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Exhibits Anti-Epileptogenic Effect in Rat Model 
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	 Background:	 Post-traumatic epilepsy (PTE) is a common type of acquired epilepsies secondary to traumatic brain injury (TBI), 
accounting for approximately 10–25% of patients. The present study evaluated activity of PP-4-one against 
mTOR signaling activation in a rat model of FeCl2-induced post-traumatic epilepsy.

	 Material/Methods:	 Epilepsy in rats was induced by injecting 10 µl FeCl2 (concentration 100 mM) at a uniform rate of 1 µl/minute. 
The iNOS expression was detected using a Leica microscope connected to a digital camera system. Reverse 
transcription polymerase chain reaction (RT‑PCR) was used for determination of NR1 mRNA expression.

	 Results:	 The post-traumatic epilepsy induced neuronal degeneration in the hippocampus and frontal cortex of the rats. 
Treatment with PP-4-one prevented neuronal degeneration in the hippocampus and frontal cortex in rats with 
post-traumatic epilepsy. The data revealed markedly higher levels of p-mTOR and p-P70S6K in rat hippocam-
pal tissues after induction of traumatic epilepsy. Treatment of post-traumatic epilepsy rats with PP-4-one sig-
nificantly suppressed p-mTOR and p-P70S6K expression, and PP-4-one treatment reduced epileptic brain inju-
ry in the rats with post-traumatic epilepsy.

	 Conclusions:	 PP-4-one exhibits an anti-epileptogenic effect in the rat model of PTE by inhibiting behavioral seizures through 
suppression of iNOS and astrocytic proliferation. Moreover, PP-4-one treatment suppressed NR1 expression 
and targeted the mTOR pathway in PTE-induced rats. Thus, PP-4-one shows promise as a novel and effective 
therapeutic agent for treatment of epilepsy induced by PTE.
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Background

Post‑traumatic epilepsy (PTE) is one of the types of epilep-
sies developing in ~25% of patients with traumatic brain in-
juries [1]. The TBI initiates various pathological changes such 
as neuronal death, sprouting of axons, oxidative stress, and 
release of neurotransmitters, which are associated with ep-
ileptogenesis [2]. PTE was reported to develop gradually fol-
lowing TBI during a 10-year period because of medical mis-
management [3]. PTE treatment development is hindered by 
the lack of a clear mechanism underlying the disease patho-
genesis. Thus, there remains a need for effective and novel 
therapy to treat PTE.

Recently, the role of the mammalian target of rapamycin (mTOR) 
pathway has been studied in several disorders/diseases, show-
ing the association of the mTOR pathway with many physio-
logical processes, including cellular proliferation, synthesis of 
proteins, and cortex development [4]. The involvement of the 
mTOR pathway has also recently been found in neurological 
disorders like epilepsy [5]. Activation of the mTOR pathway is 
involved in the pathogenesis of multiple types of epilepsy, and 
overexpression of p-mTOR has been reported in cortical dys-
plasia, which is a commonly diagnosed pediatric epilepsy [5]. 
The epileptogenesis of the temporal lobe, also known as adult 
epilepsy, is also associated with p-mTOR overexpression [6]. 
mTOR protein activation is induced and maintained by many 
pathways, including AMPK and PI3K/AKT [7]. Triggering of the 
mTOR pathway mediates phosphorylation of several down-
stream proteins, including P70S6K (p70 ribosomal S6 kinase), 
in human cells [7]. In a cellular model of PTE, epileptogenesis 
was induced by mTOR activation through the PI3K‑Akt path-
way [8]. More than 30% of epilepsy patients are insensitive 
to the available anti‑epileptic drugs [9], which also have ad-
verse effects, including weight gain, nausea, and tiredness. 
Compounds that can deactivate the mTOR pathway possess 
neuroprotective and anti-epileptic effects through targeting 
the mTOR pathway [5,10].

Pyrazole, a heterocyclic molecule, is the structural moiety in 
several pharmacological compounds and FDA-approved drug 
candidates [11]. Prominent compounds containing pyrazole 
include anti-inflammatory drugs (e.g., celecoxib and lonazo-
lac), insecticides (e.g., fipronil), and analgesics (e.g., dipy-
rone [12–14]. The structure of pyrazole has received consid-
erable interest because of its presence in compounds with a 
wide spectrum of pharmacological activities, such as like anti-
convulsant, tranquillizing, psychoanaleptic, anti-hypotensive, 
and antidepressant properties [15]. The present study investi-
gated PP-4-one derivative (Figure 1) as an anti-epileptic agent 
in an in vivo FeCl2-induced post‑traumatic epilepsy (PTE) rat 
model and explored the underlying mechanism.

Material and Methods

Animals

Fifty Sprague‑Dawley rats (body weight 185–215 g) were ob-
tained from the Animal Center belonging to Fujian University, 
China. The rats were housed 15 days prior to start of the ex-
periment at 24±1˚C temperature, 60% humidity, and exposed 
to a 12/12 h light/dark cycle. All rats had free access to sterile 
water and standard food. The guidelines for Animal Use and 
Care issued by the Science and Technology Ministry of China 
were followed for all protocols. The study was approved by the 
Animal Care and Use Committee of Fujian Medical University.

PTE rat model establishment and measurement of seizures

The PTE induction in rats was achieved successfully using a 
previously established protocol [16,17]. The rats were put in a 
David Kopf small animal stereotaxic apparatus after anesthe-
tization using 350-mg/kg chloral hydrate injections via intra-
peritoneal route. The pressure points were applied with 2% 
lidocaine ointment and a ~0.5-mm diameter burr hole was 
made into the left calvarium 2 mm posterior and lateral to the 
bregma. A 30-gauge needle was fitted to a microinjection sy-
ringe fixed in a stereotaxic micromanipulator. The needle was 
carefully penetrated into the cortex ~1.3 mm deep into the 
dura to inject 10 µl of FeCl2 (concentration 100 mM) to each 
rat over 5 min. The rats were assigned to 5 groups of 10 an-
imals each: a sham group, a FeCl2-induced PTE group, and 3 
PP-4-one-treated PTE groups. The rats in the sham group only 
had a needle inserted but were not injected with FeCl2 solu-
tion. After regaining consciousness at approximately 3 h, the 
rats were monitored continuously using Nihon Kohden 9200 
Studio software (QP-219BK; Nihon Kohden) to record video–
EEG. It was found that around 60% of rats showed induction 
of epilepsy. The rats after FeCl2 injections were individually 
housed in sterile cages at controlled temperatures and hu-
midity. The rats in the 3 treatment groups received 2-, 4-, and 
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Figure 1. Chemical structure of PP-4-one.
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6-mg/kg doses of PP-4-one in normal saline intragastrically. 
The sham and vehicle treatment groups were injected with 
equal volumes of normal saline. After surgery the rats were 
killed using 350 mg/kg doses of chloral hydrate injections via 
intraperitoneal route. The brains from rats were carefully ex-
cised on day 28th of PTE to determined protein expression, 
iNOS expression, and astrocytic hyperplasia.

Epileptic seizure assessment

Epileptic seizures in the rats were observed following 1 h of ep-
ilepsy induction, and assessment of seizures was made using 
Racine’s scale [18]. The intensity scale ranged from stages 0 
to 5, in which absence of response was Stage 0; hyperactivity 
and twitching was Stage 1; nodding of head and jerking was 
Stage 2; rearing (i.e., standing on hind legs) was Stage 4; and 
clonic-tonic seizures with absence of reflexes was Stage 5 [18].

Sample preparation

Decapitation of the rats was followed by removal of the entire 
brain and its subsequent dissection on ice. Half of the hippo-
campal tissues were frozen under liquid nitrogen and stored 
for RT-PCR assay at a temperature of –80°C, and the remain-
ing half were fixed in 4% paraformaldehyde and then embed-
ded in paraffin. A microtome was used for slicing of embed-
ded tissues into 2-µm sections.

Hematoxylin and eosin staining

The hippocampus tissues were randomly selected for deter-
mination of epileptic injury using hematoxylin and eosin dye. 
The stained tissue sections were examined for neuronal chang-
es under a light microscope (BX51M; Olympus, Tokyo, Japan).

Immunohistochemistry

The brain slices were subjected to immunostaining using the 
Polink-2 Plus® Detection System (PV-9001; GBI Labs, Mukilteo, 
WA, USA). The stained sections were dehydrated on treat-
ment with gradient ethyl alcohol, then incubation was per-
formed with antibodies against glial fibrillary acidic protein 
(GFAP). PBS washing of the samples was followed by incuba-
tion with horseradish peroxidase-conjugated secondary anti-
bodies. The complex formed from avidin-biotin and diamino-
benzidine was detected as the reaction product. The control 
specimens (negative control) were not incubated with prima-
ry antibodies. iNOS expression was detected in a similar man-
ner, except that the primary antibodies used were rabbit anti-
mouse antibodies (Santa Cruz Biotechnology). The sections 
were examined and imaged using a Leica microscope connect-
ed to a digital camera system.

Reverse transcription polymerase chain reaction (RT‑PCR)

The commercially available Quant One Step kit (Tiangen 
Biotech, Co., Beijing, China) was used for RT-PCR reaction in 
accordance with the supplier’s instructions. The sequence of 
parameters used in the thermal cycler were: 93°C for 4 min, 
38 cycles at 93°C for 26 s, 56°C for 26 s, 70°C for 35 s, and 
70°C for 10 min. The primer sequences used in RT-PCR were: 
NR1, forward: 5’-GCTGCACGCCTTTATCTG-3’ and backward 
5’-TCCTACGGGCATCCTTGT-3’. The electrophoresis of products 
using agarose gel (2.0%) was employed for separation of PCR 
products. The SC-810 Gel System and Gel-Pro 3.1 software 
(Media Cybernetics, Inc., Bethesda, MD, USA) were used for 
analysis of the band intensity.

Western blot analysis

The hippocampus tissue lysis and subsequent homogeniza-
tion was followed by protein concentration measurement us-
ing the BCA kit (Beyotime, China). Separation of proteins was 
made by loading equal amounts on 10% SDS‑PAGE and then 
transferred to polyvinylidene fluoride membranes for 80 min 
at 100 V. The membranes were blocked for 3 h with 5% non-
fat dry milk and then subjected to incubation at 4°C with pri-
mary antibodies overnight. The antibodies used were against: 
p‑mTOR (1: 200; ab2732; Abcam, Cambridge, UK) and p‑P70S6K 
(1: 200; 9205; Cell Signaling Technologies, Cambridge, UK). 
Membranes were washed in PBST, followed by incubation for 
2 h with horseradish peroxidase-conjugated secondary anti-
bodies. Blot detection was performed using the enhanced 
chemiluminescence kit as per the manual protocol. ImageJ 
software was used for determination of densities of proteins.

Statistical analysis

Data are expressed as mean±SD of triplicate measurements. 
Data analysis was performed using SPSS 13.0 (SPSS, Inc., 
Chicago, IL, USA). The data were compared statistically using 
the t test and one-way analysis of variance (ANOVA). P<0.05 
indicated statically significant differences.

Results

PP-4-one decreased behavioral seizures in PTE rats

The average number of behavioral seizures increased to 15 in 
the vehicle group of PTE rats compared to zero in the sham 
group on day 28 of PTE (Figure 2). In PP-4-one-treated PTE 
rats, the number of behavioral seizures showed a significant 
(P<0.05) decrease in dose-dependent manner. The behavioral 
seizures were reduced to a minimum in the rats treated with 
6 mg/kg PP-4-one on day 28 of PTE. The behavioral seizures 
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in the 2 and 4 mg/kg PP-4-one-treated PTE rat groups were 
10 and 7, respectively on day 28 of PTE.

PP-4-one inhibited iNOS expression

The iNOS-positive cells in hippocampal tissues of PTE rats 
were determined by measuring light-density regions (IOD/
Area, Figure 3). In vehicle-treated PTE rats, the iNOS-positive 
cell density was significantly (P<0.05) higher than in the sham 
group. The iNOS-positive cell count in the hippocampal tis-
sues of PTE rats was significantly reduced by treatment with 
PP-4-one. The reduction of iNOS-positive cell count by PP-4-
one treatment in the hippocampal tissues of PTE rats was the 
highest at 6 mg/kg dose.

Inhibition of astrocytic hyperplasia by PP-4-one

The proportion of GFAP-positive cells showed a marked in-
crease in the vehicle-treated PTE rat hippocampus tissues rel-
ative to the sham group (Figure 4). PP-4-one treatment sig-
nificantly (P<0.05) suppressed GFAP-positive cellular count 
in PTE rats in a dose- dependent manner. The proportion of 
GFAP-positive cells in the 6 mg/kg PP-4-one treatment group 
was suppressed to a level very close to that of the sham con-
trol group. The PTE-mediated increase in GFAP-positive cells 
was also significantly alleviated in the 2 and 4 mg/kg PP-4-
one treatment groups.

PP-4-one suppressed NR1 expression

The level of NR1 mRNA in vehicle-treated PTE rats was marked-
ly higher than in the sham control group (Figure 5). However, 
in PP-4-one treated PTE rats, the expression of NR1 mRNA 
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Figure 2. �Effect of PP-4-one on behavioral seizures. The PTE rats treated with or without PP-4-one treatment were subjected to 
measurement of behavioral seizures. * P<0.02 and ** P<0.02 vs. the vehicle-treated rats.
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Figure 3. �Effect of PP-4-one on iNOS-positive cells. We assessed 
average light density to determine iNOS-positive cells 
in PTE-induced rats treated with PP-4-one or without 
treatment. * P<0.02 and ** P<0.02 vs. the vehicle-
treated rats.
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Figure 4. �Effect of PP-4-one on GFAP-positive cell count. Under 
a microscope, we counted the numbers of GFAP-
positive cells from PTE-induced rats treated with PP-4-
one or without treatment. * P<0.02 and ** P<0.02 vs. 
the vehicle-treated rats.
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was significantly (P<0.01) suppressed in a dose- dependent 
manner. In the 6 mg/kg PP-4-one treatment group, the lev-
el of NR1 mRNA was suppressed to a level very close to that 
of the sham control group. The PTE-mediated increase in NR1 
mRNA was also significantly alleviated in the 2 and 4 mg/kg 
PP-4-one treatment groups.

PP-4-one attenuated epileptic injury

The cells of the vehicle group PTE rats were disarranged com-
pared to those of the sham group on day 28 of PTE (Figure 6). 
In PP-4-one-treated PTE rats, the disarrangement of cells 
showed a significant improvement in a dose-dependent manner. 
The PTE-induced disruption of cell arrangement was completely 

alleviated in the rats treated with 6 mg/kg PP-4-one. In the 2 
and 4 mg/kg PP-4-one treatment groups, the PTE-mediated 
disruption of cell arrangement was alleviated, but less promi-
nently than in the 6 mg/kg PP-4-one treatment group.

PP-4-one inhibited mTOR/P70S6K phosphorylation in PTE 
rats

In vehicle-treated rats, the activated mTOR/P70S6K expression 
was markedly higher in the hippocampal and frontal lobe tis-
sues compared to the sham group (Figure 7). The expression 
of phosphorylated mTOR/P70S6K was suppressed in a dose- 
dependent manner by PP-4-one-treatment in the hippocampal 
and frontal lobe tissues of PTE rats. The inhibition of activated 
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treated with or without PP-4-one treatment (magnification ×400).
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mTOR/P70S6K by PP-4-one treatment was more prominent in 
PTE rats treated with 6 mg/kg doses compared to the 2 and 
4 mg/kg treatment groups.

Discussion

The present study demonstrated that PP-4-one treatment sup-
pressed PTE-induced behavioral seizures and cell damage in 
hippocampus tissues of rats. PP-4-one targeted NR1 expres-
sion and mTOR signaling pathway to alleviate the PTE-induced 
epileptic injury. In animals, PTE is induced by many procedures, 
including the reduction of magnesium ion model [19], the reg-
ulated cortical impact model [20], and the injection of FeCl2 
model [16]. The FeCl2 injection method in the frontal cortex is 
generally preferred because this model of PTE closely resem-
bles TBI [17]. Moreover, the PTE model induced by FeCl2 injec-
tion has more stability, higher rate of success, and high repeat-
ability [21]. In the current study, PTE was induced in rats by 
injecting FeCl2 in the frontal cortex. Among the FeCl2-injected 
rats, epileptogenesis developed in 87% of animals, which con-
firmed the high success rate of this method. The FeCl2 injec-
tion induced behavioral seizures in rats within 1 hour and was 
sustained for more than 1 month. The PP-4-one treatment of 
PTE rats significantly suppressed the number of behavioral sei-
zures in a dose-dependent manner. The behavioral seizures 
were reduced to a minimum in the rats treated with 6 mg/kg 
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Figure 7. �Effect of PP-4-one on mTOR/P70S6K activation. (A, B) The PTE rats treated with or without PP-4-one treatment 
were assessed for mTOR/P70S6K phosphorylation in hippocampal and frontal lobe tissues by Western blot analysis. 
(C, D) Quantified data for mTOR/P70S6K phosphorylation in hippocampal and frontal lobe tissues. * P<0.02 and 
** P<0.02 vs. vehicle-treated rats.

PP-4-one on day 28 of PTE. In the PTE rat model, the iNOS-
positive cell density was markedly increased relative to the 
sham group. However, the density of iNOS-positive cells was 
significantly lower in the hippocampal and frontal lobes of PTE 
rats after treatment with PP-4-one. PP-4-one treatment also 
reduced the GFAP-positive cellular count in the PTE rats in a 
dose- dependent manner. Astrocytes, the main glial cells pres-
ent in the brain, are increased during epilepsy and play a ma-
jor role in disease pathogenesis [22]. During epilepsy, astro-
cytes mediate neuronal excitation and promote formation of 
mossy fibers in the dentate gyrus, resulting in development 
of an excitability loop which causes induction of seizures [20]. 
The present study shows that PP-4-one suppressed astrocyt-
ic proliferation in the hippocampus of PTE rats. The astrocytic 
proliferation in vehicle-treated PTE rat hippocampus was mark-
edly higher compared to the sham group. This suggests that 
PP-4-one inhibits behavioral seizures in rats by preventing a 
PTE-mediated increase in astrocytic proliferation. The activated 
NMDA receptors are associated with the development of sei-
zures and binding sites of these receptors are increased dur-
ing convulsions. It is reported that convulsion in animal mod-
els is inhibited by antagonists of NMDA receptors [23]. In the 
present study, PP-4-one treatment of PTE rats markedly down-
regulated NR1 expression compared to control. Studies have 
found involvement of the mTOR pathway in various neurologi-
cal disorders, including ischemia, depression, gliomas, and ep-
ilepsy [24,25]. The reduction of behavioral seizures in animal 
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models has been shown to be associated with downregula-
tion of the mTOR pathway [7,17]. The present study showed 
a marked elevation of activated mTOR and P70S6K in the PTE 
rats, indicating upregulation of the mTOR pathway. In PP-4-
one-treated rats, the PTE-induced activation of mTOR/P70S6K 
was markedly less than in the vehicle-treated group, suggest-
ing that the anti-epileptogenic activity of PP-4-one occurs by 
targeting mTOR/P70S6K activation in PTE rats.

Conclusions

In summary, PP-4-one exhibits an anti-epileptogenic effect in 
the rat model of PTE by inhibiting behavioral seizures through 
suppression of iNOS and astrocytic proliferation. Moreover, 
PP-4-one treatment suppressed NR1 expression and targeted 
the mTOR pathway in PTE-induced rats. Thus, PP-4-one appears 
to be a novel and effective therapeutic agent for treatment of 
epilepsy induced by PTE. Further research using different epi-
lepsy models is needed to elucidate the anti-epileptogenic ef-
fect of PP-4-one.
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