigmentation of cell body
were between those of the control and KA groups (Fig. 2C), thereby
suggesting that LCP could not only attenuate the symptoms of seizures

Fig. 1. Effects of LCP on the onset of seizures in KA-induced epileptic mice model. A: Behaviors of mice 15min after KA injection. B: Behaviors of mice 30min after
KA injection. C: Behaviors of mice 60min after KA injection. D: Behaviors of mice 3 h after KA injection. E: Behaviors of mice 5 h after KA injection. F: Death rate of
LCP pretreated mice and control mice after KA injection.
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but also offer protective effects to hippocampal structures and neurons.

3.3. LCP showed antioxidant effect during KA-induced seizures

Oxidative stress in KA-induced seizures has been reported by pre-
vious studies. The superoxide dismutase (SOD) activity and mal-
onaldehyde (MDA) and glutathione (GSH) levels are common indexes
for evaluating oxidative stress. Si P.P. et al. have found that SOD ac-
tivity and GSH level decreased, whereas the MDA level increased,
15 min after KA injection (Si et al., 2016). As a powerful antioxidant,
LCP can trap singlet oxygen and scavenge free radicals (Pirayesh
Islamian and Mehrali, 2015). We verified that LCP administration could
suppress the oxidative stress in KA-treated hippocampus. We isolated
the hippocampus after LCP pretreatment and KA injection and ex-
amined the SOD activity and MDA and GSH levels. The results showed
that SOD activity was decreased in KA mice hippocampus but increased
in LCP–KA mice (Fig. 3A). Therefore, LCP pretreatment could improve
oxidative stress by increasing SOD antioxidant activities. MDA level
represents the lipid peroxidation level in the brain. We found that KA
treatment could increase MDA level in hippocampus, and LCP pre-
treatment suppressed this increase to normal criteria (Fig. 3B). This
result may due to the free radical scavenging ability of LCP. Hence, free
radicals did not attack lipids in the presence of LCP. However, we did
not observe any significant alteration on GSH levels among the three
groups, and the change was mild in the KA and LCP–KA groups
(Fig. 3C). We suspected that the influence of KA injection may have
slight influence on GSH levels. Hence, further research needs to be
taken. However, based on the SOD and MDA levels, our present study
indicated that LCP could suppress KA-induced oxidative stress in the
hippocampus.

Oxidative stress is accompanied by inflammation because ROS
generated form oxidative stress could evoke the expression of pro-in-
flammatory factors (Mittal et al., 2014). A lasting inflammation may
accelerate neural damage. Numerous studies have reported the in-
flammatory changes after KA injection, such as the upregulation of pro-
inflammatory IL-1β, TNF-α, and IL-21, or the activation of microglia
(Sabilallah et al., 2016; Xiong et al., 2016). We analyzed the expression
of TNF-α (Fig. 3D) and found that its expression was dramatically

increased in the KA group, thereby indicating the occurrence of in-
flammation. In the LCP–KA group, the expression levels of TNF-α be-
came lower than the KA group but still higher than the control group.
Thus, LCP could suppress the upregulation of pro-inflammatory factors
in KA-induced seizures. Previous studies have mentioned the role of
oxidative stress and inflammation during cell death in neurodegen-
erative diseases (Mendez-Armenta et al., 2014; Sabilallah et al., 2016).
By incorporating this finding with ours, we suspected that LCP may
exert neural protective functions by suppressing oxidative stress and
pro-inflammatory factor expression.

3.4. LCP pretreatment influence the expression of GABA receptors

Epileptic seizures occur due to the imbalance of excitation and in-
hibition in the brain, and GABA is the main inhibitory neuro-
transmitters. Many studies have observed the alteration of GABA re-
ceptor expression levels in epilepsy models (Moghbelinejad et al., 2016)
and proved that the abnormal receptor level is related to epilepsy (Seo
and Leitch, 2014; Sokal and Large, 2001). However, the exact roles of
GABA receptors in epilepsy have not been clearly described. To ex-
amine the function of LCP on GABA receptors expression, we detected
the mRNA level of three GABAA receptor subunits, namely, GABRB1,
GABRB2, and GABRB3, which are distributed throughout the principal
cell layers of the hippocampus (Drexel et al., 2013). In this study, all of
the three subunits were upregulated in the KA group (Fig. 4), which was
consistent with previous studies. However, the expression levels of
GABRB2 (Fig. 4B) and GABRB3 (Fig. 4C) was suppressed in the LCP–KA
group, whereas the expression of GABRB1 (Fig. 4A) was upregulated.
These results suggest that LCP administration could influence the ex-
pression of GABA receptors, which may play a role in regulating the
onset of KA-induced seizures. However, the underlying mechanisms
must be determined further.

4. Conclusion

In conclusion, our findings indicated LCP pretreatment could offer
protective effects on KA-induced seizures by alleviating behavioral
symptoms and cell damage. In addition, LCP also regulates the

Fig. 2. The Nissl staining of hippocampus after KA and
LCP–KA treatment. A: Nissl staining of granule cell layer
(GCL). The width of GCL insides the rectangular box was
analyzed for statistical analysis. B: statistical analysis of the
width of granule cell layer. The significance among the three
groups was analyzed with one-way ANOVA, and result showed
P < 0.0001. * represents the significance between the KA and
the control groups, and **** means P < 0.0001. # represents
the significance between the KA and the control groups, and
## means P < 0.01. The comparison between each two
groups was analyzed with t-test.
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oxidative stress level and the expression of pro-inflammatory factors
and GABAA receptors. This finding may help illuminate the molecular
mechanisms underlying the neural protective function of LCP in epi-
lepsy. Our study indicates that LCP is beneficial for controlling epileptic
seizures and a potential functional food alternative in epilepsy treat-
ment.
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Fig. 3. Oxidative stress in hippocampus after KA and LCP–KA treatment. A: SOD activity in hippocampus. B: MDA level in hippocampus. C: GSH level in hippo-
campus. D: Relative expression level of TNF-α. The significance among the three groups was analyzed with one-way ANOVA. For SOD, P < 0.05. For MDA,
P < 0.01. For TNF-α, P < 0.0001. * represents the significance between the KA and the control groups. ** means P < 0.01 and **** means P < 0.0001. #
represents the significance between the KA and the control groups. # #means P < 0.01, and #### means P < 0.0001. The comparison between each two groups
was analyzed with t-test.

Fig. 4. The expression level of GABA receptors after KA and LCP–KA treatment. A: the relative expression level of GABRB1 in hippocampus. B: the relative expression
level of GABRB2 in hippocampus. C: the relative expression level of GABRB3 in hippocampus. The significance among the three groups was analyzed by one-way
ANOVA. For all GABA receptors, P < 0.01. * represents the significance between the KA and the control groups. * means P < 0.05, and **** means P < 0.0001. #
represents the significance between the KA and the control groups. # means P < 0.05, and #### means P < 0.0001. The comparison between each two groups
was analyzed with t-test.
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