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Abstract

Epilepsy is a chronic neurological disease. Astrogliosis is an important pathological change in epileptic lesions. Studies have
reported that ibuprofen can affect autophagy and/or inhibit cell proliferation in many diseases. This study investigated the
effect and significance of ibuprofen on autophagy of astrocytes during pentylenetetrazol (PTZ) induced epilepsy. 60 male
Sprague—Dawley (SD) rats were randomly divided into five groups: control group (received normal saline), PTZ group,
3-methyladenine (3-MA) +PTZ group, ibuprofen + PTZ group and 3-MA + ibuprofen + PTZ group. Dose of each agent was
35 mg/kg (PTZ), 10 mg/kg (3-MA) and 30 mg/kg (ibuprofen) and all drugs were administered intraperitoneally 15 times on
alternate days (29 days). Human astrocytes were cultured in vitro. Behavioral performance (i.e., latency, grade and duration
of seizures) and EEG of rats were observed and recorded. Proliferation of astrocytes was detected by CCK-8 method. Immu-
nofluorescence and Western blot test were used to detect the expression of LC3 and GFAP. Mean number, grade and duration
of seizures were markedly reduced in ibuprofen + PTZ group and 3-MA + ibuprofen + PTZ group (P <0.05). Similarly, peak
of EEG waves were markedly reduced in ibuprofen +PTZ group and 3-MA + ibuprofen + PTZ group (P <0.05). Compared
to the control group, the level of LC3 in ibuprofen group was significantly increased in vitro (P <0.05). While, levels of LC3
were significantly higher and that of GFAP were significantly lower in ibuprofen +PTZ group (P <0.05) compared to PTZ
group in vivo. Ibuprofen reduces the proliferation of astrocytes by increasing autophagy, thus affecting the development of
epilepsy. Therefore, ibuprofen may be used as an adjuvant to improve efficacy of treatment in epilepsy.
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Introduction

Epilepsy is a chronic neurological disease characterized by
repeated occurrence of epileptic seizures, and affects about
50 million people worldwide [1]. It is often accompanied by
psychological, behavioral, and cognitive impairments, which

Jiangtao Peng and Shuhua Wu have contributed equally.

54 Jianmin Li imposes a heavy burden on the society. Effective control of
jml6309@126.com epileptic seizures is not possible with the currently avail-
54 Zhongbo Hu able antiepileptic drugs. Around 30% of the patients are not
hzbcool @126.com sensitive to anticonvulsant drugs, which relieves only the

symptoms, and thus, are prone to drug resistance [2]. Hence,
the prevention and treatment of epilepsy still remains an
unsolved global problem.
Studies have shown that astrocytes are closely related to
the pathogenesis of epilepsy [3]. Astrogliosis is an important
athological change in epileptic lesions [4]. The expression
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glial scars changes the structure and function of cells, thus
affecting amino acid metabolism and regulation of ion con-
centration, thereby leading to seizures [6]. Therefore, effec-
tive inhibition of astrocyte proliferation is a unique approach
to prevent epilepsy.

Autophagy is an important process by which eukaryotic
proteins are degraded [7]. Microtubule-associated protein
1 light chain 3 (LC3) is a specific marker for autophagy,
LC3-II/LC3-I can reflect the activation of autophagy [8]. In
last few years, the focus has shifted to the role of astrocyte
autophagy in epilepsy [9]. Moreover, recent studies have
observed that autophagy can inhibit the progression of dis-
ease by inhibiting cell proliferation [10], and thus, study-
ing effects of autophagy of astrocytes and reducing their
proliferation can be a novel way to prevent and treat epi-
lepsy. Studies have reported the role of ibuprofen in many
diseases, where it acts by affecting autophagy [11] and/or
inhibiting cell proliferation [12], but this correlation has not
been documented in epilepsy. Thus, the present study was
performed to evaluate the effects and significance of ibu-
profen on autophagy of astrocytes during pentylenetetrazol
(PTZ)-induced epilepsy.

Materials and Methods
Experimental Animals

Sixty male Sprague—Dawley (SD) rats (250-300 g),
6-8 weeks-old, were provided by Shandong Jinan Pengyue
Experimental Animal Breeding Co. Ltd. They were raised in
individual cages with a controlled environment set at a tem-
perature of 22 +2 °C and humidity of 50-60% and a strict
12 h light/dark cycle was maintained. They were provided
with a liberal amount drinking water and standard feeds.
All animals were acclimated for 1 week before performing
experiments. All experiments were approved by the Ethics
Committee of the Binzhou Medical University Hospital.

Cell Culture

Human astrocyte cell line (HA1800) was purchased from
Wuhan Boster Bioengineering Co. Ltd. The cells were cul-
tured in H-DMEM containing 10% FBS, and incubated at
37 °C, and 5% CO,. They were passed on to the 5th genera-
tion for related experiments.

Chemicals

PTZ, 3-methyladenine (3-MA) and ibuprofen were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Mouse
anti-GFAP monoclonal antibody, rabbit anti-LC3 mono-
clonal antibody, Alexa Fluor® 647-labeled goat anti-mouse

polyclonal IgG, Alexa Fluor® 488-labeled goat anti-rabbit
polyclonal IgG, Alexa Fluor® 488-labeled goat antibody
Mouse polyclonal IgG, Alexa Fluor® 647-labeled goat
anti-rabbit polyclonal IgG, HRP-labeled goat anti-mouse
IgG, HRP-labeled goat anti-rabbit IgG and DAPI were
purchased from Abcam (San Francisco, CA, USA). RIPA
lysate, PMSF protease inhibitor, BCA protein quantification
kit, polyacrylamide gel preparation kit and chemilumines-
cence reagent were purchased from Wuhan Dr. Biological
Engineering Co. Ltd., (China); RM2245 paraffin slicer and
SP5II laser confocal microscope were purchased from Leica
(Germany); Nicolet EEG V32 recorder was purchased from
CareFusion (USA).

Animals Inducing Procedure

PTZ was used to induce epilepsy in SD rats [13]. Using a
random number table, SD rats were randomly divided into
five groups (n=12/group): (i) Control group—rats received
normal saline (NS) administered intraperitoneally (i.p.);
(ii)) PTZ group—rats received PTZ (35 mg/kg i.p.); (iii)
3-MA +PTZ group—rats received 3-MA (10 mg/kg i.p.)
[14] 30 min before PTZ injection; (iv) Ibuprofen + PTZ
group—rats received ibuprofen (30 mg/kg i.p.) [15] 30 min
before PTZ injection; (v) 3-MA + Ibuprofen + PTZ group—
rats received 3-MA [14] and ibuprofen [15] 30 min before
PTZ injection. NS and all other drugs were administered 15
times on alternate days (29 days).

After i.p. administration of PTZ, rats were observed for
30 min, and rats with at least three epileptic seizures of grade
4 or above were considered to be fully induced [16]. The
seizures were graded based on the following criteria [17]:
grade 0: no seizure response; grade 1: rhythmic twitching
of mouth, ear or facial muscles; grade 2: nodding with more
severe twitching of facial muscles; grade 3: forelimb clonic
but not with standing; grade 4: forelimb clonic accompanied
by standing; grade 5: generalized tonic—clonic seizures with
posture out of control.

Behavioral Observation and EEG Recording

Initially, the latency of seizures (the time from administra-
tion of PTZ to induction of seizures), the grade of seizures
(grade 4 or above), and the duration of seizures (within
30 min after administration of PTZ)in each group of rats
were recorded. Finally, the number of fully induced seizures
after 15 drug injections in each group of rats was calculated.

Each group of rats were monitored by EEG and record-
ings were recorded. Light anesthesia was induced by 4%
chloral hydrate (0.4 ml/100 g i.p.) and fixed on the brain
stereotaxic instrument. The subcutaneous needle elec-
trodes were used and the implantation point was centered
on the top. The binaural electrode was used as the reference
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electrode, the filter was set to 40 Hz, the sensitivity was
70 pV/mm, the paper speed was maintained at 30 mm/s [18].

Organizational Materials and Processing

Within 4 h of the last drug administration, each group of rats
were anesthetized by 10% chloral hydrate (0.4 ml/100 g i.p.).
After the disappearance of the blink reflex, the each rat was
decapitated, the brain tissue was dissected and placed in an
ice tray along the sagittal suture. The brain tissue was then
cut into two halfs. The right brain tissue was removed and
quickly stored at —80 °C in a refrigerator for subsequent
protein extraction, while the left brain tissue was fixed in a
neutral formalin buffer, and subsequently dehydrated, dipped
in wax and sliced after embedding.

Cell Grouping and Drug Intervention

Astrocytes were randomly divided into four groups: control
group, 3-MA group, ibuprofen group and 3-MA + ibuprofen
group. The control group was administered with medium
containing NS. While, each of the remaining groups were
administered with medium containing 10 uM 3-MA [19],
100 uM ibuprofen [20], and 10 uM 3-MA + 100 uM ibu-
profen, respectively. Astrocytes were cultured for 24 h and
relevant tests were performed.

Cell Proliferation Assay

The proliferation of astrocytes in each group was detected
by CCK-8 method. Each group of cells was digested and
seeded in a 96-well cell culture plate at 5 X 10%/well, and the
corresponding medium was separately added. After 24 h of
culture, 10 pL of CCK-8 reagent was added to each well of
the cells, and incubation was continued for 2 h. The optical
density of each well was measured at 450 nm. Finally, the
proliferation of astrocytes in each group was analyzed.

Immunofluorescence

Rat brain tissue was serially sectioned, routinely dewaxed,
rehydrated, and repaired. After the intervention, the
astrocytes were placed in a laser confocal small dish and
fixed with ice methanol for 15 min. After serum block-
ing, mouse anti-GFAP monoclonal antibody (1:75) and
rabbit anti-LC3 monoclonal antibody (1:200) were added
and incubated overnight at 4 °C. After the next day PBS
rinse, the secondary antibody was added (the rat brain
tissue section was supplemented with 647-labeled goat
anti-mouse IgG 1:400 and 488-labeled goat anti-rabbit
IgG 1:400, and 488-labeled goat anti-mouse IgG 1:400
and 647-labeled goat anti-rabbit IgG 1:400 was added
to the laser confocal small dish). This was incubated for
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1 h at 37 °C, then DAPI solution was added, and let to
stand for 5 min at room temperature. The PBS was rinsed
again and the film was observed under a laser confocal
microscope. Fluorecent intensity of LC3 and GFAP was
calculated.

Western Blotting

The grounded brain tissue and digested centrifuged
astrocytes were fully lysed by adding RIPA containing
0.1 mmol/L PMSF cell lysate. After centrifugation, the
supernatant was taken, and the BCA protein was quanti-
fied and loaded. 50 pg of each group was subjected to
SDS-PAGE electrophoresis, transferred to a nitrocellulose
membrane, and PBST containing 5% skimmed milk powder
was added and then incubated for 1 h at room temperature.
Mouse anti-GFAP monoclonal antibody (1:1000) and rab-
bit anti-LC3 monoclonal antibody (1:2000) were incubated
for 1 h and overnight at 4 °C. Next day HRP-labeled goat
anti-mouse 1gG (1:8000) and goat anti-rabbit 1gG (1:15000)
were added and incubated for 2 h at 37 °C. The dark room
was developed and imaged, and each strip was quantitatively
analyzed to obtain a gray value.

Statistical Analysis

The qualitative data was compared by Fisher’s exact test.
The quantitative data were expressed as mean + standard
deviation. One way analysis of variance (ANOVA) was
used to compare differences between groups, and then LSD-t
test was used to compare the specific two groups.Statisti-
cal analysis was performed using SPSS Version 24.0 soft-
ware. P <0.05 indicated that the difference is statistically
significant.

Results

Effect of Ibuprofen on Rats with PTZ-Induced
Epilepsy

After 15 NS injections, the control rats had no epileptic
seizures.The mean seizure grades of the PTZ group and
the 3-MA +PTZ group were 4.17+0.75 and 4.83 +0.16,
respectively. However, the mean seizure grades of the ibu-
profen +PTZ group and the 3-MA + ibuprofen +PTZ group
were reduced to 2.67 +£0.52 and 3.67 +£0.82, respectively
(P <0.05) (Fig. 1a). In addition, the mean number of the
fully induced seizures in the PTZ group and the 3-MA + PTZ
group reached 83.33% and 91.67%, respectively. However,
administration of ibuprofen+PTZ and 3-MA + ibupro-
fen + PTZ reduced the mean number of fully induced seizure
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Fig. 1 Behavior of rats in each group. a Comparison of seizure grades within 30 min after injection of PTZ in each group of rats; b comparison
of latency of seizures in each group of rats; ¢ comparison of duration of seizures above grade 4 in each group of rats; **P <0.01, *P <0.05

Table 1 Comparison of the incidence of fully induced in each group
of rats

Experimental group Number of Number The inci-
each group of fully dence of fully

induced induced

Control group 12 - -

PTZ group 12 10 83.33%**

3-MA +PTZ group 12 11 91.67%

Ibuprofen + PTZ group 12 4 33.33%*

3-MA +Ibupro- 12 6 50.00%

fen+PTZgroup

*P <0.05 vs PTZ group
*#*P <0.01 vs control group

to 33.33% and 50.00% (P <0.05) (Table 1). The ibupro-
fen +PTZ had significantly increased latency and shortened
duration of seizures (P <0.05) (Fig. 1b, c).

Effect of Ibuprofen on EEG in Rats with PTZ-Induced
Epilepsy

The EEG waveform of the control group was normal, and
that of the PTZ group and the 3-MA + PTZ group revealed
frequent spikes. The peaks of the EEG waves in the ibu-
profen +PTZ group and the 3-MA + ibuprofen 4+ PTZ group
were significantly reduced, revealing small amplitude spikes
and spine slow waves, and this was more obvious in ibupro-
fen +PTZ group (Fig. 2).

Effect of Ibuprofen on the Proliferation of Astrocytes

The cell viability in the control group was normal. After
administration of 3-MA (3-MA group), the cell viability was
significantly higher than that in the control group (P <0.01).
There was no significant difference in cell viability between
the ibuprofen group and the control group (P> 0.05). How-
ever, after administration of 3-MA (3-MA + ibuprofen
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Fig.2 EEG of each group of rats. a Control group; b PTZ group; ¢ 3-MA +PTZ group; d Ibuprofen+PTZ group; e 3-MA + Ibuprofen + PTZ
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Fig.3 Comparison of proliferation of astrocytes in each group.
##P <0.01, *P<0.05, *P>0.05

group), the cell viability was significantly higher than that
in the ibuprofen group (P <0.05), and after administration of
ibuprofen (3-MA + ibuprofen group), the cell viability was
significantly lower than that in the 3-MA group (P <0.05).
(Fig. 3).

Effect of Ibuprofen on the Expression of LC3
and GFAP in Rats with PTZ-Induced Epilepsy

Immunofluorescence and Western blot demonstrated
that the expression of LC3 and GFAP in rats was lower
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in the control group. The expression of LC3 and GFAP
in PTZ group was significantly higher than that in the
control group (P <0.01). After administration of 3-MA
(3-MA +PTZ group), the expression of LC3 significantly
decreased and that of GFAP significantly increased fur-
ther when compared with the PTZ group (P <0.05).
Compared with the PTZ group, the level of LC3 in the
ibuprofen + PTZ group was significantly higher and the
GFAP level was significantly lower (P <0.05). However,
after administration of 3-MA (3-MA + ibuprofen + PTZ
group), LC3 expression decreased significantly and GFAP
expression increased significantly as compared to ibupro-
fen + PTZ group (P <0.05) (Figs. 4, 5, 6).

Effect of Ibuprofen on the Expression of LC3
and GFAP in the Astrocytes

The expression of astrocytes by immunofluorescence and
Western blot test revealed that the expression of LC3 and
GFAP in control group was normal. Compared with the con-
trol groups, the expression of LC3 significantly decreased
and that of GFAP significantly increased further in the 3-MA
groups (P <0.01). Compared with the control group, the
level of LC3 in the ibuprofen group was significantly higher
and the GFAP level was significantly lower (P <0.05). How-
ever, the expression of LC3 decreased significantly and that
of GFAP increased significantly in the 3-MA + ibuprofen
group compared with the ibuprofen group (P <0.05). And
the expression of LC3 increased significantly and that of
GFAP decreased significantly in the 3-MA + ibuprofen
group compared with the 3-MA group (P <0.05) (Figs. 7
and 8).
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Fig.4 Expression of GFAP in brain tissue of each group of rats. a
Immunofluorecence showed the expression of GFAP in each group
(Bar=50 pm); b comparison of fluorescent intensity of GFAP in each
group. **P<0.01, *P<0.05

Discussion

Astrocytes are important glial cells of the central nervous
system (CNS) [21]. The development of the nervous system,
formation of synapse, neuroimmunity and regulation of ion
concentration are inseparable from astrocytes [22]. Activa-
tion of astrocytes is a specific manifestation of its plasticity,
also known as reactive gliosis [23]. It is often character-
ized by shortened cell division cycle, swelling of cell body,
prolongation of protuberance, and enhanced expression of
GFAP. Studies have shown that astrocyte proliferation is
closely related to the onset of epilepsy. There is an obvious
astrogliosis in epileptic lesions [24]. In the present study,
astrocyte proliferation of PTZ group in vivo was obvious,
and the results were consistent with the above studies. Vari-
ous membrane channels, receptors and transporters on the
membrane of proliferating astrocytes undergo significant
changes, resulting in imbalance of K* concentration inside
and outside the cells, a decrease in the threshold of nerve
excitation, and excessive excitation of the nerves leading to
epilepsy [25]. Moreover, the activity of glutamine synthetase
in proliferating astrocytes is reduced, leading to abnormal

metabolism of glutamate and an increase in extracellular
glutamate levels, further aggravating seizures [26]. There-
fore, effective inhibition of astrocyte proliferation is a novel
mechanism of preventing epilepsy.

Autophagy involves degradation of eukaryotic protein
and includes macromolecular substances such as organelles
and proteins in the cytoplasm that are encapsulated by
bilayered vesicles forming autophagosomes. The lysosome
forms an autophagolysin and is degraded by a hydrolase [7].
Autophagy is a bidirectional process: during starvation and
hypoxia, it can provide energy to the cells; while, during dis-
ease processes such as infections and neurodegeneration, it
can prevent the occurrence of related diseases by degrading
the pathogens, damaged proteins or organelles present in the
cells. However, excessive autophagy causes cell degenera-
tion, leading to autophagic death [27].

Studies have demonstrated that autophagy occurs in astro-
cytes and plays a role in a variety of diseases. In neurodegen-
erative diseases, due to defects in autophagy of astrocytes,
abnormal glycogen metabolism leads to accumulation of
glycogen and induces neurodegeneration [28]. Duringa-
cute cerebral ischemia, astrocyte autophagy can reduce
the concentration of extracellular K* and prevent neuronal
damage, thereby improving the prognosis of patients [29].
Tripathi et al. used a co-cultured model of astrocytes and
neurons and demonstrated that astrocyte autophagy affects
the release of TGF-P1 and induces the protein aggregation in
amyotrophic lateral sclerosis [30]. Furthermore, autophagy
of astrocytes in epilepsy has also been reported. Kim et al.
observed that P2RX7 plays an important role in epilepsy by
regulating the expression of HSP-B1 and affecting astro-
cyte autophagy [31]. However, the specific mechanism of
astrocyte autophagy involved in the pathogenesis of epilepsy
needs further evaluation.

The relationship between astrocyte autophagy and its
proliferation has been explored. Cocaine can induce astro-
cyte autophagy to promote its proliferation, causing an
inflammatory response, and as a result resulting in neu-
rodegenerative diseases to some extent [32]. However, on
the contrary, Pereira et al. concluded that in Huntington’s
disease, pretreatment with autophagy activator can reduce
astrocyte proliferation and have a protective effect on nerves
[10]. Thus, it can be stated that astrocyte autophagy affects
its proliferation and plays a different role in different dis-
eases. However, this relationship between autophagy and
proliferation of astrocytes has not been reported in epi-
lepsy. In the present study, autophagy and proliferation of
astrocytes in the PTZ group were significantly higher than
those in the control group in vivo. Epileptic seizures were
observed in both the behavioral and EEG patterns in rats.
Compared with the PTZ group, the autophagy of astrocytes
in the 3-MA +PTZ group had decreased, the proliferation
was further aggravated, and the epileptic seizures were
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Fig.5 Expression of LC3 and GFAP in brain tissue of rats in each
group. a Immunofluorescence revealed the expression of LC3 and
GFAP in each group (Bar=20 pm); b comparison of fluorescent

more obvious. Similarly, in vitro, astrocytes were reduced
in autophagy and increased in proliferation in the 3-MA
group compared with the control group. Based on these
findings, we speculate that seizures can moderately activate
autophagy in astrocytes and reduce its proliferation through
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the physiological properties of autophagy, and the use of
3-MA to inhibit astrocyte autophagy leads to more obvious
astrocyte proliferation and aggravates seizures. Therefore,
affecting autophagy of astrocytes and reducing their pro-
liferation is an effective way to prevent and treat epilepsy.
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Fig.6 Expression of GFAP and LC3 in the brain tissue of rats in each
group. a Strip diagram of GFAP obtained by Western blot and the
comparison of GFAP and p-actin gray values in each group of rats;

Ibuprofen is a classic non-steroidal anti-inflammatory
drug (NASIDs) with antipyretic, analgesic and anti-inflam-
matory effects [33]. As its chemical structure contains car-
boxyl groups, the rate of passage through the blood—brain
barrier is relatively faster than other NSAIDs [20]. Its
primary mechanism of action is to inhibit the activity of
cyclooxygenase, thereby reducing the biosynthesis of local
tissue prostaglandins and thus exerting pharmacological
effects. Various studies have reported that ibuprofen inhib-
its the proliferation and fibrosis. Lands et al. documented
that high doses of ibuprofen can slow the progression of
cystic fibrosis [34]. Further, Carlile et al. confirmed this
finding in a mouse model [35]. In CNS disorders, ibupro-
fen inhibits epidural fibrosis, reduces adhesions and pain,
and contributes to the prognosis of patients [36]. Sekiyama
et al. reported that long-term application of ibuprofen can
improve cognitive dysfunction in mice with Alzheimer’s
disease, and significantly reduces the protein aggregation
and astrocyte proliferation [12]. However, it has not been
documented that ibuprofen can inhibit astrocyte prolifera-
tion and affect seizures in patients with epilepsy. In the pre-
sent study, astrocyte proliferation was significantly reduced
in the ibuprofen +PTZ group compared to the PTZ group
and the behavioral and EEG findings revealed significant
improvement in seizures in rats. Based on these findings, we
speculate that ibuprofen can affect the seizures by inhibiting
astrocyte proliferation.
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b strip diagram of LC3 obtained by Western blot and the comparison
of LC3-II and LC3-I gray values in each group of rats. ***P <(.001,
**P<0.01, *P<0.05

Recent studies have reported that ibuprofen can also play
a role in affecting autophagy. Moon et al. documented that
ibuprofen promotes the sensitivity of tumor-resistant cells
to HSP-90 inhibitors by promoting autophagy, and thus
is used as an effective treatment of tumor resistance [11].
The mechanism of ibuprofen affecting autophagy has been
reported, and ibuprofen’s anti-inflammatory effect can sig-
nificantly reduce NLRP activity, thereby activating Beclin-1
and promoting autophagy [37, 38]. However, whether ibu-
profen can exert anti-epileptic effects by affecting autophagy
during the onset of epilepsy needs to be explored. In the
present study, in vitro, compared with the 3-MA + ibuprofen
group, the autophagy decreased and the astrocyte prolifera-
tion increased in the 3-MA group; in contrast, autophagy
increased and astrocyte proliferation decreased in the ibupro-
fen group. Similarly, when 3-MA +ibuprofen + PTZ group
was compared with ibuprofen +PTZ group, the astrocyte
proliferation was observed following the 3-MA-induced
inhibition of autophagy in vivo, and the behavior and EEG
pattern of the rats revealed worsening of epileptic seizures.
Based on these findings, we further speculate that ibupro-
fen can inhibit the onset of epilepsy by promoting astrocyte
autophagy.

In summary, we conclude that ibuprofen reduces the pro-
liferation of astrocytes, by promoting its autophagy, which
affects the development of epilepsy. Thus, ibuprofen may
be used as an adjuvant to improve the efficacy of other
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Fig.8 Expression of GFAP and LC3 in each group of astrocytes. a
Strip diagram of GFAP obtained by Western blot and the comparison
of GFAP and B-actin gray values in each group of astrocytes. b Strip

anti-epileptic agents. However, the specific mechanism by
which ibuprofen affects autophagy and exerts its maximal
efficacy remains to be further explored.
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