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Abstract: A relationship between status epilepticus (SE) and oxidative stress has recently begun to be recognized.
To explore whether the flavonoids extracted from licorice (LFs) have any protective effect on kainate (KA)-induced
seizure in mice, we treated mice with LFs before and after KA injection. In KA-treated mice, we found that superoxide
dismutase (SOD) activity decreased immediately after the onset of seizure at 1 h and then increased at 6 h. It returned
to baseline 1 d after seizure and then increased again at 3, 7, and 28 d, while malondialdehyde (MDA) content re-
mained at a high level at 1 h, 6 h, 3d, 7 d, and 28 d, indicating a more oxidized status related to the presence of more
reactive oxygen species (ROS). Treatment with LFs before KA injection reversed the seizure-induced change in SOD
activity and MDA contentat 1 h, 6 h, 3d, 7 d, and 28 d. Treatment with LFs after seizure decreased KA-induced SOD
activity and MDA content at 7 and 28 d. Also, LF pre- and post-KA treatments decreased seizure-induced neuronal cell
death. Subsequently, Morris water maze tests revealed that the escape latency was significantly decreased and the
number of target quadrant crossings was markedly increased in the LF-treated groups. Thus, our data indicate that
LFs have protective effects on seizure-induced neuronal cell death and cognitive impairment through their
anti-oxidative effects.
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1 Introduction underlying mechanisms. Most patients have to take

antiepileptic drugs (AEDs) for their whole life. These

Epilepsy, one of the most common neurological
disorders, is characterized by recurrent highly syn-
chronized discharges of neurons and leads to mortal-
ity and morbidity in patients. Most available treat-
ments, however, suppress seizure only symptomati-
cally, due to the lack of a clear understanding of the
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produce severe side effects such as cognitive im-
pairment and psychiatric problems. Accordingly, new
AEDs with fewer adverse effects and higher efficacy
are needed (Temkin, 2001; Loscher and Schmidt,
2006; Elger and Schmidt, 2008).

A relationship between status epilepticus (SE)
and oxidative stress has recently begun to be recog-
nized both in animal models (Ashrafi et al., 2007;
Shin et al., 2008; Lehtinen et al., 2009) and in patients
(Ben-Menachem et al., 2000; Shiihara et al., 2006). It
has been established that blood flow, energy, and
oxygen are increased during seizure and that SE in-
duces the production of redundant reactive oxygen
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species (ROS). Compared with other organs, the brain
uses the highest amount of oxygen and contains a
high concentration of polyunsaturated fatty acids that
are easily peroxidated, which makes it particularly
susceptible to oxidative stress (Floyd and Carney,
1992). Studies have revealed that prolonged seizure
activity initiates calcium influx via voltage-gated and
N-methyl-D-aspartate-dependent ion channels and
subsequently triggers biochemical cascades, which
result in neuronal cell death and the production of
ROS (Bruce and Baudry, 1995; Frantseva et al.,
2000). Similarly, increased oxidative stress contrib-
utes to seizure-induced brain injury and subsequently
results in epilepsy. In turn, ROS may be a contribut-
ing factor in the generation of epileptic seizures in
animal models (Ashrafi et al., 2007; Aguiar et al.,
2012; Ryan et al., 2012) and in patients (Shiihara et
al., 2006; Martinc et al., 2012). In various experi-
mental studies, it has been demonstrated that SE in-
duces changes in superoxide dismutase (SOD) and
malondialdehyde (MDA) levels, as well as in mito-
chondrial DNA. Treatments with antioxidants such as
curcumin, baicalin, and Capparis ovata prevent the
excitotoxicity in animal models (Tejada et al., 2007;
Golechha et al., 2011; Naziroglu et al., 2013). Thus,
antioxidants may have a potential role in preventing
excitotoxicity-induced brain damage and possible
epileptogenesis.

Licorice root has been widely used in China as
herbal medicine and food. Flavonoids, such as
liquiritin, glabridin, and isoliquiritigenin, the major
bioactive components of licorice root, have shown
various antioxidant, anti-tumor, and antivirus bio-
chemical activities (Sun et al., 2010; Asha et al., 2013;
Wang et al., 2013). However, the effect of licorice
flavonoids (LFs) on seizures has not been studied.
Therefore, in this study, the protective effect of LFs in
a mice seizure model induced by kainate (KA) was
studied by examining their effects on SOD, MDA,
neuronal cell death, and cognitive impairment.

2 Materials and methods
2.1 Reagents

Fluoro-Jade B (FJB) was purchased from Sigma
(St. Louis, MO, USA). KA was obtained from Nanocs
Inc. (New York, NY, USA). SOD and MDA detection
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kits were provided by Jiancheng Bioengineering In-
stitute of Nanjing (Jiangsu, China).

2.2 Preparation of LFs

The preparation of LFs was conducted as pre-
viously reported (Xie et al., 2009). Briefly, the air-
dried roots of Glycyrrhiza uralensis were crushed and
extracted twice with H,O. The water extract was
further extracted by methanol and chromatographed
on silica gel followed by C18 column chromatogra-
phy. The final contents of liquiritin, liquiritin apioside,
and liquiritigenin were 3.81%, 1.38%, and 0.52%,
respectively.

2.3 Animal model and drug treatment

The animal protocol described here is compliant
with the guidelines of the Animal Care and Use
Committee of Zhejiang University. Male Imprinting
Control Region (ICR) mice of six weeks of age were
purchased from Shanghai Slac Laboratory Animal
Corporation (certificate: SCXK 2007-0005) and were
kept at (24+1) °C with 40%—60% humidity and 12 h:
12 h light:dark. Mice were injected intraperitoneally
once with KA at a dose of 25 mg/kg body weight (BW)
to induce SE. Seizure severity was scored as previ-
ously reported (Zeng et al., 2009). Briefly, category 1=
immobility and facial twitch; category 2=head nod-
ding; category 3=forelimb clonus; category 4=rearing;
and category 5=rearing and falling. The onset of SE
was defined as the beginning of stages 4-5 seizure. If
the animals did not develop stage 4 or 5 seizure, they
were not used for further experiment.

The paradigm for LF treatment is shown in
Fig. 1. For pretreatment, LFs were administered in-
tragastrically at a dose of 10 mg/kg BW once a day for
7 d prior to KA injection. For post-treatment, LFs
were administered once a day 24 h after KA-induced
SE and continued for 7 d. The control group received
the same volume of vehicle simultaneously (n=12—
15 mice/group).

Pre-LF once daily KA Post-LF once daily Behavior test
f L . ] . ¢

L PR T A S A 1 +* T J

o7 D1 D0 1h 3h 8h D1 D3 o7 D28 D60
Fig. 1 Paradigm of animal treatment and drug

administration

o: the time points for analyses of SOD and MDA in the
pre-LF treatment; ®: the time points for analyses of SOD
and MDA in the post-LF treatment. D0-D60: Day 0—Day 60
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2.4 FJB staining

FJB staining was performed to detect neuronal
cell death as described previously (Zeng et al., 2009).
Briefly, mice sacrificed with 10% chloral hydrate
(1 g’lkg BW, i.p.) were intracardially perfused with
0.1 mol/L phosphate buffered saline (PBS) followed
by 0.04 g/ml paraformaldehyde (PFA) 7 d after SE.
The brains were fixed in 4% PFA overnight followed
by 0.3 g/ml sucrose solution. Coronary sections of 50 pum
thickness were cut using a vibratome (VT 1000S,
Leika, Nussloch, Germany). Five sections selected
from a one-in-six series were collected from each
animal at the same level of the hippocampus, starting
at 2.8 mm posterior to bregma. Floating sections were
mounted on gelatin-coated slides and dried at room
temperature. Sections were re-hydrated in 0.01 g/ml
NaOH/80% ethanol for 5 min, and then sequentially in
70% ethanol, 50% ethanol, and distilled water for 2 min.
After incubation in 0.6 g/L. potassium permanganate
solution for 10 min, the sections were rinsed in dis-
tilled water and stained with 0.0004% FJB in 0.1%
acetate for 20 min in the dark. Images of 920 pmx=920 um
fields were acquired using a Carl Zeiss LSM PAS-
CAL confocal microscope. The number of FJB-positive
cells per image field in the hippocampal CA1, CA3,
and hilus was counted in each of the five sections per
animal and the counts averaged (n=8—10 mice/group).

2.5 Detections of SOD activity and MDA content
in the brain

Mice were sacrificed at pre-determined time
points and hippocampal and neocortical tissues were
homogenized in ice-cold saline 1:10 (w:v). Ho-
mogenate was then centrifuged at 3000 r/min for
15 min at 4 °C to obtain the supernatant. Protein con-
centrations were measured by using BCA (bicin-
choninic acid, Pierce, Bradford, IL, USA). Determi-
nation of SOD activity (WST-1 Assay kit) was per-
formed immediately according to the manufacturer’s
instructions and detected by a spectrometer (TU1901,
Purkinje General Limited Corporation, Beijing, China)
at 450 nm. One unit of enzyme activity was defined
as the quantity of SOD required to inhibit the rate
of reduction by 50%. SOD activity is presented as
U/mg protein. The content of MDA was measured
with a modified thiobarbituric acid (TBA) test as
described in the manufacturer’s instructions, and de-
tected by a spectrometer (Thermo Scientific, Waltham,
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MA, USA) at 532 nm. The results are expressed as
nmol MDA/mg protein.

2.6 Morris water maze test

Two months after video monitoring, mice were
tested for spatial learning and memory using a Morris
water maze test as described previously (Chen et al.,
2013). A platform of 10 cm diameter was submerged
1 cm beneath the surface and located at a fixed posi-
tion throughout the training period. The swimming
activity of each mouse was monitored using a video
camera (Sony, Tokyo, Japan) mounted overhead and
automatically recorded via a video tracking system.
Mice were trained for four consecutive days before
testing. During the four training days, the mice were
first placed on the platform for 10 s, and then ran-
domly placed in one of four different quadrants of the
water tank. Recording was stopped 10 s after the mice
reached the platform. Mice were directed to the
platform if they did not find it within 60 s, and they
stayed there for 10 s. Each mouse was given four
trials per day and each trial was separated by 1 h. On
the fifth day, each mouse was placed in the quadrant
diagonally opposite from the previous platform loca-
tion and the time of reaching the platform was re-
corded as escape latency. Swimming distance,
swimming speed, and the number of the target quad-
rants were also analyzed (n=13—-20 mice/group).

2.7 Statistics

Results are presented as meantstandard error of
the mean (SEM). Differences among experimental
groups were compared by one-way analysis of vari-
ance (ANOVA) using SPSS software followed by
Student-Newman-Keuls test for post-hoc compari-
sons (Version 16.0, SPSS Inc., Chicago, IL, USA).
P<0.05 was considered significant.

3 Results

3.1 KA-induced SE resulted in increased SOD
activity and MDA content

Systemic KA administration to ICR mice pro-
duced a clear sequence of behavioral changes. Mice
started repetitive head nodding about 10 min after KA
injection, followed by rearing and falling 30 min later.
Eventually, the mice developed generalized tonic-
clonic seizures lasting for 3—6 h.
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The activity of one of the most important anti-
oxidant enzymes, SOD, had decreased 1 h after
KA-induced acute seizure (Fig. 2a). However, SOD
activity had increased by 3-fold at 6 h and returned to
baseline at 1 d. During the chronic period after the
acute seizures stopped, SOD activity increased again
at 3, 7, and 28 d, indicating a more oxidized status
over one month.

MDA content reflects the status of lipid peroxi-
dation. Increased MDA content was first found 6 h
after SE in the acute seizure period. Similar to the
change in SOD activity, the content of MDA returned
to baseline 1 d after SE. It increased 3 d after SE and
remained high through to 28 d (Fig. 2b). These data
suggest increased oxidant stress induced by seizure.
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Fig. 2 Effect of LF pretreatment on KA-induced
changes in SOD activity (a) and MDA content (b)

Mice were treated with vehicle or LF for 7 d, and then
injected with saline or 25 mg/kg KA to induce seizure.
Mice were sacrificed at different time points and SOD
activity (a) and MDA content (b) were analyzed in brain
homogenate. Data are expressed as meantSEM (n=12-15
mice/group). * P<0.05 compared with the control group at
the same time point; # p<0.05 compared with the KA-Veh
group by one-way ANOVA. Cont: control group injected
with vehicle and saline; KA-Veh: vehicle-treated KA
group; KA-LF: LF-treated KA group

3.2 LF treatment reversed the changes in SOD
activity and MDA content

Following the pretreatment, LF-treated mice
showed normal SOD activity 1 h after KA-induced

SE. Although LF-treated mice exhibited increased
SOD activity at 6 h, 3 d, and 7 d compared to the
control mice, SOD activity was markedly decreased
compared to the vehicle-treated KA group (Fig. 2a).
Similarly, MDA content was significantly decreased
compared to the vehicle-treated KA group at 6 h, 3 d,
7 d, and 28 d. No difference in MDA content was
observed between the control group and the
LF-treated group at 7 and 28 d (Fig. 2b), indicating a
robust antioxidant effect of LF on KA-induced SE.

Following post-treatment, we analyzed SOD
activity and MDA content at 7 and 28 d. While SOD
activity increased in the LF-treated KA group com-
pared to control mice, it markedly decreased com-
pared to the vehicle-treated KA group at 7 d. At28 d
after SE, no significant difference was observed be-
tween the control and LF-treated KA groups, whereas
the vehicle-treated KA group exhibited higher SOD
activity (Fig. 3a). Similar results were observed for
MDA content (Fig. 3b).
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Fig. 3 Effect of LF post-treatment on KA-induced
changes in SOD activity (a) and MDA content (b)

Mice were injected with saline or 25 mg/kg KA to induce
seizure. Mice were treated with saline or LF 24 h after KA
injection and once daily thereafter for 7 d and then sacri-
ficed on Day 7 or 28. SOD activity (a) and MDA content (b)
were analyzed in brain homogenate. Data are expressed as
meantSEM (n=12-15 mice/group). ~ P<0.05 compared
with the control group at the same time point; * P<0.05
compared with the KA-Veh group by one-way ANOVA.
Cont: control group injected with vehicle and saline;
KA-Veh: vehicle-treated KA group; KA-LF: LF-treated
KA group
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3.3 LF treatment protected against KA-induced
cell death

KA seizure-induced neuronal cell death was
detected by FJB staining. No obvious FJB positive
cells were observed in control mice (Fig. 4a). However,
FIB-positive cells were abundant in vehicle-treated
seizure mice in hippocampal CA1l, CA3, and hilus
(Fig. 4b, CA1l is shown). Mice pre- (Fig. 4c) or
post-treated (Fig. 4d) with LFs had significantly
fewer FIB positive cells, indicating a neuronal pro-
tective effect of LFs.

30

20 |

10

(0.04 mm-2)

Count of FJB-positive cells

Cont Veh LF-pre LF-post
Fig. 4 Ameliorative effect of LF on KA seizure-induced
neuronal death in hippocampal CA1

Mice were treated with vehicle (Veh) or LF before (LF-pre)
or after (LF-post) KA injection for 3 d and sacrificed on
Day 7 for FJB staining. (a—d) Representative sections of
FJB staining in hippocampus from mice of different
groups; (e) Quantitative analysis of different groups. Data
are expressed as meantSEM (n=8-10 mice/group).
* P<0.05 compared to the control (Cont) group; * P<0.05
compared to the vehicle (Veh) group by one-way ANOVA
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3.4 LF treatment protected against cognitive
impairment

Cognitive impairment is a common consequence
of KA-induced SE. Since LFs protected against
seizure-induced cell death, we then assessed whether
LFs had any protective effect against seizure-induced
cognitive impairment. The vehicle-treated KA group
had an obvious prolongation of escape latency
(Fig. 5a) and a reduction in the number of crossings of
the target quadrant (Fig. 5b) compared to control mice,
indicating cognitive impairment after KA-induced
seizure. However, mice pre- or post-treated with LFs
showed the same escape latency and number of
crossings of the target quadrant as the control mice,
indicating that LF treatment reverses seizure-induced
cognitive impairment (Figs. 5a and 5b). No change in
swimming speed was observed among different
groups (data not shown). LFs also showed a protec-
tive effect against seizure-induced cognitive impair-
ment during training (Figs. 5S¢ and 5d) on Day 3
and/or Day 4.

4 Discussion

The main findings of the present study are:
(1) KA-induced SE results in increased oxidative
stress, acutely and chronically; (2) LF treatment par-
tially reverses SE-induced oxidative stress; and (3) LF
treatment ameliorates KA seizure-induced neuronal
cell death and cognitive impairment.

4.1 KA-induced SE and oxidative stress

The KA-induced seizure model is widely used as
a model of human temporal lobe epilepsy (Ben-Ari
and Cossart, 2000). A single systemic administration
of KA at a relatively high dose results in SE followed
by spontaneous recurrent seizures in both rats (Zeng
et al., 2009) and mice (Royle et al., 1999). As a
structural analog of glutamate, KA activates excita-
tory amino acid receptors and triggers neuronal
membrane depolarization, which results in the release
of calcium ions and subsequently induces the forma-
tion of ROS. In turn, the increased ROS lead to im-
pairment of mitochondrial respiratory chain function
and damage to the cell structure, subsequently re-
sulting in brain damage (Bruce and Baudry, 1995;
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Fig. 5 LF protection against KA seizure-induced cognitive impairment in Morris water maze test
Mice were treated with vehicle (Veh) or LF before (LF-pre) or after (LF-post) KA injection for 7 d and then trained for four
consecutive days after SE. (a) Escape latency on Day 5 after training in all groups; (b) Number of crossings of the target
quadrant on Day 5; (c) Mean time to reach the platform during four consecutive days; (d) Mean swimming length during
four consecutive days. Data are expressed as mean+SEM (n=13—20 mice/group). * P<0.05 compared to the control (Cont)
group; ¥ P<0.05 compared to the vehicle (Veh) group by one-way ANOVA

Shin et al., 2011; Kovac et al., 2012). The brain has
an array of antioxidant defense enzymes, such as
SOD, catalase (CAT), and glutathione (GSH), to
prevent it from over-oxidative damage. However,
controversy remains about the change in endogenous
antioxidant reagents after SE. It has been reported that
the activities of SOD and CAT are increased 48 h and
5 d after KA-induced SE (Bruce and Baudry, 1995),
respectively. In a pilocarpine model, SOD and CAT
activities were increased at 2 h and 60 d after SE,
respectively, indicating that endogenous antioxidant
reagents are up-regulated due to increased oxidant
radicals (Freitas, 2009). However, other reports have
demonstrated no change or even a decrease in SOD
activity (Bellissimo et al., 2001; Freitas et al., 2005).
This discrepancy may result from differences in the
animal models, severity of injury, selected time points
and/or methods of detection. To reveal the details of
the change in SOD activity after SE, we assessed the
activity at multiple time points in the present study.
SOD activity was obviously decreased immediately
after SE (1 h), indicating increased oxidative stress
and deprivation of SOD shortly after SE onset. SOD

activity then dramatically increased both in the acute
seizure (6 h) and chronic periods (3 to 28 d), which
may represent over-compensation due to continuous
oxidative stress. Correspondingly, MDA content was
elevated at 3, 7, and 28 d after KA seizure. These
results are slightly different from those reported pre-
viously (Bruce and Baudry, 1995).

4.2 LFs and antioxidant effects

Flavonoids are compounds found in numerous
plants, fruits, and vegetables (Jager and Saaby, 2011).
They have been reported to have diverse bioactivities
including anti-inflammatory, antioxidant, anti-tumor,
and anti-viral effects. Licorice is a widely-used herb
in Chinese medicine and contains several kinds of
bioactive ingredient, such as glucose, glycyrrhizin,
oleane triterpenoid, and flavonoids. Among them, LFs,
such as liquiritigenin, isoliquiritigenin, and liquiritin,
have recently been studied widely. Liquiritin has a
potential effect against focal cerebral ischemia/
reperfusion through its antioxidant and antiapoptotic
properties (Sun et al., 2010). Zhan and Yang (2006)
also demonstrated that isoliquiritigenin has protective
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potential against cerebral ischemia injury through the
amelioration of cerebral energy metabolism and its
antioxidant property. Several reports have indicated
that flavonoids, such as naringin, baicalin, and vitexin,
have neuroprotective effects on animal seizure mod-
els induced by KA, pilocarpine, or pentylenetetrazole
(Golechha et al., 2011; Abbasi et al., 2012; Liu et al.,
2012). In the present study, we found that pretreat-
ment with LFs for 7 d significantly, albeit not com-
pletely, reversed the KA seizure-induced changes of
SOD and MDA, indicating that LFs have a potential
anti-oxidative effect. Similar results were also found
in LF post-treated mice. These results are identical to
those of our previous report (Xie et al., 2009), which
demonstrated that LFs reduce neutrophil-mediated
oxidative injury in lipopolysaccharide-induced acute
pulmonary inflammation.

4.3 LFs and neuronal death

As one consequence of seizure, neuronal death is
commonly seen in KA-induced SE. Although the
precise molecular mechanisms of seizure-induced
neuronal death remain unknown, oxidative stress and
excessive glutamate receptor activation may exert
sequential, as well as interacting effects on neuronal
vulnerability. FJB staining has been used as a fluo-
rescence marker for neuronal degeneration. We have
detected a large number of FJB-positive neurons in
the hippocampus 7 d after SE induced by KA in rats
(Zeng et al., 2009). In the present study, we also
found obvious neuronal death in the hippocampus
after KA-induced SE in ICR mice. Moreover, treat-
ment with LFs before or after KA-induced SE
markedly inhibited the increase in FJB-positive neu-
rons in the hippocampus. Since LFs had an antioxi-
dant effect in this study, it seems that the neuropro-
tective effect of LFs is related to their antioxidative
effect, at least to some extent.

4.4 LFs and cognitive impairment

In the present study, we observed that
KA-induced SE was associated with cognitive im-
pairment in mice as shown by a prolonged escape
latency and decreased number of crossings of the
right quadrant in Morris water maze tests. These re-
sults are identical to previous findings which demon-
strated cognitive impairment after administration of
chemoconvulsants (Royle ez al., 1999). The cognitive
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impairment was partially reversed by LF treatment
both before and after KA-induced SE, which may
result from a protective effect of LFs on neuronal cell
death.

5 Conclusions

In summary, our data suggest that LFs have a
protective effect on KA-induced SE and may have
potential for use in the prevention and treatment of
seizure-induced brain injury. The protective action of
LFs might at least partly be due to their antioxidant
activity. Nevertheless, further studies are needed at
the molecular level to gain a full understanding of the
mechanisms underlying the effects of LFs during
seizure.
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