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Abstract
Neuroinflammation and imbalance of neurotransmitters play pivotal roles in seizures and epileptogenesis. Aucubin (AU) is 
an iridoid glycoside derived from Eucommia ulmoides that possesses anti-inflammatory and neuroprotective effects. How-
ever, the anti-seizure effects of AU have not been reported so far. The present study was designed to investigate the effects of 
AU on pilocarpine (PILO) induced seizures and its role in the regulation of neuroinflammation and neurotransmission. We 
found that AU reduced seizure intensity and prolonged the latency of seizures. AU significantly attenuated the activation of 
astrocytes and microglia and reduced the levels of interleukine-1 beta (IL-1β), high mobility group box 1 (HMGB1), tumor 
necrosis factor-α (TNF-α). Furthermore, the contents of γ-aminobutyric acid (GABA) were increased while the levels of 
glutamate were decreased in the hippocampus with AU treatment. The expression of γ-aminobutyric acid type A receptor 
subunit α1 (GABAARα1) and glutamate transporter-1 (GLT-1) protein were up-regulated in AU treatment group. However, 
AU had no significant effect on N-methyl-d-aspartate receptor subunit 2B (NR2B) expression in status epilepticus (SE). In 
conclusion, our findings provide the first evidence that AU can exert anti-seizure effects by attenuating gliosis and regulating 
neurotransmission. The results suggest that AU may be developed as a drug candidate for the treatment of epilepsy.
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Introduction

Epilepsy a common neurological disorders that is char-
acterized by spontaneous recurrent seizures due to exces-
sive synchronous discharge from brain neurons [1]. There 
are approximately 70 million people worldwide who are 

suffering from epilepsy [2]. Although the majority of 
patients with epilepsy have achieved seizure remission with 
antiepileptic drugs (AEDs), about 30% of patients are still 
not effectively controlled with available drugs [3]. In addi-
tion, adverse drug reactions caused by AEDs can greatly 
reduce the quality of life of patients [3, 4]. Thus, it’s urgent 
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to understand the molecular mechanisms of epileptogenesis 
and develop novel antiepileptic agents to modify the epilep-
tic process.

The pathogenesis of epilepsy is complex [5], though the 
theory implicating an imbalance between excitatory and 
inhibitory transmitters is widely recognized [6]. Gluta-
mate is the primary excitatory neurotransmitter in the brain 
[7], and excessive glutamate in the synaptic cleft induces 
excitotoxicity via activated N-methyl-d-aspartate receptors 
(NMDAR), which promote calcium influx and subsequent 
neuronal death [8]. Extracellular glutamate is mainly taken 
up via the excitatory amino acid transporter (EAAT2/GLT-1) 
in astrocytes [9]. As such, suppression of NMDAR activity 
and enhancement of glutamate uptake could be an effective 
way to inhibit the occurrence of epilepsy. γ-aminobutyric 
acid (GABA) is the principal inhibitory neurotransmitter 
[7] and it exerts a postsynaptic inhibitory action mainly via 
GABAA receptors [10]. Importantly, enhanced GABAARα1 
expression can increase the seizure threshold and inhibit the 
development of recurrent spontaneous seizures after status 
epilepticus (SE), suggesting that GABAARα1 functions as 
an inhibitory factor in the occurrence of epilepsy [11]. These 
findings indicated that GABAAR-mediated inhibitory neuro-
transmission is a therapeutic target for epilepsy.

Neuroinflammation is characterized by reactivity of astro-
cytes and microglia [12]. The inflammation response, astro-
cytosis and microglial activation were observed in the brain 
tissues from patients with temporal lobe epilepsy (TLE). 
The same pathological phenomenon was also observed in 
various animal models of epilepsy [13]. As a brain injury 
factor, epileptic seizures could induce the resting state of 
astrocytes and microglia into activated form once it attacks 
[14]. Activation of astrocytes and microglia releases vari-
ous inflammatory molecules, mainly interleukine-1 beta (IL-
1β), high mobility group box 1 (HMGB1), tumor necrosis 
factor-α (TNF-α). In turn, several studies have shown that 
these inflammatory factors could promote seizures and epi-
leptogenesis [15–17]. Currently, several anti-inflammatory 
or immunosuppressive drugs are being used to control sei-
zures in some patients with epileptic syndromes that are 
resistant to conventional AEDs [18]. For example, intrave-
nous immunoglobulin (IVIG) can suppress seizures in some 
types of intractable epilepsy [19] by reducing the levels of 
cytokines and suppressing the activation of astrocytes [20, 
21]. Moreover, a recent study found that treatment with the 
IL-1β synthesis inhibitor VX-765 or the IL-1 receptor antag-
onist IL-1RA could reduce the onset of seizures and inhibit 
the augmentation of epileptogenesis in various animal mod-
els of epilepsy [22]. The above evidence suggests that sup-
pression of neuroinflammatory pathways is a potential target 
for the treatment of refractory epilepsy.

Aucubin (AU) is a natural monomeric compound, that 
is typically acquired from Eucommia ulmoides Oliv, a 

small tree native to China [23]. AU demonstrates anti-
inflammatory and neuroprotective effects, although various 
pharmacological effects have been reported [24]. There are 
several reports suggest that AU can inhibit the activation 
of extracellular signal-regulated kinase (ERK), the degra-
dation of κBa (IκBα) and activation of nuclear factor κB 
(NF-κB) to antagonize various inflammatory cytokines, 
including interleukin-1β (IL-1β), IL-6 and TNF-α [25–27]. 
In recent years, the study on the potential pharmacological 
effects of AU on the nervous system has also become a hot 
spot. Our previous study demonstrated that AU amelio-
rated epilepsy-induced hippocampal neuronal damage by 
inducing autophagy and inhibiting necroptosis in lithium-
pilocarpine-induced rat model of SE [28]. Recent studies 
have also shown that AU facilitates the differentiation of 
neural precursor cells into GABAergic neurons, promotes 
neurite outgrowth in neural stem cells, and enhances 
lengthening and thickness of axons and re-myelination 3 
weeks after sciatic nerve injury, suggesting that AU might 
improve neurodegenerative disorders and peripheral nerve 
injury by promoting nerve growth and regeneration [29, 
30]. However, the effect of AU on epileptic seizures has 
not been fully explored. Whether AU can regulate neu-
roinflammation and neurotransmitters remains unknown. 
Therefore, the purpose of this study was to investigate the 
anti-epileptic effect of AU and its potential mechanism. 
Based on these background information, we are committed 
to investigate whether AU reduces seizures and whether its 
action is related to the inhibition of neuroinflammation and 
the regulation of neurotransmitters. An epileptic mouse 
was used to observe changes in animal behavior following 
AU treatment and to assess the activation of glial cells, 
the expression of inflammatory factors, and the content of 
glutamate and GABA in the hippocampus.

Materials and Methods

Animals

Male ICR mice (6 weeks old, weighing 18–22 g) were pro-
vided by Hunan SJA Laboratory Animal Co. Ltd. The mice 
were housed in a controlled environment at 20–22 °C, 12 h 
light and dark cycles, with food and water ad libitum. All 
experimental protocols were approved by the Ethics Com-
mittee of Central South University and were carried out 
in accordance with the National Institute of Health Guide 
for the Care and Use of Laboratory Animals (NIH Pub-
lications NO. 80 − 23, revised 1996). All possible efforts 
were made ensure the animals comfort and to minimize 
the number of animals used.
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Grouping and Treatment

Mice were randomly divided into five groups of eight ani-
mals each. All treatments were given via an intraperito-
neal (i.p.) route in a volume of 10 ml/kg and include the 
(1) normal control group (NC, 0.9% normal saline, i.p.), 
(2) epileptic model group (PILO, 320 mg/kg, i.p.), (3) AU 
low-dose group (AU-L, 50 mg/kg, i.p.), (4) AU high-dose 
group (AU-H, 100 mg/kg, i.p.); (5) Sodium valproate group 
(VPA ,300 mg/kg, i.p.). The drugs were dissolved in saline 
to prepare for injection. The AU was extracted from the 
Eucommia ulmoides Oliv in our laboratory, the purity of 
which was more than 98%. The extraction technology we 
first established was awarded a patent of Chinese national 
invention in 2015, No. 201410376884.0, State Intellectual 
Property Office, P. R. China. Mice in the treatment groups 
were administered once daily for 7 days. Pilocarpine was 
used to induce seizures at 30 min after the last administra-
tion of AU.

Induction of Status Epilepticus

Animals were subjected to the LiCl-pilocarpine model of 
SE. Briefly, the mice were treated intraperitoneally with lith-
ium chloride (LiCl, 127 mg/kg, i.p., Sigma–Aldrich, USA) 
12–18 h prior to the administration of pilocarpine (320 mg/
kg, i.p., Sigma–Aldrich, USA). Mice were injected 30 min 
prior to the pilocarpine hydrochloride injection with sco-
polamine methylbromide (1 mg/kg, i.p., National Institutes 
for Food and Drug Control, China) to minimize peripheral 
cholinomimetic effects. Behavioral changes were recorded 
and graded according to the Racine scale [31]: 0, no abnor-
mality; 1, mouth and facial movements; 2, head nodding; 3, 
forelimb clonus; 4, rearing and bilateral forelimb clonus; 5, 
rearing, falling and jumping; 6, death. The beginning of SE 
was defined as the onset of continuous stage 4 or 5 seizures 
or multiple stage 4/5 seizures without regaining normal 
behavior between seizures. SE was allowed to last for 60 min 
and then 10% chloral hydrate (3 ml/kg) was injected to ter-
minate the seizures. The seizure scores and the latency of the 
seizures were recorded. The seizure latency was defined as 
the time from injection of pilocarpine to the first appearance 
of seizure activity. Mice were sacrificed by cervical disloca-
tion or 10% chloral hydrate at 24 h after SE. The brain was 
collected forimmunohistochemical analysis. The dissociated 
hippocampus was obtained for assessing neurotransmitters 
levels and/or western-blot analysis.

Immunohistochemical Analysis

The activation of astrocytes and microglia was meas-
ured via immunohistochemistry analysis of glial fibrillary 
acidic protein (GFAP) and ionized calcium binding adapter 

molecule 1(Iba1). The animals were anesthetized and per-
fused transcardially with ice-cold phosphate buffer solu-
tion (PBS, 0.01 M, pH 7.4) followed by a chilled 4% (w/v) 
paraformaldehyde at 15 ml/min for 5 min. The brains were 
carefully removed after perfusion and postfixed overnight in 
4% paraformaldehyde at 4 °C. Coronal sections through the 
dorsal hippocampus were obtained and used for immunohis-
tochemical analysis. After dewaxing and hydration, the sec-
tions were incubated in a 3% hydrogen peroxide solution for 
30 min. Antigen retrieval was carried out under boiling con-
ditions. The sections were incubated in goat serum for 2 h 
to block the antigens and then incubated overnight at 4 °C 
with mouse monoclonal anti-GFAP (1:50, CST, USA) and 
Rabbit monoclonal anti-Iba1 (1:8000, Abcam, USA). The 
following day the sections were washed and incubated for 
1 h with either Biotin-labeled Goat Anti- Mouse IgG (H + L) 
(1:2000, Beyotime Biotechnology, China) or Biotin-labeled 
Goat Anti- Rabbit IgG (H + L) (1:500, Beyotime Biotechnol-
ogy, China). After rinsing three times with PBS, a DAB kit 
(Zsbio, China) was used to visualize the sites of antibody 
binding. Sections were observed under a microscope (Nikon 
Eclipse Ci, Japan) and pictures were taken (Nikon DS-U3, 
Japan) at 400x magnification. Ten random fields per speci-
men were analyzed automatically and semi-quantitatively 
using Image Pro Plus 6.0 pathology image analysis soft-
ware. The same regions were fixed across all the images to 
calculate the area and integrated optical density (IOD). The 
IOD/area of the target protein was obtained for each image.

Western Blot Analysis

The hippocampus was dissected on ice, preserved in liquid 
nitrogen and then homogenized in ice-cold PBS buffer and 
then added RIPA lysis buffer (Beyotime, China) containing 
phenylmethanesulfonyl fluoride (PMSF; Beyotime, China) 
and phosphatase inhibitors (Servicebio, Switzerland). The 
concentration of protein in the supernatant was detected via 
BCA assay (BCA Protein Assay Kit, Beyotime Biotechnol-
ogy). The protein extracts were then separated via sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Millipore, USA). The PVDF membrane was blocked 
in newly prepared TBST buffer (Trisbuffered saline solu-
tion containing 0.05% Tween-20) supplemented with 5% 
skim milk for 1 h at ambient temperature. The membrane 
was then cut into multiple target bands and incubated with 
mouse anti-GFAP antibody (1:1000, CST, USA), rabbit anti-
Iba1 antibody (1:1000, Abcam, USA), rabbit anti-HMGB1 
antibody (1:500, ImmunoWay, USA), rabbit anti-IL-1β anti-
body (1:500, Milipore, USA), mouse anti-TNF-α antibody 
(1:500, Proteintech, USA), or mouse anti-GABARα1 anti-
body (1:500, Proteintech, USA), mouse anti-NR2B antibody 
(1:500, Abcam, USA), rabbit anti-GLT-1 antibody (1:1000, 
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Proteintech, USA), mouse anti-β-actin antibody (1:500, 
Santa Cruz, USA) in TBST buffer overnight at 4 °C. The 
membrane was then incubated with HRP-labeled Goat 
Anti-Rabbit IgG (H + L) (1:1000, Beyotime Biotechnol-
ogy, China) or HRP-labeled Goat Anti-Mouse IgG (H + L) 
(1:1000, Beyotime Biotechnology, China) for 1 h. Immuno-
reactive bands were visualized using Amersham ECL Prime 
Western Blotting Detection Reagent (GE, USA). Quantita-
tive analysis of the gray value of the bands using Image J 
software (National Institutes of Health, USA).

Biochemistry Detection

For the determination of glutamate and GABA levels in the 
hippocampus tissues, the tissues were homogenized in ice-
cold PBS buffer and centrifuged at 12,000 rpm for 10 min 
at 4°. The supernatant was used in the subsequent assays. 
The content of GABA was measured using an ELISA Kit 
for Gamma-Aminobutyric Acid(Cloud-Clone Corp. USA) 
in accordance with the manufacturer’s instructions. Briefly, 
the sample was added into the prepared Detection Reagent A 
and incubated for 1 h at 37°. After washing off the unbound 
conjugate, Detection Reagent B was added to each micro-
plate well and incubated for 30 min at 37 °C. The substrate 
solution and stop solution were used for color development 
reaction and termination, respectively, and absorbance was 
measured at 450 nm using a microplate reader (Beckman 
Coulter, USA). Each experiment was repeated three times. 
The concentration of glutamate in the hippocampus was 
assessed via an ultraviolet colorimetry method according to 
the instruction of Glutamic acid measurement kit (Nanjing 
Jiancheng Bioengineering Institute, China).

Statistical Analysis

All results were expressed as the Mean ± Standard Error of 
the Mean(SEM). The seizure score was analyzed using the 

Kruskal–Wallis test. The mortality rate was analyzed via the 
Chi-squared test. Other data were determined using one-way 
ANOVA tests, followed by Tukey tests for multiple compari-
sons with SPSS 18.0 software (SPSS Inc., USA). A value of 
p < 0.05 was considered statistically significant.

Results

AU Alleviates Li‑Pilocarpine‑Induced Seizure 
Activity

Behavioral testing was performed to evaluate the anticon-
vulsive effects of AU in Li-pilocarpine-induced seizure 
model. Statistical analysis revealed that pretreatment with 
high doses of AU could reduce seizure intensity (Fig. 1a, 
p < 0.05) and also prolong the latency for the onset of sei-
zures (Fig. 1b, p < 0.05). However, low-doses of AU did not 
display a protective effect. The VPA group had a lower sei-
zure score (Fig. 1a, p < 0.05) and a longer latency than the 
PILO group (Fig. 1b, p < 0.05). The mortality rate in the 
PILO group was 75.0%, however, the mortality rate in this 
group dropped to 12.5% following high-dose AU treatment 
(Fig. 1c, p < 0.05). These findings suggest that the high dose 
of AU has an anti-epileptic activity.

Fig. 1   AU alleviates LiCl-pilocarpine-induced seizure activity. a 
Indicates seizure scoring. b Indicates latency to the first convulsion. 
c Indicates percentage mortality. NC normal control group (0.9% nor-
mal saline), PILO epileptic model group (Pilocarpine), AU Aucubin, 

VPA sodium valproate. AU-L AU-L + PILO, AU-H AU-H + PILO, 
VPA VPA + PILO. Values for percentage mortality are expressed in 
percentage. PILO 320 mg/Kg, AU 50,100 mg/Kg, VPA 300 mg/Kg, 
n = 8. Compared with PILO group, *, **, *** p < 0.05, 0.01, 0.001

Fig. 2   AU inhibits activation of astrocytes and microglia. a, b 
The GFAP immunoreactivity in the hippocampal CA1 and CA3 
regions. c Quantitative expression of GFAP immunoreactivity. d, 
e The Iba1 immunoreactivity in the hippocampal CA1 and CA3 
regions. f Quantitative expression of Iba1 immunoreactivity. Values 
are mean ± SEM(n = 4). g The expression levels of GFAP and Iba1 
protein were analyzed via Western blot. h, i The semi-quantitative 
analyses for Western blot in panel. Values are mean ± SEM (n = 3). 
AU-L AU-L + PILO, AU-H AU-H + PILO, VPA VPA + PILO. PILO 
320  mg/Kg, AU 50,100  mg/Kg, VPA 300  mg/Kg. Compared with 
PILO group, *,**,*** p < 0.05, 0.01, 0.001

▸
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AU Inhibits Activation of Astrocytes and Microglia

Activation of astrocytes and microglia was observed in the 
hippocampus of Li-pilocarpine treated animals, as assessed 
using anti-GFAP and anti-Iba1 antibodies. The number of 
GFAP and Iba1 labelled cells were increased in the hip-
pocampal CA1 and CA3 regions of Li-pilocarpine treated 
animals, suggesting that epileptic seizures could result in 
gliosis (Fig. 2a–f, p < 0.05). Morphologically, the activated 
astrocytes and microglia in the hippocampal region of the Li-
pilocarpine treated animals displayed clear signs of hyper-
trophy. A small number of reactive astrocytes were found 
in the control animals. In contrast, GFAP immunoreactivity 
was enhanced by 1.3-fold in the hippocampus regions of the 
PILO and VPA groups (Fig. 2c, p < 0.05). Quantification of 
Iba1 immunoreactivity also demonstrateda1.3-fold increase 
in the hippocampus regions of the PILO and VPA groups 
(Fig. 2f, p < 0.05). However, pretreatment with AU 100 mg/

kg significantly decreased the activation of astrocytes and 
microglia, as based on their morphology and quantificative 
analysis compared to the PILO and VPA groups (Fig. 2, 
p < 0.05). A significant increase in GFAP and Iba1 protein 
was also observed in the hippocampus of the PILO and VPA 
groups compared to the control group, as based on Western-
blot analyses (Fig. 2g–i, p < 0.05). However, pretreatment 
with 100 mg/kg AU resulted in a significant decrease in hip-
pocampal GFAP and Iba1 protein levels compared to the 
PILO and VPA groups (Fig. 2g–i, p < 0.05). These findings 
suggest that the high dose of AU could inhibit the activation 
of astrocytes and microglia in pilocarpine-induced SE.

AU Reduces the Levels of Proinflammatory 
Cytokines

Inflammatory cytokines are released from astrocytes and 
microglia after seizures. To determine whether AU can 

Fig. 2   (continued)
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reduce the production of proinflammatory cytokines, the lev-
els of IL-1β, HMGB1 and TNF-α protein in the hippocam-
pus were detected by Western-blot analysis. We found that 
pilocarpine treatment significantly increased IL-1β, HMGB1 
and TNF-α levels in the hippocampus (Fig. 3, p < 0.05). 
Moreover, pretreatment with VPA did not reduce the expres-
sion of the above inflammatory factors. However, treatment 
of AU showed a significant reduction in the levels of these 
cytokines, suggesting that AU could reduce the seizure-
induced inflammatory response.

AU Increases the GABA Levels and Decreases 
the Glutamate Levels

The imbalance between neuronal excitation and inhibition 
due to a decrease in GABAergic and/or an increase in gluta-
matergic transmission are responsible for the occurrence of 
epileptic seizures. To address the possibility that AU regu-
lates the levels of amino acid neurotransmitters, glutamate 
and GABA were detected via colorimetry or ELISA. Treat-
ment with pilocarpine increased the content of glutamate 
in the hippocampus (Table 2; Fig. 4b, p < 0.05), in contrast, 
GABA levels were decreased in the hippocampus of pilocar-
pine-induced epileptic animals (Table 1; Fig. 4a, p < 0.05). 
Pretreatment with 100 mg/kg of AU and 300 mg/kg of VPA 

Fig. 3   AU reduces the levels of proinflammatory cytokines. a The 
expression levels of IL-1β, HMGB1 and TNF-α protein were ana-
lyzed via Western blot. b, c, d The semi-quantitative analyses for 
Western blot in panel. AU-L AU-L + PILO, AU-H AU-H + PILO, VPA 

VPA + PILO. Values are mean ± SEM (n = 3). PILO 320 mg/Kg, AU 
50,100 mg/Kg, VPA 300 mg/Kg. Compared with PILO group, *, **, 
*** p < 0.05, 0.01, 0.001

Fig. 4   AU increases the GABA levels and decreases the gluta-
mate levels. a The content of GABA in NC, PILO, AU-L, AU-H 
and VPA-treated groups. b The content of glutamate in NC, PILO, 
AU-L, AU-H and VPA-treated groups. AU-L AU-L + PILO, AU-H 

AU-H + PILO, VPA VPA + PILO. Values are mean ± SEM (n = 6). 
PILO 320  mg/Kg, AU 50,100  mg/Kg, VPA 300  mg/Kg. Compared 
with PILO group, *, **, *** p < 0.05, 0.01, 0.001
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significantly abolished these increased glutamate level and 
the decreased GABA levels induced by pilocarpine (Fig. 4, 
p < 0.05). These results revealed that AU could serve to cor-
rect the balance between glutamate and GABA in the hip-
pocampus, which might contribute to the anti-seizure effect 
of AU treatment.

AU Upregulates the Expression of the GABAARα1 
Protein

Glutamate acts on NMDAR to induce postsynaptic depo-
larization, which is essential for neuronal excitability and 
GABAAR is crucial for GABA-mediated inhibition. There-
fore, the effect of AU on the expression of these receptors 
was also investigated. As shown in Fig. 5b, injection of pilo-
carpine downregulated the expression of the GABAARα1 
protein. In contrast, there was a significant increase in 

expression of GABAARα1 in the hippocampus in the high-
dosage AU group compared with the PILO group (Fig. 5b, 
p < 0.05). However, NR2B was not significantly affected by 
AU or VPA compared with the PILO group (Fig. 5c). Thus, 
the anti-epileptic effect of AU could be related to the upregu-
lation of GABAARα1.

AU Upregulates the Expression of GLT‑1

GLT-1 is the most prominent glutamate transporter 
expressed in the mammalian brain and is responsible for 
removing glutamate from the extracellular space (ECS). 
To investigate whether AU could promote the clearance 
of glutamate, we analyzed the expression of GLT-1 in the 
hippocampus. Western-blot analysis revealed that pilocar-
pine treatment resulted in decreased levels of GLT-1 in the 
hippocampus (Fig. 6, p < 0.05). Importantly, a significant 
increase in hippocampal GLT-1 protein levels was apparent 
in the AU-H and VPA groups compared to the pilocarpine 
treated animals (Fig. 6, p < 0.05). These results indicated 
that AU might enhance the clearance of extracellular gluta-
mate to exert its antiepileptic effect.

Discussion

AU is an important bioactive constituent of E. ulmoides 
[32], and is used in folk and traditional Chinese medicine. 
AU exhibits multiple pharmacological effects, including 
anti-inflammation, anti-oxidant, and anti-apoptosis [24]. 
Although few studies concerning the effects of AU on the 
nervous system have been reported, some studies have 
shown that AU has neuroprotective effects. AU inhibits 
the loss of hippocampal neurons in the CA1 sub-region to 
alleviate cognitive dysfunction in a rat model of diabetic 
encephalopathy [33]. Our previous study also demonstrated 
that AU could attenuate epilepsy-induced hippocampal dam-
age by inducing autophagy and suppressing necroptosis [28]. 
In the present study, we assessed the effects of AU treat-
ment in an epileptic mouse model and found that AU could 
reduce seizure activity, inhibit gliosis and neuroinflamma-
tory cytokines, and regulate the levels of neurotransmitters 
in the hippocampus.

Pilocarpine-induced SE is the most widely used model 
of TLE, as this model can reproduce spontaneous recurrent 
seizures, extensive brain structure and cellular damage, and 
is resistant to current antiepileptic drugs [34]. Pilocarpine 
acts on the M1 muscarinic and NMDA receptors to trigger 
or maintain seizures [35]. Lithium pre-treatment lowers the 
mortality rate associated with pilocarpine treatment, and 
also reinforce the epileptogenic action of pilocarpine [36]. 
In the present study, the Li-pilocarpine model of epilepsy 
was treated with AU, and it was observed that AU could 

Table 1   The effect of treatment 
groups on GABA levels in 
hippocampus

The content of GABA was cal-
culated by one-way ANOVA 
tests. NC normal control group 
(0.9% normal saline), PILO 
epileptic model group (Pilocar-
pine), AU Aucubin, VPA sodium 
valproate. AU-L AU-L + PILO, 
AU-H AU-H + PILO, VPA 
VPA + PILO. Values are 
mean ± SEM(n = 6). Compared 
with PILO group, *, **, *** 
p < 0.05, 0.01, 0.001

GABA (pg/mg)

NC 26.99±1.73**
PILO 17.62±0.58
AU-L 19.89±1.46
AU-H 24.52±2.16*
VPA 26.76±2.31**

Table 2   The effect of treatment groups on glutamate levels in hip-
pocampus

The content of glutamate was calculated by one-way ANOVA tests. 
NC normal control group (0.9% normal saline), PILO epileptic model 
group (Pilocarpine), AU Aucubin, VPA sodium valproate. AU-L 
AU-L + PILO, AU-H AU-H + PILO, VPA VPA + PILO. Values are 
mean ± SEM(n = 6). Compared with PILO group, *, **, *** p < 0.05, 
0.01, 0.001

Glutamate (µmol/gprot)

NC 467.56.±73.68*
PILO 754.00±106.75
AU-L 595.46±49.83
AU-H 505.94±73.99*
VPA 442.91±38.42**
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reduce the intensity of the seizures and lengthen the latency 
to the onset of SE in these mice. Moreover, AU significantly 
reduced the mortality of the pilocarpine treated animals. 
These findings indicated that AU might inhibit SE or com-
plex partial seizures.

Over the last decade, preclinical and clinical evidence 
has demonstrated that epileptic seizures can provoke inflam-
matory responses and activate glial cells. Immunohisto-
chemical analysis of brain tissues from animal models of 
epilepsy or patients with drug-resistant epilepsy has shown 
the activation of glial cells and the accumulation of multi-
ple inflammatory cytokines including IL-1β, HMGB1 and 
TNF-α [37–40]. Our present study also found that pilo-
carpine treatment induced the proliferation and activation 
of astrocytes and microglia in the hippocampus after SE. 
The expression of GFAP and Iba1 was increased after SE, 
moreover, the levels of IL-1β, HMGB1 and TNF-α were 
significantly increased in the hippocampus of pilocarpine-
treated animals. Previous reports have indicated that glia 
cells participate in modulating diverse neuronal functions, 
including the modulation of synaptic function and plas-
ticity, buffering neurotransmitter and ion to mediate the 
extracellular microenvironment, maintain the integrity of 
the Blood Brain Barrier (BBB) [41, 42], and regulation of 
the cellular immunity to participate in restore and healing 
[43]. These physiological functions of normal glia help 
maintain tissue homeostasis, but disruption of glial func-
tions may cause seizures or promote epileptogenesis [44]. 
Reactive astrocytes reduce glutamate uptake in the ECS, 
which decreases the threshold for inducing seizures and 
increase epileptic hyperexcitability. Reactive astrocytes 
can also downregulate glutamine synthetase (GS) expres-
sion, which reduces the synthesis of neuronal GABA and 
helps trigger the onset of seizures [45]. Besides regulating 
neuronal excitability, activated astrocytes can also release a 
large number of pro-inflammatory cytokines, such as IL-1β 
and HMGB1 [46]. These cytokines activate the IL1R/TLR 
system, which reduces the seizure threshold to promote 

Fig. 5   AU upregulates the 
expression of GABAARα1 pro-
tein. a The expression levels of 
GABAARα1 and NR2B protein 
were analyzed via Western 
blot. b, c The semi-quantitative 
analyses for Western blot in 
panel. AU-L AU-L + PILO, 
AU-H AU-H + PILO, VPA 
VPA + PILO. Values are 
mean ± SEM (n = 3). PILO 
320 mg/Kg, AU 50,100 mg/Kg, 
VPA 300 mg/Kg. Compared 
with PILO group, *, **, *** 
p < 0.05, 0.01, 0.001

Fig. 6   AU upregulates the expression of GLT-1 protein. a The 
expression levels of GLT-1 protein were analyzed via Western blot. 
b The semi-quantitative analyses for Western blot in panel. AU-L 
AU-L + PILO, AU-H AU-H + PILO, VPA VPA + PILO. Values are 
mean ± SEM (n = 3). PILO 320  mg/Kg, AU 50,100  mg/Kg, VPA 
300  mg/Kg. Compared with PILO group, *, **, *** p < 0.05, 0.01, 
0.001
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seizure onset and recurrence [47]. The activation of IL1R/
TLR also stimulates Src-kinase-mediated phosphorylation of 
the GluN2B subunit of the NMDA receptor, which enhances 
the NMDAR-mediated excitability to induce further seizures 
[48]. Microglia are integral to inflammatory processes in 
experimental models and human epilepsy [47, 49]. On the 
one hand, activated microglia can promote astrocytes; on the 
other hand, microglia cooperate with astrocytes to promote 
the release of pro-inflammatory factors, such as TNF-α [50, 
51], which in turn promotes astrocytic glutamate release 
thereby contributing to cell loss and seizures [49]. TNF-α 
can also promote the endocytosis of GABA-A receptors, 
therefore decreasing inhibitory strength and reinforcing 
excitability [52]. Notably, the extent of microglial activa-
tion correlates with seizure frequency and disease duration 
in these drug-resistant epilepsies [53]. Therefore, neuroin-
flammation plays a vital role in the pathogenesis of epilepsy. 
As such, it may be beneficial to reduce inflammation in the 
brain of patients with epilepsy, which may serve to reduce 
brain damage and improve neuronal function. Growing evi-
dence has demonstrated that AU dramatically attenuates 
inflammatory responses to improve various disease condi-
tions, including acute pulmonary injury, osteoarthritis and 
obesity-induced atherosclerosis [54–56]. In addition, AU 
can inhibit hippocampal neuronal death to retard cognitive 
impairment in a rat model of diabetic encephalopathy [57]. 
Moreover, our previous studies have demonstrated that AU 
has protective effects on hippocampal neurons in PILO-
induced epileptic rats [28]. In the present study, the effects 
of AU on inflammation were studied in pilocarpine-treated 
animals. A significant decrease in the number of activated 
astrocytes and microglia was observed following AU treat-
ment, suggesting that AU attenuates seizure-induced glio-
sis. Treatment of the pilocarpine-treated animals with AU 
also reduced the protein levels of IL-1β, HMGB1 and TNF-
α. These results suggested that the anti-epileptic effect of 
AU might be achieved by suppressing neuroinflammation. 
However, administration of VPA to the pilocarpine-treated 
animals had no effect on the inhibition of the activation of 
astrocyte and microglia. In addition, VPA did not suppress 
IL-1β, HMGB1 or TNF-αexpression. A prior study has 
indicated that VPA can induce microglial activation in an 
in vitro astroglia/microglia co-culture model [13]. Another 
study has shown that VPA is unable to reduce the expression 
of IL-1β and TNF-α expression in pentylenetetrazol or pilo-
carpine-induced seizures [58]. Our results are in line with 
these previous findings, suggesting that VPA is unsuitable 
for reducing inflammatory conditions in the development 
of chronic epilepsy. These might be the reason why VPA 
has no benefit for some patients with refractory epilepsy. 
VPA controls the generation and propagation of seizures 
mainly by increasing turnover of GABA and thereby poten-
tiating GABAergic functions in some specific brain regions. 

Furthermore, the effect of VPA on neuronal excitation medi-
ated by the NMDA subtype of glutamate receptors might 
be important for its anticonvulsant effects [59]. Because of 
AU has a significant anti-inflammatory effect and VPA has 
a prominent anti-seizure effect, the combination of AU and 
VPA may benefit for patients with refractory and drug-resist-
ant epilepsy, but the explicit effects still need to be verified 
in subsequent experiments.

The balance of glutamatergic and GABAergic transmis-
sion is important for normal neurological function. How-
ever, dysfunction in this balance can lead to the occurrence 
and progression of seizures [7]. Elevation of extracellular 
glutamate mediated neuronal excitation has been generally 
considered a critical factor in the pathological process of 
epilepsy. Increased extracellular glutamate is strongly asso-
ciated with decreased epileptogenic hippocampal volume in 
patients with drug resistant epilepsy [60]. Moreover, raised 
glutamate levels have been observed in various animal mod-
els of epilepsy [61]. In the present study, we observed a high 
concentration of glutamate in the hippocampus of pilocar-
pine-treated animals. The glutamate transporter, particularly 
glutamate transporter-1 (GLT-1) in astrocytes, is responsible 
for the removal of glutamate from the ECS [62]. Human tis-
sue data have revealed that the GLT-1 immunoreactivity was 
reduced in the sclerotic hippocampus [9]. The deficiency 
of GLT-1 in rodents revealed that GLT-1 is the major regu-
lator of glutamate uptake [63]. Overexpression of GLT-1 
attenuated epileptogenesis and reduced seizure frequency 
in transgenic mice [64]. Here, we found that pretreatment 
with AU could promote the expression of GLT-1, suggest-
ing that AU might promote the clearance of glutamate in the 
hippocampus. In addition, we found that VPA could also 
promote the expression of GLT-1. However, a previous study 
showed that VPA decreased GLT-1 in hippocampi in albino 
rats with chronic, spontaneous, recurrent seizures induced 
by amygdalar injection of FeCl3 [65]. These observations are 
contrary to our results and are most likely due to the use of 
albino rats, or the induction method itself may alter the effect 
of VPA on GLT-1 expression. Therefore, the effect of VPA 
on GLT-1 in epilepsy is worthy of follow-up study. Glu-
tamic acid regulates brain excitability by binding to NMDA 
receptors, especially on the NR2 subunit. The NR2B subu-
nit antagonist ifenprodil, reduces epileptic discharge and 
inhibits mossy fiber sprouting of granule cells [66]. Here 
we also explored the effect of AU on NR2B expression in 
SE. However, our experimental results showed that AU had 
no significant effect on NR2B expression. The small sample 
size and large variation among groups may be the reason for 
the ineffectiveness of AU on the expression of NR2B in the 
hippocampus. These results indicate that the anti-epileptic 
effect of AU might be related to the clearance of glutamate 
by way of increased expression of GLT-1.
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Impairment of GABA-mediated inhibition facilitates neu-
ronal hyperexcitability to trigger seizures due to the abnormal 
release or synthesis of GABA. GABAergic interneurons and 
basal GABA efflux are decreased during the first spontaneous 
seizure and latent period in pilocarpine-induced TLE [61]. 
Promoting the release of GABA to enhance GABA-mediated 
inhibition is an important target for anti-epileptic drugs [67]. 
An in vitro study found that AU promotes differentiation of 
NPCs into GABAergic neurons [30]. In this current study, we 
found that AU also increased the level of GABA in hippocam-
pus in SE. GABAAR is the primary mediator of fast inhibi-
tory synaptic transmission in the central nervous system [68] 
and decreased function of the GABAAR has been observed 
in models of epilepsy [69]. The inhibition of GABAAR also 
causes the occurrence of seizures [70]. GABAARα1 is the 
most abundant GABAAR subtype and is the target of benzodi-
azepines used to treat anxiety disorders, insomnia and epilepsy 
[71]. A previous study demonstrated that the expression of 
the GABAARα1 subunit mRNA is decreased after pilocar-
pine-induced SE [72]. In the present study, we showed that 
pilocarpine-induced the downregulation of the GABAARα1 
protein in pilocarpine-induced SE. Moreover, AU increased 
the expression of GABAARα1 in the hippocampus. These 
results revealed that AU might increase the content of GABA 
and improve the expression of GABAARα1 to suppress epi-
leptic seizures.

In this present study, we demonstrated that AU has an 
inhibitory effect on pilocarpine-induced seizures. We also 
discovered that AU could suppress neuroinflammation and 
modify neurotransmission in the hippocampus in a pilocar-
pine-induced epileptic mouse model. Epilepsy is a chronic 
progressive neurological disease, and whether AU can inhibit 
epileptogenesis in a chronic epileptic model still requires fur-
ther study. In addition, the specific mechanism of AU’s action 
needs to explored further in vitro.

Conclusion

AU reduced the severity of epileptic seizures and prolonged the 
latency period prior to the first seizure. Moreover, AU inhib-
ited microgliosis and astrogliosis in pilocarpine-induced SE 
and decreased the expression of pro-inflammatory cytokines. 
AU also served to modify the imbalance between GABA and 
glutamate as well as upregulate GABAAR levels. Furthermore, 
AU promoted the clearance of glutamate by enhancing the 
expression of the GLT-1 protein. These results suggest that AU 
can inhibit seizure activity and its action might be related to 
the reduction of neuroinflammation as well as the regulation of 
neurotransmission. Together, these results provide an experi-
mental basis for the development of novel anti-epileptic drugs.
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