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Abstract. Researchers have confirmed the microRNA 
(miRNA/miR)‑epilepsy association in rodent models of 
human epilepsy via a comprehensive database. However, the 
mechanisms of miR‑142 in epilepsy have not been extensively 
studied. In the present study, a rat model of epilepsy was first 
established by an injection of lithium chloride‑pilocarpine 
and the successful establishment of the model was veri‑
fied via electroencephalogram monitoring. The levels of 
miR‑142, phosphatase and tensin homolog deleted on chromo‑
some 10 (PTEN)‑induced putative kinase 1 (PINK1), marker 
proteins of mitochondrial autophagy, and apoptosis‑related 
proteins were measured. Additionally, the pathological 
changes in the hippocampus, the ultrastructure of the mito‑
chondria, and degeneration and the apoptosis of neurons were 
observed using different staining methods. The malondialde‑
hyde (MdA) content and superoxide dismutase (SOd) activity 
in the hippocampus, mitochondrial membrane potential (MTP) 
and reactive oxygen species (ROS) generation were detected. 
Furthermore, the targeting association between miR‑142 and 

PINK1 was predicted and verified. Consequently, apoptosis 
increased, and mitochondrial autophagy decreased, in the 
hippocampus of epileptic rats. Following miR‑142 inhibi‑
tion, the epileptic rats exhibited an increased Bax expression, 
a decreased Bcl‑2 expression, upregulated marker protein 
levels of mitochondrial autophagy, a reduced MdA content, 
an enhanced SOd activity, an increased MTP and decreased 
ROS generation. PINK1 is a target gene of miR‑142, and its 
overexpression protected against hippocampal damage. Taken 
together, the results of the present study demonstrated that 
miR‑142 inhibition promotes mitochondrial autophagy and 
reduces hippocampal damage in epileptic rats by targeting 
PINK1. These findings may provide useful information for the 
treatment of epilepsy.

Introduction

Epilepsy is a prevalent brain disease characterized by 
long‑term vulnerability to seizures and emotional and cognitive 
impairment, affecting approximately 50 million individuals 
worldwide (1). Approximately 40% of epileptic patients have 
structural or metabolic causes due to different brain injuries (2) 
and develop depression and anxiety (3). Previous research has 
indicated that the incidence of epilepsy in developing nations 
is significantly higher than that in developed countries (4). 
Recently, the average annual cost of each epilepsy patient was 
reported to be approximately 5,253 USd in china, accounting 
for more than half of their annual income (5). Additionally, it 
has been scientifically confirmed that factors, such as chronic 
stress, brain abnormalities and interactions between underlying 
genetic factors and the environment may lead to epilepsy (6,7). 
Head injury, infection, trauma, malnutrition, and poor prenatal 
and perinatal care are associated with an increased risk of 
seizures and epilepsy (4). Additionally, the abnormal accu‑
mulation of damaged mitochondria in the central nervous 
system, particularly in the hippocampus, has been reported 
to contribute to mitochondrial autophagy defects and may be 
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involved in the pathology of epilepsy (8). Therefore, the present 
study focused on mitochondrial autophagy to investigate the 
underlying molecular mechanisms in epilepsy.

MicroRNAs (miRNAs or miRs) are a class of small, 
well‑preserved noncoding RNAs that monitor numerous 
biological processes and cellular functions during the devel‑
opment of the central nervous system, and the dysfunction of 
miRNAs contributes to neurological diseases (9,10). miR‑142 
is a highly conservative miR in many invertebrates and verte‑
brates, and it has been widely studied in the hematopoietic 
system, cancers, the inflammatory response and immune 
tolerance (11). Junker et al reported that miR‑142 expression 
was more abundant in active multiple sclerosis brain lesions 
than in normal white matter, suggesting that miR‑142 may be 
involved in brain inflammatory and degenerative diseases (12). 
However, the role of miR‑142 in epilepsy has not been exten‑
sively studied. In the present study, it was found that miR‑142 
could target phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN)‑induced putative kinase 1 (PINK1). 
PINK1 is a mitochondrial targeting kinase that accumulates on 
damaged mitochondria and protects cells from stress‑induced 
mitochondrial dysfunction (13). As a neuroprotective kinase, 
PINK1 is processed by healthy mitochondria and is released 
to trigger neuron differentiation (14). PTEN deficiency can 
lead to severe brain dysfunction, including ataxia, seizures 
and brain enlargement (15). However, the mechanisms of 
PINK1 in epilepsy remain largely unknown. considering the 
above‑mentioned findings, the present study examined the 
effects of miR‑142 and PINK1 on mitochondrial autophagy in 
a rat model of epilepsy.

Materials and methods

Animal treatment and grouping. The study was approved and 
supervised by the Ethics committee of Guangzhou Women 
and children's Medical center. The protocol was also approved 
by the Institutional Animal care and Use committee of 
Guangzhou Women and Children's Medical Center. Significant 
efforts were made to minimize the number of animals used and 
their pain. A total of 96 healthy male Wistar rats (6‑8 weeks 
old, weighing 220±20 g) purchased from dongzhimen Hospital, 
Beijing University of Chinese Medicine [Certificate no. SYXK 
(Jing) 2015‑0001, Beijing, China] were raised under specific 
pathogen‑free conditions at a constant temperature (20±2˚C) and 
humidity (50‑60%) with free access to sterilized drinking water 
and standard feed. The rats were randomly split into the normal 
group, epilepsy group, antagomir‑negative control (Nc) group, 
antagomir‑miR‑142 group, lentivirus vector (LV)‑Nc group, 
LV‑PINK1 group, antagomir‑miR‑142 + siRNA‑Nc group, and 
antagomir‑miR‑142 + siRNA‑PINK1 group, with 12 rats in each 
group. Following the establishment of the model of epilepsy, the 
rats were administered a corresponding stereotaxic injection 
of antagomir‑Nc, antagomir‑miR‑142, LV‑Nc, LV‑PINK1, 
antagomir‑miR‑142 + siRNA‑Nc and antagomir‑miR‑142 + 
siRNA‑PINK1 into the brain as described below. The injectants 
were all from Shanghai GenePharma co., Ltd.

Establishment of model of epilepsy. The rats were admin‑
istered 125 mg/kg of lithium chloride via intraperitoneal 
injection, followed by 20 mg/kg of pilocarpine (both from 

Sigma‑Aldrich; Merck KGaA) 18‑20 h later, as previously 
described (16). At 30 min prior to the pilocarpine admin‑
istration, the rats were administered 1 mg/kg of atropine 
(Sigma‑Aldrich; Merck KGaA) to alleviate the peripheral 
cholinergic effect of pilocarpine. Rats in the normal group were 
injected with an equal amount of saline. Following observa‑
tion for 30 min, according to the Racine (17) grading standard, 
the model of epilepsy was successfully established when the 
seizure activity reached grade IV or above and lasted for 
>30 min. To control the seizure intensity and reduce mortality, 
10 mg/kg of diazepam (Sigma‑Aldrich; Merck KGaA) was 
injected intraperitoneally 90 min following the onset of the 
epilepticus status. The electroencephalogram (EEG, Medelec) 
data of the rats were recorded before epilepsy and at 3 h after 
epilepsy; the data of normal rats were also collected.

Stereotaxic injection into the rat brain. Epileptic rats were 
anesthetized with 1% pentobarbital sodium (45 mg/kg) 
through intraperitoneal injection. The incisor teeth of the rats 
were fixed using a maxillary fixator of a stereotaxic instru‑
ment (Shanghai Medical Instruments Co., Ltd.). Subsequently, 
1 ear stick was pushed into the external auditory canal of the 
rats to locate the rat's head in the middle of the 2 slip paths, and 
the ear stick on the other side was pushed in to fix the head. 
The scalp of the rats was shaved to determine the bregma 
of the stereotaxic localization of the brain. The right lateral 
ventricle was determined as the injection site (AP, ‑1 mm; 
LL, 1.5 mm; V, ‑4.5 mm), and 10 µl antagomir‑Nc (4 nmol), 
antagomir‑miR‑142 (4 nmol) (18), LV‑Nc (6x104 TU), 
LV‑PINK1 (6x104 TU), antagomir‑miR‑142 + siRNA‑Nc 
(0.5 µg) or antagomir‑miR‑142 + siRNA‑PINK1 (0.5 µg) 
were injected into the brains of the rats at 0.25 µl/min using 
a Hamilton syringe (Hamilton company). After the injection, 
the needle was pulled out; the skull was sealed with bone 
wax and the skin was sutured and disinfected. The rats were 
allowed to recover for 5 days after the injection. during this 
period, the health status of the rats was detected every day, 
and no deaths occurred. Following recovery, samples were 
collected for use in subsequent experiments.

Tissue collection. Following anesthesia (45 mg/kg, 1% pento‑
barbital sodium through intraperitoneal injection), the rats 
were rapidly decapitated, and the hippocampal tissues were 
rapidly separated from the ice. In each group, 3 hippocampal 
tissues were made into a homogenate and stored at ‑80˚C until 
analysis, and another 3 hippocampal tissues (1 mm3) were used 
for transmission electron microscope (TEM) observation, and 
the remaining 6 hippocampal tissues were fixed with 10% 
formalin for 24 h. The hippocampal tissues were dehydrated, 
sliced into 4‑µM‑thick sections, and were then embedded in 
paraffin for tissue staining.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from the tissue 
samples using the TRIzol kit (Invitrogen; Thermo Fisher 
Scientific, Inc.) and was then reverse transcribed into cDNA 
using the Rever Tra Ace® aPcR RT Master Mix (Toyobo 
co., Ltd.). The designed primers were synthesized by Takara 
Holdings Inc. (Table I). Reverse transcription was performed 
in a 10‑µl volume in a 37˚C water bath for 15 min, followed 
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by incubation at 50˚C for 5 min and then incubation at 98˚C 
for 5 min for reverse transcriptase inactivation according to 
the manufacturer's instructions. The reaction solution was 
subjected to quantitative fluorescence following the instruc‑
tions of the SYBR® Premix Ex Taq™ II kit in the ABI 
PRISM® 7300 system. The 50‑µl reaction system comprised 
25 µl of SYBR® Premix Ex Taq™ II (2X), 2 µl of PCR forward 
primers, 2 µl of PcR reverse primers, l µl of ROX Reference 
dye (50 X), 4 µl of dNA template and 16 µl of ddH2O. The 
reaction conditions were as follows: Pre‑denaturation at 95˚C 
for 5 min, and 40 cycles of denaturation at 95˚C for 40 sec, 
annealing at 60˚C for 30 sec, and extension at 72˚C for 1 min. 
U6 served as the internal reference for miR‑142 and glyceral‑
dehyde‑3‑phosphate dehydrogenase (GAPdH) for PINK1. The 
relative transcription levels of target genes were calculated 
using the 2‑ΔΔct relative quantitative method (19). ΔΔct=Δct 
epilepsy group‑Δct control group, Δct=ct (target gene)‑ct 
(internal reference).

Western blot analysis. Total proteins were extracted from the 
hippocampal tissues according to the instructions provided 
with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). The protein concentration was measured and adjusted 
with deionized water to ensure an equal loading amountu sing 
the bicinchoninic acid assay kit (Jiancheng Bioengineering 
Institute). Subsequently, 10% separating gels and stacking 
gels were prepared. The samples were mixed with the 
loading buffer, boiled at 100˚C for 5 min, cooled on ice, 
centrifuged at 15,000 x g and 4˚C for 5 min, and loaded into 
each lane at equal amounts using a pipette for electrophoretic 
separation. Subsequently, the proteins (40 µg) on the gel 
were transferred to nitrocellulose membranes and blocked 
with 5% non‑fat dry milk at 4˚C overnight. Thereafter, the 
membranes were incubated with the primary antibodies (all 
from Abcam Inc.) PINK1 (ab23707; 1:1,000), translocase 
of the inner membrane 23 (TIM23; ab230253; 1:1,000), 
c‑III core 1 (ab2740; 1 µg/ml), cytochrome c oxidase IV 
(cOX IV; ab33985; 1 µg/ml), mitochondrial fusion protein 1 
(MFN1; ab104274; 1 µg/ml), B‑cell lymphoma‑2 (Bcl‑2; 
ab182858; 1:2,000) and Bcl‑2‑associated X (Bax; ab32503; 

1:1,000) at 4˚C overnight. The membranes were then washed 
with phosphate‑buffered saline (PBS) at room temperature 
3 times, each for 5 min. Subsequently, the membranes were 
incubated with the horseradish peroxidase‑labeled secondary 
antibody immunoglobulin G (1:1,000; ab6702, or 1:3,000; 
ab6708; Abcam) at 37˚C for 1 h and then were washed with 
PBS again at room temperature 3 times, each for 5 min. 
The membranes were then rinsed in enhanced chemilumi‑
nescence reagent (Pierce; Thermo Fisher Scientific, Inc.) at 
room temperature for 1 min. Following liquid removal, the 
membranes were covered with food cling wraps, exposed in 
the dark, developed and fixed to observe the results. GAPDH 
was used as an internal reference. The protein marker was 
purchased from Pierce; Thermo Fisher Scientific, Inc. The 
western blots were analyzed using ImageJ2x V2.1.4.7 (Rawak 
Software, Inc.).

Hematoxylin and eosin (H&E) staining. Tissue sections were 
dewaxed in xylene I and II for 5 min and were then separately 
rinsed in 100, 95, 80 and 75% ethanol for 2 min, and then in 
PBS (2x5 min). The sections were then stained with hema‑
toxylin at room temperature for 5 min, washed in running 
water for 3 min, color‑separated with 1% hydrochloric ethanol 
for 10 sec, and turned to blue with 1% ammonia for 30 sec. 
Following a 2‑min wash in running water, the sections were 
rinsed in 50, 70 and 80% ethanol for 2 min and were then 
stained with eosin at room temperature for 2 min. Thereafter, 
the sections were washed in running water for 3 min, rinsed 
in 95% ethanol, absolute ethanol I and II for 3 min each, 
followed by rinsing in xylene I and II for 5 min each. Finally, 
the sections were sealed with neutral gum and observed under 
a BX‑51 optical microscope (Olympus Optical co., Ltd.) by 
two pathologists in a blinded manner.

Nissl staining. Paraffin‑embedded sections were dewaxed with 
0.5% cresyl violet at room temperature, hydrated and stained 
with Nissl dye (G1434; Beijing Solarbio Science & Technology 
co., Ltd.) at room temperature for 10 min. The sections were 
dehydrated and sealed. Finally, each section was observed by 
2 pathologists under a BX‑51 optical microscope (Olympus 
Optical co., Ltd.) and the Nissl‑positive cells were counted.

Terminal deoxynucleotidyl transferase (TdT)‑mediated dUTP 
nick end labeling (TUNEL) assay. After the paraffin‑embedded 
sections were dewaxed and dehydrated, apoptosis was 
detected using the TUNEL detection kit (Beyotime Institute of 
Biotechnology). The sections were incubated with protease K 
(diluted with 10 mM Tris‑HCl) at 37˚C for 25 min. Following 
3 PBS washes and drying, the sections were added to mounting 
fluid and incubated at room temperature for 20 min. The 
sections were then washed again with PBS in triplicate and 
incubated with 50 µl of biotin labeling solution at 37˚C for 
60 min. Thereafter, the sections were washed 3 times with PBS 
and 2,4‑diaminobutyric acid reagent was added to observe 
coloration under the BX‑51 optical microscope (Olympus 
Optical co., Ltd.). color development was terminated by 
adding water, and the nuclei were stained in hematoxylin at 
room temperature for 1 min, dehydrated and cleared, and were 
then sealed with neutral gum. Each section was observed by 
two pathologists under a BX‑51 optical microscope (Olympus 

Table I. Sequences of primers used for RT‑qPCR.

Gene Sequence (5'‑3')

miR‑142 F: 5'‑GGcGcTAGcAAGAGAGGGG‑3'
 R: 5'‑GGcGGATccTcGTccTTGAcGcTG‑3'
U6 F: 5'‑cTcGcTTcGGcAGcAcA‑3'
 R: 5'‑AAcGcTTcAcGAATTTGcGT‑3'
PINK1 F: 5'‑ATcAGTAGcATcTAGcATAc‑3'
 R: 5'‑GATcAcTGATcAGATcTATcc‑3'
GAPdH F: 5'‑TcTcccTcAcAATTTccATccc‑3'
 R: 5'‑TTTTTGTGGGTGcAGcGAAc‑3'

RT‑qPCR, reverse transcription quantitative polymerase chain reaction; 
F, forward; R, reverse; miR‑142, microRNA‑142; PINK1, phosphatase 
and tensin homolog deleted on chromosome 10 (PTEN)‑induced puta‑
tive kinase 1; GAPdH, glyceraldehyde‑3‑phosphate dehydrogenase.
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Optical co., Ltd.) and the number of TUNEL‑positive cells 
stained brown yellow in 5 random fields was counted.

Hoechst 33258 staining. The paraffin‑embedded sections were 
dewaxed with xylene and gradient ethanol, bathed at 97˚C in 
citrate buffer for 15 min, and washed twice with PBS, 3 min 
each time. The sections were then stained with Hoechst 33258 
dye (Invitrogen; Thermo Fisher Scientific, Inc.) at room 
temperature for 5 min, and were then washed twice with PBS 
(3 min/time) following dye removal. A drop of anti‑quenching 
sealing liquid was added to the sections, which were then 
covered with a clean cover slip while avoiding bubbles as much 
as possible. Finally, the sections were photographed (excitation 
wavelength, 350 nm; emission wavelength, 460 nm) under a 
BX‑60 fluorescence microscope (Olympus Corporation).

Fluoro‑Jade C (FJC) staining. Hippocampal tissue sections 
were immersed in 1% NaOH‑80% ethanol mixture for 5 min, 
transferred to 70% ethanol for 2 min, and then immersed in 
distilled water for 2 min, 0.06% potassium permanganate 
solution for 10 min, followed by washing in distilled water 
for 2 min. Additionally, the sections were evenly dripped with 
0.0001% FJc dye (containing 0.1% acetic acid; chemicon 
International, Inc.) at room temperature for 10 min and were 
then rinsed 3 times in distilled water for 1 min each time. The 
slices were dried, cleared with xylene for 1 min, and sealed 
with neutral gum. The blue filter (excitation wavelength 
450‑490 nm) was used to observe and collect images under 
the BX‑60 fluorescence microscope (Olympus Corporation).

Thiobarbituric acid (TBA) method and water‑soluble 
tetrazolium salt‑8 (WST‑8) method. The hippocampus 
tissue homogenate was centrifuged at 2,000 x g and 4˚C for 
15 min with the supernatant absorbed. The malondialdehyde 
(MdA) content and superoxide dismutase (SOd) activity 
were determined using the TBA method and WAT‑8 method, 
respectively, according to the manufacturer's instructions 
(Beyotime Institue of Biotechnology).

TEM observation. The hippocampal tissue sections at 1 mm3 
were fixed in 40 g/l of glutaraldehyde for 1 h and washed 
3 times with 0.1 mol/l of phosphate buffer (pH 7.4) for 5 min 
each time. The tissue sections were fixed with 1% osmium acid 
for 2‑3 h and were washed 3 times with 0.1 mol/l of phosphate 
buffer (pH 7.4) for 5 min each time. The tissue sections were 
dehydrated by gradient ethanol, immersed in a mixture of 
acetone and an equal amount of Epon812 for 3 h, embedded 
in Epon812, and polymerized at 60˚C for 48 h. Thereafter, the 
sections were stained with 3% uranium acetate and lead citrate 
(all from Sangon Biotech) at room temperature for 15 min, 
respectively, and were observed and photographed under a 
TEM (JEM‑1200 EX; JEOL, Ltd.).

Detection of mitochondrial transmembrane potential (MTP) 
by JC‑10 staining. The MTP in hippocampal homogenates 
was detected using JC‑10 fluorescent probes (Beijing Solarbio 
Science & Technology co., Ltd.). The hippocampal homog‑
enates were incubated with 500 µl of JC‑10 dye solution at 37˚C 
for 20 min. Following incubation, the sections were centri‑
fuged at 600 x g and 4˚C for 4 min and the supernatants were 

discarded, and the sections were then washed twice with Jc‑10 
staining buffer. The MTP was measured using a flow cytometer 
(Guava, Easycyte™ 8; EMD Millipore) and a Guava PCA flow 
cytometry system (EMd Millipore) following suspension.

MitoSOX‑based flow cytometry to detect mitochondrial 
reactive oxygen species (ROS). The hippocampal homog‑
enates were incubated in 0.01 µm MitoSOX dye (Invitrogen; 
Thermo Fisher Scientific, Inc.) diluted in PBS at a ratio of 1:1 
for 30 min at 37˚C. The supernatant was then removed, and 
the cells were detached using ethylene diamine tetraacetic 
acid‑free trypsin, followed by centrifugation at 1,000 x g and 
4˚C for 5 min. Finally, the cells were washed 3 times with 
200 ml of PBS and the ROS content was detected by flow 
cytometry (Guava, Easycyte™ 8; EMD Millipore) with the 
Guava PCA flow cytometry system (EMD Millipore).

Dual luciferase reporter gene assay. Bioinformatics software 
TargetScan (http://www.targetscan.org) was used to predict the 
targeting association and binding sites between miR‑142 and 
PINK1. The PINK1 3'UTR promoter sequence containing the 
binding site of miR‑142 was synthesized and inserted into the 
pMIR‑REPORT™ Luciferase vector plasmid (Ambion, Inc.) to 
construct the PINK1 3'UTR wild‑type (PINK1‑WT) plasmid 
and PINK1 3'UTR mutant type (PINK1‑MUT) plasmid. 
Plasmid extraction was carried out according to the manufac‑
turer's instructions (Promega corporation). PINK1‑WT and 
PINK1‑MUT were mixed with 100 nM mimic Nc and mimic 
miR‑142 (GenePharma), respectively, and were then co‑trans‑
fected into 293T cells [American Type culture collection 
(ATCC)] using Lipofectamine™ 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). After 48 h, the luciferase activity was 
detected using a luciferase detection kit (BioVision, Inc.) and 
a Glomax 20/20 luminometer fluorescence detector (Promega 
Corporation). The ratio of firefly luciferase activity to Renilla 
luciferase activity was calculated as the relative activity. The 
experiment was repeated 3 times.

Statistical analysis. Statistical analysis was conducted using 
SPSS 21.0 (IBM corp.). All the data were examined using the 
Kolmogorov‑Smirnov test. Measurement data are expressed as 
the means ± standard deviation. A t‑test was used for compari‑
sons between 2 groups, and one‑way analysis of variance 
(ANOVA) or two‑way ANOVA was used for comparisons 
among multiple groups. Tukey's multiple comparisons test was 
used as a post hoc test. P‑values were obtained by a two‑tailed 
test, and P<0.05 was considered to indicated a statistically 
significant difference.

Results

Epileptic rats exhibit obvious epileptiform discharges, 
spikes and sharp waves. The normal rats exhibited normal 
behavior and no epileptic seizures. According to the Racine 
grading standard, epileptic seizures in epileptic rats reached 
grade IV‑V. EEG mapping results revealed that the normal rats 
had no cluster spike discharges, while the epileptic rats exhib‑
ited high cluster amplitudes and high‑frequency multi‑spike 
discharges (Fig. 1). These manifestations suggested the 
epilepsy model was successfully established.
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miR‑142 inhibition reduces ROS generation and apoptosis 
in hippocampal neurons in epileptic rats. Following the 
successful establishment of the model of epilepsy, miR‑142 
expression was measured in rats subjected to different treat‑
ments. miR‑142 expression was upregulated in the epileptic 
rats compared with that in normal rats, and was decreased 
in rats treated with antagomir‑miR‑142 compared that in 
rats treated with antagomir‑Nc (both P<0.01; Fig. 2A). H&E 
staining (Fig. 2B) and Nissl staining (Fig. 2c) revealed that the 
hippocampal neurons in the normal rats were in band distribu‑
tion. A number of dense vertebral cells were observed in the 
cA1 and cA3 regions, which were well arranged, complete 
in shape, clear in the edge and nucleolus, transparent in the 
cytoplasm, round or oval in the nucleus, and uniform in chro‑
matin distribution, with a normal shape and abundant Nissl 
bodies in the cytoplasm. Additionally, the hippocampus of the 
epileptic rats exhibited obvious neuronal degeneration, cell 
structure disintegration, edema and proliferation in astrocytes. 
In the cA1 and cA3 regions, the structure of nerve cells was 
incomplete, with swelling and ruptures, a blurred outline and 
unclear boundaries, disordered arrangement, enlarged cell 
spacing, chromatin clumping in the edges, cytoplasmic edema, 
and enlargement of cell bodies and decreased cytoplasmic 
Nissl bodies. Following antagomir‑miR‑142 treatment, most of 
the pyramidal cells in the cA1 and cA3 regions of the hippo‑
campus of rats had clear boundaries and normal morphology, 
with broken structures, blurred contours and unclear bound‑
aries in a few neurons.

In the cA3 region of the hippocampus of the normal rats, 
only a few TUNEL‑positive cells (dark brown cells; Fig. 2d) 
and FJc‑positive cells (Fig. 2E) were observed. In the epileptic 
rats, the number of TUNEL‑positive cells in the hippocampal 
cA3 region significantly increased (P<0.01; Fig. 2d) and 
the bright yellow‑green fluorescent FJC‑positive cells with a 
neuron‑like shape were observed with clear cell bodies and 
neurites. Hoechst 332528 staining (Fig. 2F) revealed that the 

nuclei of apoptotic cells in epileptic rats exhibited coagula‑
tion and bright blue fluorescence compared with the normal 
rats. Following antagomir‑miR‑142 treatment, the number 
of TUNEL‑positive apoptotic cells and FJc‑positive cells 
decreased significantly in the hippocampal cA3 region in 
the rats, and the numbers of cells with bright blue fluorescent 
decreased (P<0.01).

Under the TEM (Fig. 2G), the structure of hippocampal 
neurons in normal rats was clear and complete, the nuclear 
structure was normal, the nuclear pore complex was clear, chro‑
matin was evenly distributed, and the nucleolus was located in 
the middle. In hippocampal neurons of epileptic rats, the cell 
body was shrunken, and there were small and irregular clots 
and chromatin margination, rough endoplasmic reticulum and 
mitochondrion swelling, the loss of mitochondrial cristae, 
organelle reduction, structural destruction, the formation of 
cavity and vacuoles of different sizes in the cytoplasm, and 
cell membrane rupture. However, these morphologies were 
reversed by antagomir‑miR‑142. compared with the normal 
rats, the MdA content increased, SOd activity decreased 
significantly (Fig. 2H), the expression of Bax in the hippo‑
campus increased significantly, and Bcl‑2 protein decreased 
significantly in the epileptic rats (all P<0.01; Fig. 2I). Following 
the inhibition of miR‑142 expression, the above‑mentioned 
trends were all reversed.

miR‑142 targets PINK1. These results indicated that miR‑142 
was involved in the biological process of epileptic rats in the 
current research. Subsequently, the present study wished to 
identify its downstream target gene. Using online analysis 
software, a specific binding region was found between the 
PINK1 sequence and miR‑142 sequence (Fig. 3A), indi‑
cating that PINK1 is the target gene of miR‑142. The dual 
luciferase report gene assay was used to further verify the 
results. compared with the Nc group, the luciferase activity 
of the WT‑PINK1/miR‑142 co‑transfection group decreased 

Figure 1. Successful establishment of the model of epilepsy. (A) EEG result of the cortical electrode in rats; (B) EEG result of the hippocampal electrode in 
rats. ‘Normal’ indicates results in normal rats, showing no obvious paroxysmal rhythm and epileptic discharge; ‘EP’ indicates results in epileptic rats 3 h after 
the epileptic seizure, showing obvious epileptic discharges, spikes and sharp waves. n=6. EEG, electroencephalogram.
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(P<0.05), while that of MUT‑PINK1 exhibited no significant 
difference (P>0.05), indicating that miR‑142 could specifically 
bind to PINK1 (Fig. 3B). Subsequently, miR‑142 mimic was 

constructed and the overexpression efficiency was detected. The 
results revealed that the overexpression of miR‑142 significantly 
decreased the mRNA and protein levels of PINK1 (Fig. 3c).

Figure 2. miR‑142 inhibition reduces ROS and apoptosis in hippocampal neurons in epileptic rats. (A) Relative miR‑142 expression in normal rats and epileptic 
rats measured by RT‑qPCR, n=3. (B and C) Representative images of the histopathological sections of the hippocampus in epileptic rats detected by H&E 
staining and Nissl staining, n=6. (d‑F) Representative images of apoptosis and degeneration in the hippocampal cA3 region of epileptic rats detected by the 
TUNEL assay, FJc staining and Hoechst 332528 staining, n=6. (G) Representative images of the neuron structure in the hippocampus of epileptic rats observed 
under TEM, n=3. (H) Relative MdA and SOd contents in normal rats and epileptic rats measured by the TBA and WST‑8 methods, n=3. (I) Protein levels of 
Bcl‑2 and Bax in the hippocampus of normal rats and epileptic rats measured by western blot analysis, n=3. The data were analyzed using one‑way ANOVA and 
Tukey's multiple comparisons test as a post hoc test. **P<0.01, compared with the normal group; ##P<0.01, compared with the antagomir‑Nc group. miR‑142, 
microRNA‑142; ROS, reactive oxygen species; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; TUNEL, terminal deoxynucleotidyl 
transferase (TdT)‑mediated dUTP nick end labeling; H&E, hematoxylin and eosin; FJc, Fluoro‑Jade c; MdA, malondialdehyde; SOd, superoxide dismutase; 
TBA, thiobarbituric acid; WST‑8, water‑soluble tetrazolium salt‑8; Bcl‑2, B‑cell lymphoma‑2; Bax, Bcl‑2‑associated X; ANOVA, analysis of variance.
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Overexpression of PINK1 attenuates hippocampal damage in 
epileptic rats. As PINK1 is the target gene of miR‑142, it may 
also affect the behavior of epileptic rats. Thus, the gain‑ and 
loss‑of‑functions of PINK1 were investigated to determine its 
roles in epilepsy. LV‑PINK1 transfection significantly upregu‑
lated PINK1 expression in the epileptic rats, while the epileptic 
rats treated with anti‑miR‑142 and PINK1 together exhibited 
a downregulated PINK1 expression (both P<0.05; Fig. 4A). 
Through H&E staining (Fig. 4B) and Nissl staining (Fig. 4c), 
it was observed that the neurons in the epileptic rats injected 
with LV‑PINK had a complete morphology, a distinct struc‑
ture, a normal nuclear structure, a regular arrangement of 
vertebral cells, abundant Nissl bodies in the cytoplasm, and 
fewer TUNEL‑positive cells (Fig. 4d) and FJc‑positive 
cells (Fig. 4E) (all P<0.05). Hoechst 33258 nuclear staining 
(Fig. 4F) revealed that most of the cells displayed uniform 
light blue fluorescence and only a few apoptotic cells were 
observed. The inhibition of miR‑142 and PINK1 together 

revealed that some neurons in the hippocampus were damaged 
more severely and were arranged disorderly and sparsely, 
with reduced vertebral cells and Nissl bodies, and increased 
TUNEL‑positive cells, FJc‑positive cells and bright blue 
cells. Briefly, the overexpression of PINK1 attenuated hippo‑
campal damage in epileptic rats and PINK1 downregulation 
suppressed the protective effects of antagomir‑miR‑142.

miR‑142 inhibition promotes mitochondrial autophagy in the 
hippocampal tissue of epileptic rats by targeting PINK1. The 
above‑mentioned findings revealed that miR‑142 downregu‑
lated PINK1 expression, and it has been shown that PINK1 can 
promote mitochondrial autophagy (20). Therefore, the present 
study further investigated the regulatory effects of miR‑142 
on PINK1‑mediated mitochondrial autophagy in epileptic rats. 
compared with the normal rats, the number of mitochondria in 
the epileptic rats decreased and many damaged mitochondria 
were encapsulated by the bilayer membrane. The mitochondria 

Figure 3. PINK1 is the target gene of miR‑142. (A) Binding sequence of miR‑142 and PINK1 was analyzed using bioinformatics software. (B) The targeting 
association between miR‑142 and PINK1 was validated by the dual luciferase report gene assay. The data were analyzed by two‑way ANOVA, and the pairwise 
comparisons following ANOVA were analyzed by Sidak's multiple comparisons test. **P<0.01, compared with the Nc group. (c) Relative levels of PINK1 
were detected by (a) RT‑qPCR and (b) western blot analysis, n=3. Data were analyzed by one‑way ANOVA, and pairwise comparisons following ANOVA 
were analyzed by Tukey's multiple comparisons test. **P<0.01, compared with the epilepsy group. miR‑142, microRNA‑142; PINK1, phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN)‑induced putative kinase 1; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; ANOVA, 
analysis of variance; Nc, negative control.
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were swollen, and the mitochondrial ridge was disordered, 
broken or disappeared with obvious vacuolar degeneration. 
Mitochondrial morphology was restored without vacuole 
mitochondria following the inhibition of miR‑142 expression 
or the overexpression of PINK1 in the epileptic rats. However, 
mitochondrial morphology and structure were destroyed with 
severe vacuolar degeneration following interference with 
miR‑142 and PINK1 (Fig. 5A).

The protein levels of c‑III core 1, cOX IV, TIM23 and 
MFN1 were upregulated in the epileptic rats; however, opposite 
trends were observed following the inhibition of miR‑142 expres‑
sion or the overexpression of PINK1. Additionally, intervention 
with miR‑142 and PINK1 further increased the levels of the 
above‑mentioned proteins in the epileptic rats (all P<0.01; Fig. 5B).

In the epileptic rats, MTP decreased significantly and the 
number of green fluorescent cells increased, indicating that 
increased numbers of cells were apoptotic, while orange fluo‑
rescence exhibited normal living cells, and ROS generation 
increased significantly. The inhibition of miR‑142 expression 
or the overexpression of PINK1 maintained MTP and reduced 
ROS generation in the epileptic rats, effects that were reversed 
by combined intervention with miR‑142 and PINK1 (all 
P<0.01; Fig. 5c and d).

Discussion

despite several new improvements in this field over the 
past years, ~30% of all epilepsy cases remain refractory to 

Figure 4. PINK1 overexpression is protective for hippocampal neurons in epileptic rats. (A) Relative mRNA and protein levels of PINK1 in the hippocampus of 
epileptic rats detected by RT‑qPCR and western blot analysis, n=3. (B‑F) Representative images of H&E staining, Nissl staining, TUNEL assay, EJC staining 
and Hoechst 33258 nuclear staining, n=6. data were analyzed by one‑way ANOVA, and the pairwise comparisons following ANOVA were analyzed by 
Tukey's multiple comparisons test. **P<0.01, compared with the LV‑Nc group; ##P<0.01, compared with the antagomir‑miR‑142 + siRNA‑Nc group. miR‑142, 
microRNA‑142; PINK1, phosphatase and tensin homolog deleted on chromosome 10 (PTEN)‑induced putative kinase 1; RT‑qPCR, reverse transcription 
quantitative polymerase chain reaction; H&E, hematoxylin and eosin; ANOVA, analysis of variance; LV, lentivirus vector; NC, negative control.
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medication, and seizures persist even after receiving optimum 
drug treatment (21). It has been revealed that a series of patho‑
physiological changes occur in the cA1 and cA3 in regions in 
the hippocampus during epilepsy (22‑24). Previous evidence 

has supported the important roles of miRNAs in hippocampal 
neuronal death, brain injuries, inflammation and the immune 
response in the pathogenesis of epilepsy (25). Therefore, the 
present study focused on the pathophysiological processes 

Figure 5. miR‑142 inhibition promotes mitochondrial autophagy in epileptic rats by upregulating PINK1. (A) Representative images of the mitochondrial 
structure in the hippocampus of epileptic rats were observed by TEM, n=3. (B) Protein levels of c‑III core 1, cOX IV, TIM23 and MFN1 in the hippocampus 
of epileptic rats were measured by western blot analysis, n=3; (c and d) Relative MTP and ROS generation in the hippocampus of epileptic rats were measured 
by JC‑10 staining and MitoSOX‑based flow cytometry, n=3. Data were analyzed by one‑way ANOVA, and pairwise comparisons following ANOVA were 
analyzed by Tukey's multiple comparisons test. **P<0.01, compared with the normal group; ##P<0.01, compared with the LV‑Nc group; $$P<0.01, compared with 
the antagomir‑Nc group; @P<0.05, @@P<0.01, compared with the antagomir‑miR‑142 + siRNA‑Nc group. miR‑142, microRNA‑142; PINK1, phosphatase and 
tensin homolog deleted on chromosome 10 (PTEN)‑induced putative kinase 1; TEM, transmission electron microscope; cOX IV, cytochrome c oxidase IV; 
TIM23, translocase of the inner membrane 23; MFN1, mitochondrial fusion protein 1; MTP, mitochondrial transmembrane potential; ROS, reactive oxygen 
species; ANOVA, analysis of variance; LV, lentivirus vector; Nc, negative control.
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in the cA1 and cA3 regions in the hippocampus to explore 
the effects of miR‑142 on epileptic rats. collectively, it was 
concluded that miR‑142 knockdown stimulated mitochondrial 
autophagy and alleviated hippocampal damage in epileptic 
rats by targeting PINK1.

First, miR‑142 expression was upregulated in epileptic rats, 
and rats treated with antagomir‑miR‑142 exhibited a normal 
structure of hippocampal neurons, the alleviation of hippo‑
campal damage and mitochondrial dysfunction, a decreased 
MdA content, an increased SOd activity, a downregulated 
Bax expression and an upregulated Bal‑2 expression. A recent 
study demonstrated that changes in miR‑142 expression in the 
brain can lead to an increased risk of Alzheimer's disease, and 
elevated levels of miR‑142‑3p are a risk factor for Alzheimer's 
disease (26). MdA, a key marker of oxidative stress (OS), is 
expressed in the process of oxidative degradation of polyun‑
saturated lipids (27). ROS‑induced lipid peroxidation and 
MdA production, in turn, contribute to neurotoxicity and 
cell death (28). Lengthy seizure activities lead to increased 
ROS production, OS) and mitochondrial dysfunction, which 
may cause severe brain damage (29). OS and mitochondrial 
dysfunction destroy the balance of the intracellular environ‑
ment, leading to neuroexcitability and neuronal death in 
epilepsy (30). OS can damage the mitochondrial respiratory 
chain and lead to the excessive production of ROS, the accu‑
mulation of which can inhibit the activity of the mitochondrial 
respiratory enzyme complex, leading to cell death in the 
epileptic area (16). Additionally, a reduction in OS protects the 
hippocampus from abnormal mossy fiber sprouting, thus less‑
ening recurrent seizures and repressing hippocampal neuronal 
loss in a rat model of temporal lobe epilepsy (31). Furthermore, 
an increased MdA content is assocaited with the early age 
of epilepsy onset (32). SOd1 levels are downregulated in the 
cerebrospinal fluid of patients with epilepsy, particularly those 
with refractory epilepsy; thus, the decreased SOd1 level may 
predict antiepileptic drug resistance in epileptic patients (33). 
consistent with the results of the present study, a previous 
study displayed significantly enhanced OS in the hippocampus 
injected with lithium chloride‑pilocarpine, as evidenced by 
a a markedly increased MdA content and a decreased SOd 
activity (16). Partially coinciding with the current findings, 
the elevation of SOd activity and the downregulation of the 
MdA content has been reported to inhibit OS in Parkinson's 
disease, thereby protecting against dopaminergic neuronal cell 
apoptosis (34). Notably, a recent study revealed that, partly 
in line with the current observation, namely, the inhibition of 
miR‑142‑5p attenuated oxygen‑glucose deprivation and reoxy‑
genation (OGd/R)‑induced cell injury in hippocampal neurons 
and OS, indicated by decreased MdA levels and increased SOd 
levels, and promoted cell viability and inhibited apoptosis (35).

Furthermore, PINK1 is the target gene of miR‑142, and 
the overexpression of PINK1 attenuated hippocampal damage 
in epileptic rats, and PINK1 downregulation attenuated the 
protective effects of antagomir‑miR‑142. In humans, PINK1 
is highly expressed in the hippocampus, and it antagonizes 
mitochondrial dysfunction and protects neurons against OS 
and neurotoxins (36). Additionally, mice with a deficiency in 
PINK1 exhibit increased oxidative damage and mitochondrial 
dysfunction in the striatum (37). In primary cultured rat hippo‑
campal neurons, the overexpression of PINK1 has been shown 

to lead to increased mitochondrial, and a diminished mitochon‑
drial size and proportion in neuronal processes (38). Moreover, 
the present study found that the protein levels of c‑III core 1, 
cOX IV, TIM23 and MFN1 were upregulated, the MTP was 
decreased and ROS production increased significantly in 
epileptic rats; however, opposite trends were observed following 
the inhibition of miR‑142 expression or the overexpression of 
PINK1, indicating enhanced mitochondrial autophagy. c‑III 
core 1, cOX IV, TIM23 and MFN1 are well‑known indicators 
of mitochondrial autophagy, among which MFN1 promotes 
mitochondrial elongation and activity (39). PINK1 is specifi‑
cally activated by MTP depolarization, and the overexpression 
of PINK1 enhances mitochondrial fission (40). PINK1 defi‑
ciency results in mitochondrial fragmentation, ROS production, 
decreased MTP and mitochondrial cristae density, and the 
inhibition of mitochondrial autophagy (41). Importantly, the 
inhibition of miR‑142‑5p can promote PTEN expression and 
increase autophagy levels (42).

Taken together, the present study demonstrates that 
miR‑142 expression is upregulated in epileptic rats, and that 
miR‑142 inhibition can stimulate mitochondrial autophagy 
and alleviate hippocampal damage and ROS in epileptic rats 
by targeting PINK1. Additionally, the pathological and physi‑
ological changes in the dentate gyrus area are an important 
characterization in epileptic rats; thus, the authors aim to 
conduct a further in‑depth investigations on the changes in 
the dentate gyrus area in epileptic rats in the future. The find‑
ings of the present study may provide a novel understanding 
of the mechanisms of epilepsy, enabling the identification of 
more effective therapeutic approaches. Further research is 
warranted to further validate the current results and apply the 
results to clinical settings.
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