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Abstract
Background. Epilepsy is a common chronic neurological disorder worldwide.

Objectives. To investigate the effects of miR-21-5p and signal transducer and activator of transcription-3 
(STAT3) expressions on the apoptosis of hippocampal neurons in epileptic rats.

Material and methods. We created a rat model of epilepsy and examined the relationship between 
miR-21-5p and STAT3 using a bioinformatics website and dual the luciferase reporter (DLR) assay. Real-time 
quantitative polymerase chain reaction (RT-qPCR) and western blot were used to detect the expression 
levels of miR-21-5p and STAT3 in hippocampal neurons as well as the protein expression levels of cleaved 
caspase-3, Bax and Bcl-2, which were related to apoptosis of hippocampal neuron. The apoptosis and sur-
vival of hippocampal neurons were detected using TUNEL and Nissl staining. Expressions of inflammatory 
factors interleukin (IL)-6 and tumor necrosis factor α (TNF-α) in serum were examined with enzyme-linked 
immunosorbent assay (ELISA).

Results. miR-21-5p can bind to STAT3. Compared with the miR-21-5p inhibitor negative control (NC) 
group, the expression levels of caspase-3 and Bax were higher and the expression level of Bcl-2 was lower 
in the miR-21-5p inhibitor group, whereas the caspase-3 and Bax levels were lower and Bcl-2 level was 
higher in the si-STAT3 (interfering STAT3 gene expression by transfecting small interfering RNA) group (all 
p < 0.05). Treatment with miR-21-5p inhibitor can lead to significant loss and apoptosis of hippocampal 
neurons, while interfering with STAT3 expression can reduce the loss and apoptosis of the neurons (all 
p < 0.05). Compared with the miR-21-5p inhibitor NC group, the level of IL-6 was lower in the si-STAT3 
group and higher in the miR-21-5p inhibitor group (both p < 0.05).

Conclusions. miR-21-5p can inhibit STAT3 expression and reduce apoptosis and loss of hippocampal neurons 
and IL-6 level, thereby achieving protective effects on hippocampal neurons of epileptic rats.
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Introduction

Epilepsy is a common chronic neurological disorder 
worldwide. It is characterized by recurrent unpredictable 
seizures and often results from overstimulation of neu-
rons or disorders of metabolism and the nervous system 
due to brain damage.1–3 According to the statistics from 
the World Health Organization (WHO) on the worldwide 
prevalence rate of diseases in 2010, epilepsy ranked second 
among neurological diseases.4 The lifespan of patients with 
epilepsy is much shorter than of healthy people.5 Even 
though the treatment for epilepsy, including medication, 
neuromodulation, surgical management, and diet control, 
have been advancing in recent years, nearly 30% of the pa-
tients still do not respond to epilepsy medications and 
experience regular onset after treatment.6,7 Therefore, 
it is necessary to develop new drugs or gene therapies for 
better treatment of this disease.

In recent years, the molecular mechanism of gene regu-
lation by microRNA (miRNA) has been gaining attention. 
MicroRNA can bind to the 3ʹuntranslated region (3ʹUTR) 
of its target gene to inhibit mRNA translation.8 Some stud-
ies have found that miRNA serves a critical role in various 
biological process, including cell proliferation and growth, 
inflammation progression, neuronal progenitor synthe-
sis, as well as growth and differentiation of  immature 
neurons.9 Of all the discovered miRNAs, about 70% are 
specifically expressed in the brain and take a critical part 
in the function and development of the nervous system.10 
miR-21-5p, a type of miRNA mainly expressed in brain and 
neurons, has an essential role in various brain diseases.11–13 
In the present study, we used bioinformatics website and 
dual luciferase reporter (DLR) assay to determine whether 
miR-21-5p can target signal transducer and activator of 
transcription-3 (STAT3). Other studies have demonstrated 
that STAT3 overexpression can promote neuronal apop-
tosis, while inhibiting STAT3 expression can reduce brain 
damage and neuroinflammation (including the neuroin-
flammation in patients with cerebral ischemia).14,15 There-
fore, in the present study, we hypothesized that miR-21-5p 
could protect the hippocampal neurons of epileptic rats 
through regulating STAT3 signaling pathway.

Material and methods

Transfection of miRNA and model creation

Male Sprague Dawley rats at the age of 6–8 weeks (weight 
300 g, purchased from SJA Laboratory Animal, Changsha, 
China) were kept in separate cages with a constant tempera-
ture and humidity. They were fed with a standard diet and 
sterile water for 1 week and randomized into the following 
6 groups with 6 rats in each group: 1) normal group (blank 
control); 2) model group (epilepsy model); 3) miR-21-5p 
inhibitor negative control (NC) group (epilepsy model + 

miR-21 inhibitor negative control); 4) miR-21-5p inhibitor 
group (epilepsy model + miR-21-5p inhibition); 5) si-STAT3 
group (epilepsy model + STAT3 interference); and 
6) miR-21-5p inhibitor + si-STAT3 group (epilepsy model 
+ both miR-21-5p inhibition and STAT3 interference).

All animal experiments followed the institutional guide 
for the care and use of laboratory animals, and the study 
was approved by the Ethics Committee of our hospital.

Rat model of epilepsy was induced through an intra-
peritoneal injection of 127 mg/kg of lithium chloride, fol-
lowed by 10 mg/kg of atropine methobromide 18–24 h later 
and another 30 mg/kg of pilocarpine 30 min later.16 Rats 
in the normal group were intraperitoneally injected with 
an equal volume of normal saline. The behavior of the rats 
was observed. According to the Racine’s scale, if there was 
no seizure or the seizure did not reach level IV, intraperito-
neal injection of 10 mg/kg of pilocarpine would be adminis-
tered every 15 min until status epilepticus (SE) occurred.17 
Since SE was defined as epilepsy reaching level IV–V and 
lasting for over 30 min, the SE model was considered to be 
successfully established if the rats survived and had and 
epilepsy level over IV. All the reagents used in the model 
creation were from Sigma-Aldrich (St. Louis, USA).

Lithium chloride-pilocarpine rat model is a common 
model used in  the  study on  epilepsy. The  mechanism 
of this model creation may be related to the reaction with 
the acetylcholine receptor. Pilocarpine is an agonist for 
muscarinic acetylcholine receptors (mAChRs), which 
can induce a persistent generalized tonic-clonic seizure. 
The mAChRs can couple with G protein, while G protein 
can pass the stimulus to phospholipase C, which then 
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) 
to generate two-second messengers, inositol triphosphate 
(IP3) and diacylglycerol (DG). Excessive levels of IP3 and 
DG can damage the neuron. Lithium chloride can in-
hibit the decomposition of IP3, thereby synergizing with 
pilocarpine.

The sequences of miR-21-5p inhibitor NC, miR-21-5p 
inhibitor and si-STAT3 (interfering STAT3 gene expres-
sion by transfecting small interfering RNA) were synthe-
sized and provided by Ribobio (Guangzhou, China; 5 nmol 
in each tube). They were diluted with 50 μL nuclease-free 
water to make 5 nmol/50 μL solution and were divided 
into 5 tubes of 10 μL each, followed by storage at −20°C. 
Before use, the  solution of  the  sequences was diluted 
to 1 nmol/50 μL with 40 μL pre-cooled normal saline. Five 
hours after successful modeling, the stereotaxic technique 
was conducted for administering miR-21-5p inhibitor NC, 
miR-21-5p inhibitor and si-STAT3.18 The rats were fixed 
onto an animal brain solid positioner after anesthesia. 
After preoperative skin preparation and disinfection, 
the skin and muscle were separated to expose the skull 
bone. The anterior fontanelle was regarded as the origin 
of coordinate and the right cerebral ventricle was located 
for drug administration. A microsyringe was inserted for 
slow administration (1 nmol/50 μL within 30 min) and 
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then slowly removed, followed by suture and disinfection. 
Afterward, the rats were normally kept for 48 h.

Sodium pentobarbital (30 mg/kg, 2%) was intraperitone-
ally injected to the rats for deep anesthesia. The chest was 
opened and a 50 mL syringe was inserted into the left car-
diac ventricle. The cardiac apex was cut for perfusion with 
about 150 mL of normal saline and the blood was removed. 
Next, a craniotomy was performed to take out the brain 
tissue, and the hippocampus was located and stored in a la-
beled freezing tube in liquid-nitrogen for RNA and protein 
analysis; meanwhile, some samples were fixed with 4% para-
formaldehyde and kept at 4°C for subsequent experiments.

Dual-luciferase reporter assay

We analyzed the pairing of miR-21-5p with STAT3 using 
a bioinformatics website (www. targetscan.org), followed 
by DLR assay to verify the targeting of miR-21-tp toward 
STAT3. The  synthesized 3ʹUTR fragments of  STAT3, 
STAT3-WT (wild) and STAT3-Mut (mutant) were inserted 
into the downstream of the firefly gene in pMIR-reporter 
DLR vector (Huayueyang, Beijing, China) to construct re-
combinant vectors pMIR-STAT3-WT and pMIR-STAT3-
Mut, respectively. The correctly sequenced DLR plasmid 
STAT3-WT or  STAT3-Mut were then transfected into 
HEK293T (the Cell Bank of the Chinese Academy of Scienc-
es, Beijing, China) along with miR-21-5p mimic or miR-21-5p 
NC. The renilla luciferase (Promega, Madison, USA) was 
used as an internal control, and the cells were collected and 
lysed after 48 h of transfection. The firefly luciferase activity 
and renila luciferase activity were measured with a DLR kit 
(E1910; Promega) according to the manufacturer’s instruc-
tion. The value of firefly luciferase activity divided by renilla 
luciferase activity was calculated for statistical analysis.

RT-qPCR

The hippocampus tissue was taken out from the liquid 
nitrogen and weighed. The tissue (0.1 g) was grounded 
to fine powder and 1 mL of Trizol was added (15596026; 
Invitrogen, Carlsbad, USA). The total RNA was extracted 
using the single-step method according to the manufac-
turer’s instructions, and the concentration was measured 
with Eppendorf BioPhotometer (Takara, Kyoto, Japan) 

before reverse transcription of the total RNAs (1 μg) into 
cDNAs. In accordance with the manufacturer’s protocol, 
the samples were first treated with 5 Xg DNA eraser buf-
fer, gDNA eraser and total RNA for 2 min at 42°C to erase 
DNA, and then reversely transcribed into cDNAs (37°C 
for 15 min and 85°C for 5 s). The real-time quantitative 
polymerase chain reaction (RT-qPCR) was conducted us-
ing SYBR® Premix Ex TaqTM kit (Tli RNaseH Plus; Takara) 
and a RT-qPCR device (ABI 7500; Thermo Fisher Scientific, 
Waltham, USA) with the running parameters were as fol-
lows: 95°C for 10 min (pre-denaturation) and 40 PCR cycles 
(pre-denaturation 95°C for 30 s, denaturation 95°C for 30 s, 
annealing for 20 s, and extension 72°C for 30 s). miR-21-5p 
was applied as an internal control for U6, and GAPDH was 
applied as an internal control for other genes. The primers 
(GenePharma, Shanghai, China) are listed in Table 1.

Western blot

The hippocampus tissue was taken from the liquid nitro-
gen and weighed. The tissue (0.1 g) was added into an EP 
tube containing RIPA lysis buffer and protease inhibitor. 
The homogenate was prepared using an electric pestle. 
After an ice-bath for 30 min, the samples were centrifuged 
in order to collect the supernatant, and the protein con-
centration was measured using a bicinchoninic acid (BCA) 
kit. Next, the protein samples (30 µg) were separated using 
SDS-PAGE and then transferred to a polyvinyl difluoride 
(PVDF) membrane (Merck Millipore, Burlington, USA). 
The membrane was blocked with 5% bovine serum albumin 
(BSA) for 90 min at room temperature, followed by discard-
ing the blocking solution and washing in phosphate-buff-
ered saline with Tween (PBST). Next, the membrane was 
incubated at 4°C overnight with the following antibodies: 
anti-STAT3 mouse monoclonal antibody (1:1,000, 9139; 
Cell Signaling Technology, Leiden, the Netherlands), anti-
cleaved caspase-3 rabbit polyclonal antibody (1:1,000, 9664, 
Cell Signaling Technology), anti-Bax rabbit monoclonal 
antibody (1:1,000, 14796; Cell Signaling Technology), anti 
Bcl-2 mouse monoclonal antibody (1:2,000, ab117115; Ab-
cam, Cambridge, UK), and anti-GAPDH rabbit monoclonal 
antibody (1:10,000, ab181602; Abcam). The membrane was 
washed in TBST (PBS buffer containing 0.1% Tween-20) 
3 times (10 min per wash) and incubated with horseradish 

Table 1. RT-qPCR primer sequence

Gene Forward primer (5ʹ-3ʹ) Reverse primer (5ʹ-3ʹ)

mir-21-5p GTCAATAGCTTATCAGACTGA GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCA

Bax CTGAGCTGACCTTGGAGC GACTCCAGCCACAAAGATG

Bcl-2 CTGGTGGACAACATCGCTCTG GGTCTGCTGACCTCACTTGTG

Caspase-3 ATGGACAACAACGAAACCTC TTAGTGATAAAAGTACAGTTCTT

U6 TGCGGGTGCTCGCTTCGGCAGC CCAGTGCAGGGTCCGAGGT

GADPH TGGTGAAGGTCGGAGTGAAC GGAAGATGGTGATGGCCTTTC

Bax – BCL2-associated X protein; Bcl-2 – B-cell lymphoma-2; GAPDH – glyceraldehyde-3-phosphate dehydrogenase.
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peroxidase (HRP)-conjugated goat anti-rabbit and goat anti-
mouse antibody (1:10,000; Jackson ImmunoResearch, West 
Grove, USA) at room temperature for 1 h. Next, the samples 
were washed in TBST 3 times (10 min per wash) and then 
immersed in Pierce enhanced chemiluminescence (ECL) so-
lution (Thermo Fischer Scientific) at room temperature for 
1 min. Afterward, the solution was removed and the mem-
brane was covered with plastic wrap and placed in the dark 
for X-ray film exposure and developing to capture the im-
age. The grayscale of the protein bands was analyzed using 
ImageJ software (National Institutes of Health, Bethesda, 
USA) and the results in each experimental group were com-
pared to the internal control for statistical analysis.

TUNEL staining

The TUNEL staining was conducted using a test kit 
(MK1020; Boster, Pleasanton, USA). The hippocampus 
tissue was fixed with 4% paraformaldehyde and sectioned 
in 5-μm thick slices after paraffin embedding. The samples 
were dried for 2 h at 60°C, followed by dewaxing and hydra-
tion with xylene and a gradient of alcohol (concentration 
from high to low). Subsequently, the samples were incu-
bated with 3% hydrogen peroxide at room temperature 
for 10 min to remove endogenous peroxide and washed 
with distilled water 3 times. Proteinase K diluted with 0.01 
M Tris-buffered saline (TBS) was then added to the sam-
ple and digested at 37°C for 10 min followed by 3 washes 
in 0.01 M TBS. Next, 20 μL of labeling buffer was added 
to keep the section moist (1 μL of terminal deoxynucleo-
tidyl transferase (TdT) + 1 μL of digoxigenin with deoxy-
uridine triphosphate (DIG-d-UTP) + 18 μL of  labeling 
buffer for each section). After mixing, the samples were 
placed in a humidified box for labeling for 2 h at 37°C and 
washed in 0.01 M TBS 3 times. The samples were then 
treated with blocking solution for 30 min at room tem-
perature and with no wash, reacted with anti-digoxigenin 
biotinylated antibody (1:100, diluted with antibody dilu-
ent) at 37°C for 30 min and washed with TBS 3 times, 
followed by reaction with streptavidin conjugate (SABC) 
(1:100, diluted with antibody diluent) for 30 min at 37°C 
and 4 washes in TBS. The samples were then stained with 
3,3ʹdiaminobenzidine (DAB), mildly counterstained with 
hematoxylin, and washed once in TBS and distilled wa-
ter. Subsequently, the sections were dehydrated, cleared, 
sealed, and observed under a microscope. Samples taken 
from each rat had 3 sections and 6 fields were randomly 
picked in each section. The number of apoptotic cells was 
calculated using the averaging method. Cell death rate was 
counted as number of dead neuron/total cell count × 100 %.

Nissl staining

The samples were fixed, embedded, dewaxed, and hy-
drated in the same way as described above. After rinsing 
with water, 0.1% of cresyl violet was added for staining 

at room temperature for 10 min, and the excess liquid 
was washed away with running water. Dehydration was 
performed through a gradient of alcohol. The samples were 
then cleared in dimethylbenzene, mounted with neutral 
balsam, and observed under a microscope. Live cells were 
identified as having an  intact shape and a purple-blue 
nucleus. Six fields were randomly picked from each sec-
tion, and the live neuron and total cell were counted. Cell 
survival rate was counted as the number of live neuron/
total cell count × 100%.

ELISA

Blood (0.5 mL) was collected from the  tail vein and 
the  serum was separated. The levels of  inflammatory 
factors, interleukin 6 (IL-6) and tumor necrosis factor 
α (TNF-α), were measured according to the instructions 
of the enzyme-linked immunosorbent assay (ELISA) kit 
(R&D Systems, Minneapolis, USA).

Statistical analysis

The SPSS 21.0 v. software (IBM Corp., Armonk, USA) 
was used for statistical analysis. Measurement data are 
expressed as mean ± standard deviation (SD); compari-
son between 2 groups was conducted with one-way analy-
sis of variance (ANOVA) and Bonferroni post hoc test. 
P-value <0.05 was considered to indicate a statistically 
significant difference.

Results

miR-21-5p can target STAT3

The  bioinformatics website TargetScan (www.tar-
getscan.org) predicted that miR-21-5p can target STAT3 
(Fig. 1A). The DLR assay was conducted and it was found 
that, compared with the miR-21-5p inhibitor NC group, 

Fig. 1. miR-21-5p can target STAT3. A. The pairing of miR-21-5p and STAT3 
as predicted using TargetScan website. B. Dual luciferase reporter verified 
that miR-21-5p can target STAT3

*p < 0.05 vs the miR-21-5p inhibitor NC group.
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the luciferase activity in the group with co-transfection 
of miR-21-5p mimic and STAT3-WT was much lower 
(p < 0.05), whereas the  luciferase activity in the group 
with co-transfection of STAT3-Mut was similar (Fig. 1B), 
indicating that miR-21-5p can target STAT3 and regulate 
its expression.

Expressions of miR-21-5p and STAT3  
in rats after transfection

The RT-qPCR was performed to measure the miR-21-5p 
expression level in each group (Fig. 2A). The results showed 
that, compared with the normal group, the expression 
level of  miR-21-5p in  the  other groups was lower (all 
p < 0.05). Moreover, the expression levels of miR-21-5p 
in  the  miR-21-5p inhibitor and miR-21-5p inhibitor + 
si-STAT3 groups were lower than those in the model and 
miR-21-5p inhibitor NC groups (all p < 0.05). No intergroup 
differences were observed among the model, miR-21-5p 
inhibitor NC and si-STAT3 in this marker (all p > 0.05). 
The  si-STAT3 group had a  higher level of  miR-21-5p 
than the miR-21-5p inhibitor and miR-21-5p inhibitor + 
si-STAT3 groups (both p < 0.05).

Western blot was performed to detect the protein level 
of STAT3 in each group (Fig. 2B,C). The results showed that, 
compared with the normal group, the protein level of STAT3 
was higher in the other groups, except for the si-STAT3 
group (all p  <  0.05). Compared with the  model and 
miR-21-5p inhibitor NC groups, the protein expression level 
of STAT3 was higher in the miR-21-5p inhibitor group and 
lower in the si-STAT3 group (both p < 0.05). The si-STAT3 
group had a lower level of STAT3 than the miR-21-5p in-
hibitor and miR-21-5p inhibitor + si-STAT3 groups (both 
p < 0.05). No intergroup differences were observed among 
the model, miR-21-5p inhibitor NC and miR-21-5p inhibitor 
+ si-STAT3 groups in this marker (all p > 0.05).

The results revealed a good transfection rate in each 
group and showed that suppressing miR-21-5p expression 
can promote the gene and protein expressions of STAT3, 
which further verified that miR-21-5p can target STAT3 
and negatively regulate its expression.

Protein expressions levels of caspase-3, 
Bax and Bcl-2 in hippocampal neurons

Both RT-qPCR and western blot were performed 
to measure the expression levels of apoptosis-associated 
proteins, caspase-3, Bax, and Bcl-2, in hippocampus tis-
sues (Fig. 3). The results displayed that, compared with 
the normal group, the other groups had higher expres-
sion levels of caspase-3 and Bax and a lower expression 
level of Bcl-2 (all p < 0.05). Compared with the model 
and miR-21-5p inhibitor NC groups, the miR-21-5p in-
hibitor group had higher expression levels of caspase-3 
and Bax and a lower expression level of Bcl-2, whereas 
the si-STAT3 group had lower expression levels of cas-
pase-3 and Bax and a higher expression level of Bcl-2 (all 
p < 0.05). Of the miR-21-5p inhibitor, miR-21-5p inhibitor 
+ si-STAT3 and si-STAT3 groups, the si-STAT3 group 
had the  lowest expression levels of caspase-3 and Bax 
and the highest level of Bcl, and the miR-21-5p inhibitor 
group had the highest expression levels of caspase-3 and 
Bax and the lowest level of Bcl expression (all p < 0.05). 
The results demonstrated that apoptosis of hippocam-
pal neurons can be promoted by  inhibiting miR-21-5p 
expression and restrained by  interfering with STAT3 
expression.

Neuronal apoptosis in rat hippocampus

The TUNEL staining was conducted to detect the neu-
ronal apoptosis in the CA1 region of rat hippocampus 

Fig. 2. Expressions of miR-21-5p and STAT3 in epileptic rats. A. miR-21-5p expression level measured using RT-qPCR. B and C. STAT3 expression level 
measured with western blot and its statistical graph

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.
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(Fig.  4). The  apoptotic cells had an  irregular shape, 
pyknosis and a reduced size of cytoplasm. The results 
showed that, compared with the normal group, the num-
ber of apoptotic cells was higher in the model, miR-21-5p 
inhibitor NC, miR-21-5p inhibitor, and miR-21-5p in-
hibitor + si-STAT3 groups (all p < 0.05). Compared with 
the model and miR-21-5p inhibitor NC groups, the number 
of apoptotic cells was higher in the miR-21-5p inhibitor 
group and lower in the si-STAT3 group (both p < 0.05). 
Of the miR-21-5p inhibitor, si-STAT3 and miR-21-5p in-
hibitor + si-STAT3 groups, the number of apoptotic cells 
was highest in the miR-21-5p inhibitor group and lowest 
in the si-STAT3 group (all p < 0.05).

Loss and survival  
of hippocampal neurons

Nissl staining was performed to detect the loss and sur-
vival of hippocampal neurons in the CA1 region in epilep-
tic rats (Fig. 5). Live neurons are those with an intact shape, 
clear structure, big nucleus, and a high level of Nissl bodies. 
The results showed that, compared with the normal group, 
the number of live neurons in the model, miR-21-5p inhibi-
tor NC, miR-21-5p inhibitor, and miR-21-5p inhibitor + 
si-STAT3 groups was lower (all p < 0.05). Compared with 
the model and miR-21-5p inhibitor NC groups, the num-
ber of  live cells was lower in  the  miR-21-5p inhibitor 

Fig. 4. Neuronal apoptosis in rat hippocampus. A. Neuronal apoptosis in rat hippocampus measured using TUNEL assay. B. Statistical graph of the neuronal 
apoptosis

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.

Fig. 3. Expressions of Bcl-2, Bax and capsase-3 in epileptic rats. A. Expression levels of the apoptosis-associated proteins measured with RT-qPCR. B and C. 
Expression levels of the proteins measured with western blot and its statistical graph

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.
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group and higher in the si-STAT3 group (all p < 0.05). 
Of the miR-21-5p inhibitor, si-STAT3, and miR-21-5p in-
hibitor + si-STAT3 groups, the number of live cells was 
the lowest in the miR-21-5p inhibitor group and the highest 
in the si-STAT3 group (all p < 0.05).

Expression levels of IL-6  
and TNF-α in serum

The ELISA was performed to measure the expression lev-
els of inflammatory factors IL-6 and TNF-α in each group 
(Fig. 6). The results showed that, compared with the normal 
group, the IL-6 levels in the other groups were much higher 
(all p < 0.05). No intergroup differences were observed 
among the model, miR-21-5p inhibitor NC and miR-21-5p 

inhibitor + si-STAT3 groups. Compared with the model 
and miR-21-5p inhibitor NC groups, the expression level 
of IL-6 was higher in the miR-21-5p inhibitor group and 
lower in the si-STAT3 group (all p < 0.05). Of the miR-21-5p 
inhibitor, si-STAT3 and miR-21-5p inhibitor + si-STAT3 
groups, the  level of  IL-6 was highest in the miR-21-5p 
inhibitor group and lowest in  the  si-STAT3 group (all 
p < 0.05). Compared with the normal group, the expres-
sion level of TNF-α in the other groups was higher (all 
p < 0.05). Moreover, the expression level of TNF-α was 
similar among the groups, except for the normal group. 
These findings showed that miR-21-5p can inhibit STAT3 
expression, thus decreasing the expression of IL-6, which 
suggests that the signal transduction of IL-6 in epileptic 
rats requires the participation of STAT3.

Fig. 5. Survival of hippocampal neurons. A. Survival of hippocampal neurons detected using Nissl staining. B. Statistical graph of the live neurons

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.

Fig. 6. A. Expression level of IL-6 measured with ELISA. B. Expression level of TNF-α measured with ELISA

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.
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Discussion

Our results showed that in the hippocampus of epilep-
tic rats, the expression level of miR-21-5p was low, while 
the level of STAT3 was high. miR-21 can exert cerebral pro-
tective effects in various diseases, alleviate the secondary 
blood–brain barrier damage after traumatic brain injury 
in rats, inhibit the neuron death mediated by microglia af-
ter hypoxia and ischemia, and prevent hypoxia and low glu-
cose-induced apoptosis of human neural stem cell through 
suppressing JNK and p38 MAPK signaling pathways.19–23 
The overexpression of STAT3 gene can lead to neuroinflam-
mation, induce schizophrenia, and is involved in the neuro-
toxicity caused by arsenic.24–26 In our study, we found that 
miR-21-5p can target STAT3 and regulate its expression 
after conducting an analysis using a website on bioinfor-
matics and a DLR assay. Compared with the model and 
miR-21-5p inhibitor NC groups, the miR-21-5p inhibitor 
group had a higher STAT3 protein expression level, whereas 
the si-STAT3 group had a lower STAT3 protein expression 
level, revealing that inhibiting miR-21-5p expression can 
promote the expression level of STAT3. This finding fur-
ther demonstrates that miR-21-5p can target STAT3 and 
negatively regulate its expression.

To  further understand the mechanism of miR-21-5p 
in regulating the gene expression of STAT3 in epilepsy, 
we measured the levels of apoptosis-associated proteins 
in rat hippocampus and found that the expression levels 
of caspase-3 and Bax were higher and expression level 
of Bcl-2 was lower in the hippocampus of epileptic rats. 
Moreover, when the miR-21-5p expression was inhibited, 
the expression levels of caspase-3 and Bax were further 
increased and the expression level of Bcl-2 was further 
reduced, whereas silencing STAT3 reversed these changes. 
Some studies have demonstrated that miR-21 can suppress 
apoptosis of many types of cells, including neurons.22,27,28 
In a study by Shi et al., miR-21 was found to be able to in-
hibit the protein activity of caspase-3 and downregulate 
the ratio of Bax to Bcl-2.29 Caspase-3 and Bax are known 
to be common apoptosis-associated factors and can pro-
mote cell apoptosis when highly expressed.30,31 Bcl-2 
is an anti-apoptotic protein, which can regulate the perme-
ability of the mitochondrial membrane; however, Bax can 
damage mitochondrial membrane, thereby promoting cell 
apoptosis.32 Mao et al. have documented that the activation 
of STAT3 can participate in the induction of neurotoxicity 
and promote neuronal apoptosis.25 Based on these find-
ings and our study results, we concluded that miR-21-5p 
can reduce the expression of STAT3, thereby inhibiting 
the neuronal apoptosis in the hippocampus.

Some studies have revealed that neuron activity 
in the hippocampus can be reduced by a low expression 
of miR-21-5p and increased by silencing STAT3. Our re-
sults showed that in the rat model of epilepsy, the levels 
of IL-6 and TNF-α rose significantly. Both IL-6 and TNF-α 
are common inflammatory factors, serving critical roles 

in the development of many diseases.33,34 In our study, IL-6 
level was increased by silencing miR-21-5p, while TNF-α 
level remained unchanged after silencing miR-21-5p or in-
hibiting STAT3 expression. These results showed that 
miR-21-5p can inhibit STAT3 expression, thus lowering 
the expression level of IL-6, which indicated that the signal 
transduction of IL-6 in epileptic rats requires the partici-
pation of STAT3.

Conclusions

miR-21-5p can target STAT3 and negatively regulate its 
expression, increase the neuronal activity in the hippo-
campus and inhibit the expression of apoptosis-related fac-
tors, thereby suppressing neuronal apoptosis. Meanwhile, 
miR-21-5p can alleviate neuroinflammation in epileptic 
rats by reducing the inflammatory factor IL-6 in serum. 
The understanding of this miRNA may provide some new 
insights into the treatment of epilepsy. However, the pres-
ent study only analyzed the  mechanism of  miR-21-5p 
in regulating STAT3 and did not investigate the signaling 
pathways or other molecules that were involved. Therefore, 
more studies need to be conducted in the future to provide 
a strong basis for the clinical application of miR-21-5p.
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