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Objective. To evaluate the effect of CLMD administration on epileptic seizures and brain injury in pentylenetetrazole- (PZT-)
kindled mice. Methods. The effect of pretreatment with CLMD (5, 10, and 20ml/kg (mg/kg) by gavage) for seven days on PTZ-
induced kindling, duration and grade of kindling-induced seizures, and pathological injury in the cortex and hippocampus was
evaluated. Male BALB/c mice with adenosine A1 receptor knockout were subjected to intraperitoneal injection of PTZ
(35mg/kg) once every day until kindling was successfully induced. Quantitative reverse transcription polymerase chain reaction,
immunofluorescence, and western blot were performed to assess the mRNA and protein levels of p-glycoprotein (PGP),
multidrug resistance-associated protein 1 (MRP1), cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and adenylate kinase
(ADK) in the cortex and hippocampus. Results. PTZ successfully induced kindling in mice after 21 days, wherein CLMD
showed an obvious dose-dependent antiepileptic effect. High-dose CLMD significantly increased the latency of epileptic seizures,
decreased the sustained time of epileptic seizures and the seizure grade, and ameliorated the histopathological changes in the
cortex and hippocampus. Furthermore, PTZ kindling induced significantly higher levels of PGP, MRP1, COX-2, PGE2, and
ADK, but this effect was inhibited by pretreatment with CLMD in a dose-dependent manner. Conclusion. Pretreatment with
CLMD attenuates PTZ-kindled convulsions and brain injury in mice. The mechanism may be related to the cyclooxygenase-
2/prostaglandin E2/multidrug transporter pathway.

1. Introduction

Epilepsy is one of the most common and disabling neurolog-
ical diseases and is characterized by recurrent seizure activity
[1]. According to epidemiological studies, approximately 65
million people worldwide suffer from epilepsy, and the inci-
dence in China accounts for approximately one-tenth of the
total epileptic population [2]. In spite of the clinical applica-
tion of around 20 antiepileptic drugs (AEDs), 20–30% of
patients still experience refractory epilepsy because of the
unsatisfactory efficacy of these drugs [3]. This results in

increased mortality and disability rates, declining quality of
life, and increasing social and family economic burden.
Therefore, it is imperative to explore new prevention and
treatment strategies for refractory epilepsy.

In recent years, the determination of effective concentra-
tions of AEDs at traumatic brain lesions has become a key in
the prevention of refractory epilepsy [4]. Multidrug trans-
porters (MDTs), such as p-glycoprotein (PGP) and multi-
drug resistance-associated protein 1 (MRP1) in the central
nervous system, are mainly expressed on the lumen surface
of cerebral capillary endothelial cells and are associated with
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the role of adenosine triphosphate- (ATP-) dependent efflux
pumps [5]. They can be combined with a variety of AEDs in
the cell and be pumped into blood circulation, limiting the
accumulation of lipid-soluble AEDs in the brain and thereby
maintaining the stability of the brain environment [6]. Com-
mon first-line AEDs, such as phenytoin, carbamazepine, and
phenobarbital, have been identified as transport substrates of
PGP and MRPs [7]. However, the overexpression of MDTs
can limit the uptake and absorption of AEDs in brain tissue
and reduce the drug concentration in the brain, thus
obstructing the drug from reaching the target and reducing
drug efficacy [8]. Therefore, inhibiting the high expression
of MRPs to optimize the concentration of AEDs in diseased
brain tissues has become a highlight in refractory epilepsy
research.

Numerous studies have shown that epileptic seizures are
accompanied by inflammatory response and that persistent
seizures produce chronic inflammation [9, 10]. Recent studies
have reported that the inflammatory response induced by epi-
lepsy is closely related to the activation of cyclooxygenase-2
(COX-2) and the increase in prostaglandins (PGs) [11, 12].
Indeed, arachidonic acid is released frommembrane phospho-
lipids during seizures and is oxidized by COX and lipoxygen-
ase, generating proinflammatory products [13]. COX-2 is a
speed-limiting enzyme synthesized by PGs that not only
generates oxidative stress after activation but also converts
arachidonic acid into PGs and other harmful substances and
promotes repeated seizures [14]. Upregulated COX-2 expres-
sion was reported in epileptic seizures, and the activation of
COX-2 in the brain of epileptic animals promoted epilepsy-
induced neuronal death; caused abnormal neural axis, den-
dritic germination, and gliosis pathological changes; and short-
ened the latency of epileptic onset, thus promoting recurrent
epilepsy [15]. More interestingly, treatment with celecoxib, an
inhibitor of COX-2, restored pharmacosensitivity in a rat
model of pharmacoresistant epilepsy by downregulating the
expression of PGP, confirming that the COX-2/prostaglandin
E2 (PGE2) inflammatory response pathway is closely related
to MDT-mediated refractory epilepsy [16].

In Oriental societies, herbs and herbal preparations have
been widely used as medication by consumers for many
centuries to treat various diseases. Some herbal medications
may be effective alternatives in the treatment of neuropsy-
chiatric diseases, such as depression, anxiety, and insomnia.
Chaihu plus Longgu Muli decoction (CLMD, saiko-ka-ryu-
kotsu-borei-to in Japanese), a traditional Chinese medical
compound, has been applied as a remedy for over 1000
years. Compositionally, this herbal formula is made of 12
indigenous components: Radix bupleuri, Ossa draconis,
Radix scutellariae, Zingiberis rhizoma, red lead, Panax gin-
seng, Ramulus cinnamomi, Poria, Concha ostreae, Rhizoma
pinelliae, Radix et rhizoma rhei, and Fructus ziziphi jujubae.
(The composition and amount of each component as a
percentage of the whole formula are shown in Table 1.)
Recent studies have demonstrated that the use of CLMD in
the treatment of neuropsychiatric disorders had very few
side effects [17, 18]. However, the efficacy and mechanism
of CLMD therapy for epilepsy have not been reported
internationally.

Kindling is a common experimental model for spontane-
ous and recurring seizures, and pentylenetetrazole (PTZ) is
often used as a convulsing agent in experimental studies
[19]. The kindling phenomenon is characterized by an
increased susceptibility to epileptic seizures after repeated
injections of PTZ [20]. Our previous study demonstrated that
adenosine (Ade) had an inhibitory effect on the occurrence of
epilepsy. Thus, we selected Ade A1 receptor- (AdeA1R-)
knockout mice as the experimental subjects to increase
susceptibility to epilepsy. In the current study, the effect of
CLMD administration on epileptic seizures and brain injury
was evaluated in PTZ-kindled mice, and the mechanism of
CLMD action via the COX-2/PGE2/MDT pathway was
investigated. We aimed to provide a theoretical basis for the
clinical application of CLMD and open up new perspectives
for the treatment of refractory epilepsy with integrated
Chinese and Western medicine.

2. Materials and Methods

2.1. Chemicals and Reagents. PTZ (P6500) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Hematoxylin (PAB1815),
eosin (PAB1816), and Nissl’s staining solutions (PAB180022)
were purchased from Bioswamp (Wuhan, China). TRIzol
reagent (15596-018), RevertAid First Strand cDNA Synthesis
Kit (K1622), and SYBR™ Green PCR Master Mix (4364344)
were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Total protein extraction kit (W034), total protein
bicinchoninic acid assay kit (A045-3), and enhanced chemilu-
minescence reagent (P0018A) were purchased from Nanjing
Jiancheng Bioengineering Institute (Jiangsu, China). Rabbit pri-
mary antibodies against PGP (PAB18514, Bioswamp, Wuhan,
China), MRP1 (PAB19878, Bioswamp, Wuhan, China), and
fluorescein- (FITC-) conjugated AffiniPure goat anti-rabbit
IgG (H+L) (PAB160016, Bioswamp, Wuhan, China) were
purchased from Bioswamp. Rabbit primary antibodies against
COX-2 (ab52237, Abcam, Cambridge, UK), PGE2 (ab167171,
Abcam, Cambridge, UK), adenylate kinase (ADK, ab38010,
Abcam, UK), GAPDH (ab37168, Abcam, Cambridge, UK),
and goat anti-rabbit IgG (ab6721, Abcam, Cambridge, UK)

Table 1: Composition of Chaihu plus Longgu Muli decoction and
the amount of each component as a percentage of the whole formula.

Medicinal component Amount

Radix bupleuri 16.67%

Ossa draconis 6.25%

Radix scutellariae 6.25%

Zingiberis rhizoma 6.25%

Red lead 6.25%

Panax ginseng 6.25%

Ramulus cinnamomi 6.25%

Poria 6.25%

Concha ostreae 6.25%

Rhizoma pinelliae 8.33%

Radix et rhizoma rhei 8.33%

Fructus ziziphi jujubae 16.67%
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were purchased from Abcam. Other materials with the highest
analytical grade were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Plant Material. The medicinal components used to pre-
pare CLMDwere provided by the Chinese Medicine Prepara-
tion Center, Wuhan First Hospital, and are listed in Table 1.
CLMD was prepared by water boiling and alcohol extraction;
mix all the drugs and soak for 30 minutes, then decoct on
high flame for 20 minutes, then turn to slow fire for 30
minutes. The concentration of the crude drug in the obtained
decoction was 1 g/ml.

2.3. Animals. Thirty adult male AdeA1R-knockout BALB/c
mice weighing 20–25 g were purchased from Beijing Biocy-
togen Co., Ltd. (Beijing, China). The animals were housed
in opaque polypropylene cages in a standard 12h/12 h
light/dark cycle with food and water ad libitum at 22 ± 2°C
and 55–60% humidity. The mice were allowed to adapt to
the above-mentioned conditions for seven days before
experimentation. All animal experiments were approved
by the Animal Ethics Committee of Wuhan First Hospital
and complied with the Declaration of the National Institutes
of Health Guide for Care and Use of Laboratory Animals
(Publication No. 85-23, revised 1985).

2.4. Experimental Grouping and PTZ Kindling. The mice were
divided into five groups (n = 6 per group): control (no kin-
dling), model (PTZ-induced kindling), L-CLMD (low-dose
CLMD followed by kindling), M-CLMD (medium-dose
CLMD followed by kindling), and H-CLMD (high-dose
CLMD followed by kindling). The mice in the L-CLMD, M-
CLMD, and H-CLMD group were administered CLMD at
5ml/kg (mg/kg), 10ml/kg (mg/kg), and 20ml/kg (mg/kg),
respectively, by gavage for one week before kindling. Mice in
the control and model groups were administered 0.9% normal
saline at 10ml/kg (mg/kg) body weight by gavage for one week.

To establish the epilepsy model, PTZ was dissolved in
0.9% saline and administered intraperitoneally (i.p.) with a
subconvulsant dose of 35mg/kg every day for 21 days. Mice
in the control group were injected i.p. with the same amount
of 0.9% saline. After daily PTZ injection, the convulsive
behaviors of each mouse were observed, and the latency,
sustained time, and grade/score of epileptic seizures were
recorded. Epileptic seizures were scored using the following
scale (according to Racine) [21]: 0, no response; 1, hyperac-
tivity and vibrissae twitching; 2, head nodding, head clonus,
and myoclonic jerk; 3, unilateral forelimb clonus; 4, bilateral
forelimb clonus with preservation of righting reflex; and 5,
generalized tonic-clonic seizure with loss of righting reflex.
The mouse was considered kindled if it exhibited a score
of 4 or 5 on three consecutive injections of PTZ. As
expected, the mice in the control group, which were chal-
lenged with saline, did not exhibit seizure and were not
included in the behavioral analysis. The kindled mice from
the model and CLMD-treated groups were subjected to
behavioral analysis for 21 days.

2.5. Sample Collection. Mice were sacrificed by decapitation
after anesthetized with 1% pentobarbital sodium (50mg/kg)

at the end of the observation period of 21 days, followed by
immediate removal of the two hemispheres of the brain.
The cortex and hippocampus from one hemisphere were
fixed for 24 h in 10% paraformaldehyde solution for subse-
quent tissue staining. The cortex and hippocampus from
the other hemisphere were frozen at -80°C for other molecu-
lar experiments.

2.6. Hematoxylin and Eosin (HE) Staining.The cortex and hip-
pocampus were chosen since they are the most sensitive areas
to toxic insults and are important for maintaining epileptic
seizures. Portions of the cortex and hippocampus were fixed
in 10% paraformaldehyde solution for at least 24h, dehydrated
with a sequence of ethanol solutions, and processed for paraf-
fin embedding. Sections of 5μm in thickness were cut, depar-
affinized, rehydrated, stained with HE, and examined under a
light microscope (Olympus, Tokyo, Japan).

2.7. Nissl’s Staining. Portions of the cortex and hippocampus
were fixed in 10% paraformaldehyde solution for at least 24 h.
Thereafter, they were dehydrated, paraffin-embedded, and
sliced. Sections of 5μm in thickness were stained with Nissl’s
staining solution for 10min at 37°C, dehydrated in 95%
ethanol for 2min, and rendered transparent in xylene for
5min. The sections were observed under a light microscope
(Olympus, Tokyo, Japan).

2.8. Immunofluorescence. As previously mentioned, 5μm
thick paraffin sections of the cortex and hippocampus were
prepared. The sections were processed by baking, dewaxing,
antigen repair, and endogenous enzyme removal. Then, the
sections were blocked in donkey serum and incubated with
primary antibodies against PGP (1 : 200) and MRP1 (1 : 200)
at 4°C overnight. Then, the sections were incubated with
FITC-conjugated AffiniPure goat anti-rabbit IgG second
antibody (1 : 500) for 1h at 37°C, and the nuclei were stained
with 4′,6-diamidino-2-phenylindole for 10min at 37°C. The
sections were observed under a fluorescence microscope
(Olympus, Tokyo, Japan).

2.9. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR). Frozen tissues from the cortex and
hippocampus were ground in liquid nitrogen. Total RNA
was extracted from tissues using TRIzol reagent and
reverse-transcribed into cDNA using the RevertAid First
Strand cDNA Synthesis Kit according to the manufacturer’s
instructions. qRT-PCR was performed in a 20-μl reaction
mixture containing SYBR™ Green PCR Master Mix, cDNA,
and each primer at 0.2mmol/l at 95°C for 10min, 40 cycles
at 95°C for 10 s, and 60°C for 45 s. Data were collected using
the QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems). The relative amount of each gene was normal-
ized to the housekeeping gene GAPDH. Relative quantity
values were analyzed using the 2-ΔΔCt method. The primer
sequences are shown as follows: PGP F, 5′-CCTGGGCTC
CACCTGTA-3′, R, 5′-GGACCATTTTCTTCTTG-3′;
MRP1 F, 5′-CCTCAACAAAACCAAAA-3′, R, 5′-GGGC
TGACCAGTAACAC-3′; and GAPDH F, 5′-CCTTCCGTG
TTCCTAC-3′, R, 5′-GACAACCTGGTCCTCA-3′.
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2.10. Protein Extraction and Western Blot. Proteins were
extracted from the cortex and hippocampus using a total
protein extraction kit and quantified by the bicinchoninic acid
assay kit. Whole proteins were electrophoresed in 10–15%
polyacrylamide gels, and the separated proteins were trans-
ferred to polyvinylidene difluoride membranes. Nonspecific
binding was blocked with 5% skimmed milk for 2h at 37°C.
The membranes were then incubated with rabbit antibodies
against COX-2 (1 : 1000), PGE2 (1 : 5000), and ADK (1 : 500)
at 4°C overnight with GAPDH (1 : 1000) as a control. Next,
the membranes were incubated with goat anti-rabbit IgG
(1 : 5000) for 1h at room temperature. Images were acquired
using a multifunctional gel imaging system (Image Quant
LAS 500, General Electric, Fairfield, CT, USA) after incubation
with enhanced chemiluminescence reagent. GAPDH act as
the internal reference, relative expression of target protein =
target protein/GAPDH.

2.11. Statistical Analyses. All values are presented as the
mean ± standard deviation (SD). One-way analysis of
variance followed by the Tukey test was performed to com-
pare differences between multiple groups (more than two)
using SPSS 19.0 software (IBM Corp., Armonk, NY, USA).
P < 0:05 is considered statistically significant.

3. Results

3.1. CLMD Reduced the Susceptibility to and Activity of
Epileptic Seizures. No mouse died after the 21-day behavioral
analysis, and the control mice challenged with saline did not
exhibit seizures. However, the mice in the PTZ-induced and
CLMD treatment groups showed varying degrees of seizures.
In mice subjected to PTZ injection, the seizure grade on days
19, 20, and 21 was 4 or 5, confirming that the mice were suc-
cessfully kindled by PZT. On day 21, the mean latency of
epileptic seizures was significantly increased in the CLMD-
treated mice compared with that in the nontreated kindled
mice, especially at high-dose CLMD (P < 0:01, Figure 1(a)).
In addition, high-dose CLMD led to significant reductions
in sustained time and grade of epileptic seizures (P < 0:05,
P < 0:01), while medium- and low-dose CLMD induced no
significant change (Figures 1(b) and 1(c)). These results
indicated that CLMD, especially at a high dose, slowed the
time and decreased the grade of epileptic seizures.

3.2. CLMD Alleviated Brain Damage in Epileptic Mice. HE
staining showed that the neurons in the cortex and hippo-
campus in the control group were well arranged with a nor-
mal morphology. With PTZ-induced kindling, the neurons
became randomly arranged, and some contained obvious
vacuoles in the cytoplasm whereas some were swollen and
unevenly distributed. Nuclear pyknosis and hyperchromia
occurred, along with the disappearance of nucleolus. In the
CLMD-treated neurons, the increase in CLMD concentra-
tion induced the scattered neurons to gradually reorganize
into a normal arrangement. Symptoms such as swelling of
the neuron cell body and hyperchromatism of nuclear
pyknosis were further alleviated, especially at high-dose
CLMD (Figure 2(a)). Nissl’s staining showed that neurons

in the cortex and hippocampus of the control group were
arranged in an orderly manner, and the cytoplasm was rich
in Nissl bodies. Neurons in the PTZ-kindled mice showed a
decrease in the number of Nissl bodies in the cortex and
hippocampus. Some cells were swollen, with fuzzy cell con-
tour and incomplete morphology. In CLMD-treated mice,
with the increase in CLMD concentration, the number of
Nissl bodies increased gradually. Neuron swelling gradually
disappeared, and the cell morphology tended to be normal,
especially at high-dose CLMD (Figure 2(b)). These results
demonstrated that CLMD reduced brain damage in epileptic
mice, as reflected in the increased number of surviving
neurons in the cortex and hippocampus, especially at high-
dose CLMD.

3.3. CLMD Decreased the mRNA and Protein Levels of PGP
and MRP1 in the Cortex and Hippocampus of Epileptic Mice.
In the PTZ-kindled mice, the mRNA levels of PGP and
MRP1 were significantly increased compared to those in the
control group (P < 0:01) in both the cortex (Figure 3(a)) and
hippocampus (Figure 3(b)). CLMD at various doses reduced
the mRNA levels of PGP and MRP1 to varying degrees
(P < 0:01), and the effect was most prominently observed at
high-dose CLMD. Similar to mRNA expression, immunofluo-
rescence showed that after PTZ kindling, the protein levels of
PGP and MRP1 (green fluorescence) in both the cortex
(Figure 4(a)) and hippocampus (Figure 4(b)) were signifi-
cantly higher than those in the control group. CLMD at differ-
ent doses reduced the protein levels of PGP and MRP1 to
various extents, and the effect was especially noticeable at
high-dose CLMD. The decreased in the protein levels of
PGP and MRP1 in the cortex and hippocampus in epileptic
mice demonstrated here may encourage CLMD to reach the
lesion site and facilitate its therapeutic effect.

3.4. CLMD Played an Antiepileptic Role by Downregulating
COX-2/PGE2/ADK Signaling. In PTZ-kindled mice, the pro-
tein levels of COX-2, PGE2, and ADK in both the cortex
(Figures 5(a) and 5(b)) and hippocampus (Figures 5(c) and
5(d)) were significantly increased compared with those in
the control group (P < 0:01). CLMD reduced the protein
levels of COX-2, PGE2, and ADK to varying degrees, and
its effect was more remarkable at high dose than at low and
medium dose (P < 0:01). These observations implied that
the COX-2/PGE2/ADK pathway may be involved in the anti-
epileptic action of CLMD.

4. Discussion

The present study revealed the therapeutic potential of CLMD
on PTZ-kindled epileptic mice. PTZ-induced kindling is a
well-accepted model to investigate and analyze the pathophys-
iological mechanisms and behavioral characteristics during
epileptogenesis [22]. The symptoms of epileptic seizures
induced by PTZ kindling in animal models were found to be
clinically relevant and similar to those of human temporal lobe
epilepsy [23] and generalized tonic-clonic convulsions [22]. In
the present study, administration of PTZ (35mg/kg) for a
period of 21 days (21 injections) in AdeA1R-knockout mice
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successfully established the epilepsy model. In turn, high-dose
CLMD (20ml/kg (mg/kg)) significantly attenuated the suscep-
tibility and activity of PTZ-induced epileptic seizures in mice,
indicating its antiepileptogenic potential. In addition, epilepsy
is known to cause various behavioral phenomena, including
anxiety, depression, and learning and memory deficit [24].

CLMDwas originally recorded in the “Treatise on Febrile
Disease,” which has a history of nearly two thousand years
and was written by Zhang Zhongjing, an expert in medicine
and pharmacy in the Eastern Han dynasty in Chinese history.
In traditional Chinese medicine, CLMD has been extensively
used to treat neuropsychiatric disorders such as depressive
illness. In a rat model of unpredictable chronic mild stress,
total saponins extracted from Chaihu-jia-longgu-muli-tang
reversed depression-like behaviors, restored the reduced
levels of monoamine neurotransmitters, and upregulated
the expression of brain-derived neurotrophic factor [25].
Meanwhile, saponins extracted from Chaihu-jia-longgu-
muli-tang showed significant in vitro neuroprotective action
against corticosterone-induced lesions in PC12 cells, a rat
pheochromocytoma cell line [18]. Since depression is a com-
plication of epilepsy, previous studies have laid a theoretical
foundation for our experimental hypothesis that the CLMD
might also have antiepileptic effects.

Many studies have reported that repeated injection of
subconvulsive doses of PTZ increased the susceptibility of

experimental animals, resulting in a fully kindled state [26,
27]. In this case, brief epileptic seizures last for several
minutes and resemble human epilepsy, along with histopath-
ological abnormalities in some regions of the brain such as
the cortex and hippocampus [28]. Extensive studies in
experimental models have reported that continuous epileptic
seizures or even brief repetitive seizures caused by kindling
provoked pathological neurodegeneration in the brain [29,
30]. In our study, pathological assessment indicated that the
PTZ-kindled mice showed typical neurofunctional degenera-
tion in cortical and hippocampal tissues. As expected, CLMD
alleviated brain injury in kindled mice. In particular, it
increased the number of surviving neurons in the cortex
and hippocampus, which may be directly related to the short
onset time and low grade of epileptic seizures. However,
amelioration of seizure activity does not necessarily imply
the direct anticonvulsant property of CLMD. Therefore, we
followed up on the study by focusing on the cortex and
hippocampus to explore the in-depth mechanism of CLMD.

In recent years, drug resistance has become an obstacle in
the treatment of refractory epilepsy. Drug resistance is
mainly caused by the maladjustment of the expression of
MDTs, such as PGP and MRP1 [31]. An imaging study
showed that refractory epilepsy was associated with localized
overexpression of drug transporter proteins such as PGP in
the epileptic focal region, which actively extruded AEDs from
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Figure 1: Indices of behavioral analysis in mice after 21 days of observation: (a) mean latency of epileptic seizures; (b) sustained time of
epileptic seizures; (c) grade of epileptic seizures. ∗∗P < 0:01 vs. model; ##P < 0:01 vs. L-CLMD; &P < 0:05 and &&P < 0:01 vs. M-CLMD. L:
low dose; M: medium dose; H: high dose; CLMD: Chaihu plus Longgu Muli decoction.
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their intended site of action [32]. Meanwhile, a meta-
analysis of nine studies revealed that neural overexpression
of MRP1 was closely related to refractory epilepsy [33].
Furthermore, Potschka and Loscher found that when
PGP and MRPs were overexpressed, the concentration of
AEDs in cells was decreased in the lesion area [34]. Tish-
ler et al. measured the concentration of phenytoin in the
brain tissue of patients with refractory epilepsy after surgi-
cal resection and found that the concentration of phenyt-
oin in PGP-positive cells was only 25% of that in PGP-
negative cells [35]. Cox et al. showed that the artificial reg-
ulation of PGP and MRP2 expression altered the pharma-
codynamic and histological distribution of certain AEDs
[36]. In the current study, we found that CLMD signifi-
cantly reduced the expression of PGP and MRP1 in corti-
cal and hippocampal tissues of kindled mice. The findings
suggested that suppressing the expression of MDTs, such
as PGP and MRP1, is one of the mechanisms by which
CLMD exerts antiepileptic effects.

Ade is an endogenous anticonvulsive neuromodulator
with neuroprotective properties, and the lack of Ade can
directly lead to the aggravation of epileptic seizures, which
is difficult to control and can cause persistent epilepsy
[37]. Ade is mostly phosphorylated by ADK into adeno-

sine monophosphate, adenosine diphosphate, and ATP to
complete the recycling of Ade [38]. MDTs are a superfam-
ily of ATP-binding proteins, and the overexpression of
MDTs can induce the decomposition of a large amount
of ATP, resulting in Ade deficiency. Thus, the Ade system
is closely related to refractory epilepsy mediated by MDT
overexpression. An interesting study showed that ADK
overexpression in astrocytes triggered seizures [39]. On
the contrary, antisense-mediated knockdown of ADK
expression within astrocytes inhibited spontaneous seizures
[40]. Similarly, Gouder et al. found that the overexpression
of ADK in epileptic hippocampus contributed to epilepto-
genesis, while seizures and interictal spikes were sup-
pressed by the injection of low-dose 5-iodotubercidin, an
inhibitor of ADK [41]. In our study, the trend of ADK
expression was consistent with that of MDTs (PGP and
MRP1), and CLMD administration significantly reduced
their expression. Thus, we confirm that the antiepileptic
effect of CLMD is related to the downregulation of ADK
expression.

It is well known that epileptic seizures result in and
enhance brain damage and related processes such as inflam-
mation. COXs are rate-limiting enzymes in metabolic path-
ways in which arachidonic acid is converted into PGs.
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Figure 2: Histopathological evaluation of brain damage in the cortex and hippocampus of PTZ-kindled epileptic mice. (a) HE staining (×200)
and (b) Nissl’s staining of the cortex and hippocampus (×200). L: low dose; M: medium dose; H: high dose; CLMD: Chaihu plus Longgu Muli
decoction.

6 BioMed Research International



6

4 ##
##

&&
## &&

##
$$

&&
##

$$
&&
##

2

0

Re
la

tiv
e e

xp
re

ss
io

n 
of

 m
RN

A

PGP MRP1
Cortex

Control
Model
L-CLMD

M-CLMD
H-CLMD

⁎⁎

⁎⁎

(a)

##
##

&&
##

&&
##$$

&&
##

$$
&&
##

6

8

10

4

2

0
PGP MRP1

Hippocampus

Re
la

tiv
e e

xp
re

ss
io

n 
of

 m
RN

A ⁎⁎

⁎⁎

(b)

Figure 3: mRNA levels of PGP and MRP1 in the cortex and hippocampus of PTZ-kindled epileptic mice. mRNA levels of PGP and MRP1 in
the (a) cortex and (b) hippocampus. ∗∗P < 0:01 vs. control; ##P < 0:01 vs. L-CLMD; &&P < 0:01 vs. L-CLMD; $$P < 0:01 vs. M-CLMD. L: low
dose; M: medium dose; H: high dose; CLMD: Chaihu plus Longgu Muli decoction; PGP: p-glycoprotein; MRP1: multidrug resistance-
associated protein 1.
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Figure 4: Immunofluorescence evaluation of PGP and MRP1 expression in the cortex and hippocampus of PTZ-kindled epileptic mice.
Immunofluorescence staining of PGP and MRP1 in the (a) cortex (×200) and (b) hippocampus (×200). L: low dose; M: medium dose; H:
high dose; CLMD: Chaihu plus Longgu Muli decoction; PGP: p-glycoprotein; MRP1: multidrug resistance-associated protein 1.
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COX-2 is the isoform induced at injury/inflammation sites
and is expressed constitutively in several tissues, such as
tissues in the central nervous system, and is involved in neu-
rodegenerative diseases associated with increased excitatory
activity[42]. Not only patients with temporal lobe epilepsy
[43] but also genetically seizure-susceptible mice [44] exhib-
ited increased COX-2 expression in the brain, suggesting that
COX-2 may have critical functions in convulsive states.
However, in experiments performed in rats, the specific
COX-2 inhibitor nimesulide was shown to reduce white
matter damage in chronic cerebral ischemia, limit kainate-
induced oxidative damage in the hippocampus, and alleviate
motor and cognitive dysfunction following diffuse traumatic
brain injury [45]. In a rat model of absence epilepsy, the
selective COX-2 inhibitor etoricoxib exerted antiepilepto-
genic effects by reducing the synthesis of PGs and suppress-
ing neuroinflammation-dependent adaptive processes [46].
The inhibition of PGE2, a key mediator in COX-2 signaling,
by specific antibodies or COX-2 inhibitor celecoxib resulted

in decreased PTZ susceptibility [47, 48]. Oliveira et al.
observed the electroencephalogram changes in rats injected
with PTZ by administering antibodies against PGE2 and
found that the antibodies reduced PTZ-induced epileptic
seizures [42]. In our study, we observed a decrease in COX-
2 and PGE2 protein expression during CLMD therapy. We
conclude that CLMD exerted antiepileptic effects by down-
regulating COX-2/PGE2 signaling.

5. Conclusion

We suggest that CLMD acts as a dose-dependent antiepileptic
agent. The therapeutic effects of CLMD are mainly related to
the reduction in seizure time and grade, repair of brain dam-
age, and increase in the number of surviving neurons. These
effects might be due to COX-dependent mechanisms such as
reduced synthesis of PGE2 and the resulting attenuation of
neuroinflammatory injury. Furthermore, the involvement of
other mechanisms such as the downregulation of MDTs and
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Figure 5: Evaluation of the expression of proteins involved in the COX-2/PGE2/ADK pathway in the cortex and hippocampus of PTZ-
kindled epileptic mice. (a) Western blot and (b) quantitative analysis of the protein levels of COX-2, PGE2, and ADK in the cortex. (c)
Western blot and (d) quantitative analysis of the protein levels of COX-2, PGE2, and ADK in the hippocampus. ∗∗P < 0:01 vs. control;
#P < 0:05, ##P < 0:01 vs. model; &P < 0:5, &&P < 0:01 vs. L-CLMD; $$P < 0:01 vs. M-CLMD. L: low dose; M: medium dose; H: high dose;
CLMD: Chaihu plus Longgu Muli decoction; COX-2: cyclooxygenase-2; PGE2: prostaglandin E2; ADK: adenylate kinase; GAPDH:
glyceraldehyde-phosphate dehydrogenase.
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consequent downregulation of ADK should be considered.
There are indeed shortcomings in this study, and further
experiments are needed to clarify the relationship between
CLMD and COX-2 or MDT inhibitors to support the antiep-
ileptic mechanisms of CLMD.
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