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Abstract. Temporal lobe epilepsy (Tle) is a type of epilepsy, 
which is associated with high morbidity and recurrence 
rates, and is also difficult to treat. Therefore, it is important 
to identify novel treatments for TLE. In recent years, with 
the development of molecular therapies, the regulatory 
mechanisms and networks of micrornas (mirnas/mirs) 
have become areas of great interest in disease research. The 
present study aimed to determine a potential novel therapeutic 
target for the treatment of Tle by identifying differentially 
expressed miRNAs. The function of miR‑15a was verified 
in vivo and in vitro by constructing a rat epilepsy model and 
using hippocampal neurons treated with Mg2+-free medium, 
respectively. The mRNA expression levels of miR‑15a, glial 
fibrillary acidic protein (GFAP), interleukin (IL)‑1β, il-6 
and tumor necrosis factor α (TNF‑α) were analyzed using 
reverse transcription‑quantitative PCR. Furthermore, the 
protein expression levels of GFAP were determined using 
western blotting. TUNEL and flow cytometry assays were 
used to detect the levels of cell apoptosis both in vitro and 
in vivo, respectively. In addition, dual‑luciferase reporter and 
rna immunoprecipitation (riP) assays were performed to 
determine the relationship between miR‑15a and GFAP. The 
results of the present study suggested that the expression 
levels of mir-15a were downregulated in Tle tissues and 
epileptic cells. It was also discovered that the upregulated 
expression levels of miR‑15a significantly inhibited the rate of 
apoptosis in epileptic cells, in addition to the expression levels 
of il-1β, IL‑6 and TNF‑α in vitro and in vivo. Moreover, the 
dual-luciferase reporter and riP assays results demonstrated 
that miR‑15a directly targeted GFAP in hippocampal neurons. 

rescue experiments indicated that increasing the expression 
levels of GFAP effectively attenuated the inhibitory effects 
of the high expression levels of mir-15a on apoptosis and 
inflammation. In conclusion, the results of the present study 
suggested that the upregulation of mir-15a may inhibit cell 
apoptosis and inflammation in TLE by targeting GFAP, thus 
providing a potential therapeutic target for the treatment 
of TLE.

Introduction

epilepsy is a complicated neurological condition that reoccurs 
in patients (1). Temporal lobe epilepsy (TLE), one of the most 
common types of epileptic seizures, is a chronic neurological 
disorder that originates from the temporal lobe of the brain (2). 
The etiology of Tle is complicated and the prevalence of the 
disease is high, with an incidence rate of 61.4 in 100,000 indi-
viduals (95% CI 50.7‑74.4) (3). Furthermore, ~1/3 of patients 
are not effectively treated following the use of the common 
drugs, such as carbamazepine and Phenytoin sodium (1,4,5). 
The intractable nature of epilepsy renders both the treatment 
and rehabilitation of the disorder difficult (6). Therefore, 
further studies are required to increase the understanding 
of the pathogenesis of epilepsy, and to discover effective 
therapeutic targets and molecular therapies for the treatment 
of TLE.

Micrornas (mirnas/mirs), which are found in eukary-
otes, area class of endogenous, highly conserved non-coding 
small RNAs with regulatory functions (7). miRNAs identify 
target genes by base pairing, which results in the degrada-
tion or the inhibition of translation of the target gene (8,9). 
Moreover, mirnas have been reported to be involved in 
various stages of biological growth and development, espe-
cially in cell growth and tissue differentiation, which are 
closely related to several types of disease, such as melanoma 
and chronic lymphocytic leukemia (10‑14). Previous studies 
have reported that multiple mirnas are differentially 
expressed in the central nervous system, suggesting that 
mirnas may be involved in the development of neurological 
pathology, including TLE (15‑20). However, the specific regu-
latory mechanisms of these miRNAs require further research. 
mir-15a is a conserved mirna, which was discovered to 
participate in cell progression in numerous types of cancer, 
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including thyroid cancer and prostate cancer (21,22), in 
addition to epilepsy (23,24). Furthermore, miR‑15a has been 
suggested to serve as a biomarker, as low expression levels 
of miR‑15a were previously reported in epilepsy (25,26). 
However, the function of miR‑15a in epilepsy is not fully 
understood.

Glial fibrillary acidic protein (GFAP) is a marker of astro-
cyte activation and it is mainly distributed in astrocytes of the 
central nervous system (27,28). Moreover, GFAP has been 
discovered to be closely related to cell progression and inflam-
mation in numerous types of neurological disease (29,30). For 
example, it was discovered that GFAP was highly expressed 
in epilepsy, and increasing its expression levels aggravated the 
neuroinflammatory response (31,32).

To further examine whether mir-15a serves a role in Tle, 
cell lines overexpressing mir-15a were constructed via cell 
transfection. In addition, GFAP was predicted to be a target 
mrna of mir-15a using microT-cdS, followed by validation 
using dual-luciferase reporter and rna immunoprecipitation 
(RIP) assays. Therefore, the present study hypothesized that 
miR‑15a may be associated with TLE by targeting GFAP.

Materials and methods

Patients studies. Temporal lobe cortical tissues (n=18) were 
removed from drug‑resistant patients with TLE. Control 
tissues from healthy temporal neocortical tissues (n=18) 
were obtained during the autopsy of patients who had no 
history of seizures or other neurological diseases in The 
Second Hospital of Hebei Medical University (Shijiazhuang, 
China) between March 2016 and August 2018. The age of 
the patients ranged from 25.7±12.4 years, including ten 
females and 26 males. The inclusion criteria were as follows: 
i) Patients who were diagnosed with Tle via pathological 
examination; ii) patients who were diagnosed and treated for 
the first time; and iii) patients who willing to join the study. 
The exclusion criteria were: i) Patients with multiple diseases; 
and ii) patients who received treatment within 90 days before 
admission. All samples were stored at ‑80˚C. The study was 
approved by the Ethics Committee of The Second Hospital of 
Hebei Medical University and all patients provided written, 
informed consent.

Construction of the epilepsy animal model. To simulate the 
seizure process, the present study constructed a pilocar-
pine-induced animal model with similar seizure characteristics 
to human TLE to study the mechanisms of TLE (33). All 
animal experiments were approved by the ethics committee 
of The Second Hospital of Hebei Medical University 
(Shijiazhuang, China). In total, 32 BALB/c female Wistar rats 
(age, 8‑10 weeks; weight, 200 g; Experimental Animal Centre 
of the Academy of Military Medical Sciences, Beijing, China) 
were randomly divided into four groups (8 rats in each group): 
normal group, epilepsy group, epilepsy + lV-mir-negative 
control (NC; 5'‑UUC UCC GAA CGU GUC ACG UUU‑3') group 
(hippocampi transfected with miR‑NC; final concentration 
50 µM) and epilepsy+lV-mir-15a group [hippocampi trans-
fected with miR‑15a mimics (miR‑15a: 5'‑UAG CAG CACA 
UAA UGG UUU‑3'), final concentration 50 µM]. Transfected 
lV-mir-nc or lV-mir-15a were subcutaneously injected 

into the hippocampi of anesthetized rats. LV‑miR‑NC and 
LV‑miR‑15a were obtained from Shanghai GenePharma Co., 
Ltd. Rats were housed at room temperature of 22‑25˚C, with 
a relative humidity of 50‑60%, with a 12‑h light/dark cycle. 
The food intake of the rats was ~10 g per 100 g body weight, 
and the water intake was 10‑15 ml per 100 g body weight. 
rats in the epilepsy, epilepsy + lV-mir-nc and epilepsy 
+ lV-mir-15a groups were intraperitoneally injected with 
lithium chloride (127 mg/kg; Sigma‑Aldrich; Merck KGaA). 
Then, 18 h later, pilocarpine (127 mg/kg; Sigma‑Aldrich; 
Merck KGaA) was repeatedly injected intraperitoneally every 
30 min until the rats had seizures with tonic-clonic (head and 
face clonic, limb clonic) using an electroencephalogram and 
observation. Rats in the normal group were intraperitoneally 
injected with an equivalent volume of physiological saline. The 
epileptic seizure was terminated after an epileptic state that 
lasted for 1 h. After 24 h, 10% chloral hydrate (300 mg/kg) 
was used to anesthetize the rats at 5 ml/kg intraperitoneally 
and then the ratswere euthanisedby cervial disclocation. The 
brain was removed and the tissue was isolated from the rat 
hippocampus on iced saline and stored at ‑80˚C.

Cell culture and transfection. rat hippocampus neurons 
were obtained from rat hippocampus tissue. Briefly, Rat 
hippocampus tissue from the removed brain was dissected 
and placed on a cell plate (1x105 /ml) with neurobasal medium 
(neurobasal/B27; Thermo Fisher Scientific, Inc.), containing 
2% BC7 (Gibco; Thermo Fisher Scientific, Inc.), and 10% 
FBS (Gibco; Thermo Fisher Scientific, Inc.) cultured with 5% 
dihydrazide, at 37˚C in a humid environment. After plating, 
5 µM cytosine arabinoside (Sigma‑Aldrich; Merck KGaA) was 
used to inhibit astrocyte proliferation in hippocampal neurons 
at 37˚C for 48 h. The medium was replaced every 2 days. After 
a 2-week in vitro culture, epilepsy induction was performed 
as followed. Briefly, the original medium was replaced with a 
Mg2+‑free medium (Sigma‑Aldrich; Merck KGaA) containing 
2.5 mM KCl, 145 mM NaCl, 2 mM CaCl2, 10 mM HEPES, 
10 mM glucose and 0.002 mM glycine and the epileptic 
neuron cells were cultured for 6 days at 37˚C. Subsequently, 
the neurons were cultured at 37˚C in liquid Mg2+-free medium 
for 3 h. Then, neuronal cells were transferred to the conven-
tional neurobasal/B27 medium for culture at 37˚C. Control 
(con) cells were cultured in neurobasal/B27 medium under the 
same incubation conditions.

mir-15a and mir-nc, mir-15a inhibitors (anti-mir-15, 
5'‑AAA CCA UUA UGU GCU GCU A‑3') and anti‑miR‑NC 
(5'‑CAG UAC UUU UGU GUA GUA CAA‑3'), as well as 
pcDNA3.1 and pcDNA‑GFAP (GFAP; cat. no. KR712259.1) 
were obtained from Shanghai GenePharma Co., Ltd. All 0.2 µg 
fragments and 0.5 µl oligos were transfected into Mg2+-induced 
epilepsy cells (2x105 cells/well) using lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), followed by incu-
bation for 48 h.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
rna was extracted from the hippocampal neural tissue or cells 
using Trizol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Total RNA [for 
GFAP, interleukin (IL)‑1β, il-6 and tumor necrosis factor α 
(TNF‑α)] was reverse transcribed into cDNA using the High 



Molecular Medicine rePorTS  22:  3504-3512,  20203506

Capacity cDNA RT kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
TaqMan®miR RT PCR assay reagents (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) was applied to synthesize 
cDNA first strands, and SYBR Green PCR kit (Takara Bio, 
Inc.) was used to determine the expression levels of miR‑15a. 
The amplification parameters were: initial denaturation 
at 95˚C for 10 min, followed by 40 cycles of denaturation 
at 95˚C for 30 sec, annealing at 60˚C for 30 sec and exten-
sion at 72˚C for 1 min. GAPDH and U6 were used as the 
internal reference genes for mRNA and miRNA, respectively. 
expression levels of all mrnas and mirna were calculated 
using the 2‑ΔΔCq method (34). The primer sequences used are 
as follows: miR‑15a forward, 5'‑GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG GAT ACG ACC ACA AAC‑3' and 
reverse, 5'‑GCG GCT AGC AGC ACA TAA TGG‑3'; U6 forward, 
5'‑GCT TCG GCA GCA CAT ATA CTA AAA T‑3' and reverse, 
5'‑CGC TTC ACG AAT TTG CGT GTC AT‑3'; GFAP forward, 
5'‑TTG CAC TGT GCA CGT TC‑3' and reverse, 5'‑TGG GGA 
AAT GTG CCA G‑3'; GAPDH forward, 5'‑GCA CCG TCA AGG 
CTG AGA AC‑3' and reverse, 5'‑TGG TGA AGA CGC CAG TGG 
A‑3'; TNF‑α forward, 5'‑TCA GCC GAT TTG CCA TTT CAT‑3' 
and reverse, 5'‑ACA CGC CAG TCG CTT CAC AGA‑3'; IL‑1β 
forward, 5'‑GTC CTT TCA CTT GCC CTC AT‑3' and reverse, 
5'‑CAA ACT GGT CAC AGC TTT CGA‑3'; and IL‑6 forward, 
5'‑AAA TGC CTC GTG CTG TCT GAC C‑3' and reverse, 5'‑GGT 
GGG TGT GCC GTC TTT CAT C‑3'.

TUNEL assay. cell apoptosis was detected using Tunel 
assay with a Fluorescein FragELTMDNA fragmentation 
detection kit (Abcam) according to the manufacturer's instruc-
tions. Briefly, cells fixed in 4% paraformaldehyde (Beyotime 
Institute of Biotechnology) for 25 min at 4˚C on the slides. 
after the sections (thickness, 5 µm) from rat tissues were 
washed with H2o2 and PBS, 20 mg/l protease K solution was 
added at room temperature for 15 min. Then, 40 µl stop buffer 
containing 20% FBS and 2 µl nucleoside was added and the 
sections were incubated at 37˚C for 1 h. At 10 min post‑addi-
tion of the stop buffer, peroxidase-conjugated anti-digoxin 
antibody (1:1,000; cat. no. ab53510; Abcam) was added and 
incubated at 37˚C for 30 min. After washing with PBS, the 
sections were re‑stained with 0.1% hematoxylin for 3 min at 
room temperature. In total, six non‑overlapping fields of view 
were selected randomly from each section, and apoptotic cells 
were observed and counted using a fluorescent microscope 
(magnification, x200).

Flow cytometric analysis of apoptosis. an annexin 
(An)‑VFITC apoptosis detection kit (BD Biosciences) was used 
to detect the levels of cell apoptosis. Cells (1x105) were collected 
and digested with trypsin, washed twice in PBS and centri-
fuged at 1,610 x g for 8 min at 37˚C to remove the supernatant. 
Subsequently, cells were resuspended in 100 µl binding buffer 
from the detection kit, and stained with 5 µl Annexin V/FITC 
and 5 µl propidium iodide at room temperature for 15 min in 
the dark. Apoptotic cells were subsequently analyzed using 
a FACSCalibur flow cytometer (BD Biosciences) and CELL 
Quest 3.0 software (BD Biosciences). In the scatter plot of 
cell apoptosis: lower left quadrant represented normal cells 
(an- Pi-); the lower right quadrant represented apoptotic cells 

in early stage (an+ Pi-); the upper right quadrant represented 
apoptotic cells in advanced stage and necrotic cells (an+ Pi+); 
and the upper left quadrant represented damaged cells in 
the process of collection (an- Pi+). The rate of apoptosis was 
expressed as the percentage of the early apoptotic cells in the 
total number of cells.

Dual‑luciferase reporter assay. The underlying binding 
relationship between miR‑15a and GFAP was predicted using 
bioinformatics software microT‑CDS v5.0 (http://diana.imis.
athena‑innovation. gr/Diana Tools/index.php?r=microT CDS/).

Then, a dual-luciferase reporter assay was used to deter-
mine the relationship between miR‑15a and GFAP. The GFAP 
3' untranslated region (UTR)‑wild‑type (WT) or GFAP 
3'UTR‑mutant (MUT) were amplified and inserted into the 
pRL‑TK plasmid (Promega Corporation). Then, the vectors 
(0.1 µg) and miR‑15a (40 nM) or miR‑NC (40 nM) were 
infected into hippocampal neurons using lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. The relative luciferase activity was 
measured at 48 h post-transfection using the dual-luciferase 
Reporter assay system (Promega Corporation). Renilla 
luciferase activities were used as the internal control for the 
normalization of firefly luciferase activity.

RIP assay. The Magna rna-binding protein immunoprecip-
itation kit (eMd Millipore) was used for the riP experiment 
according to the manufacturer's protocol. Briefly, cells 
transfected with mir-15a were collected by centrifugation 
(100 x g) at room temperature for 2 min and resuspended in 
NP‑40 lysis buffer (Sigma‑Aldrich; Merck KGaA; reagent 
to separate the nuclei) containing 1 mM PMSF, 1 mM DTT, 
1% protease inhibitor cocktail and 200 u/ml rnase 
inhibitor (Invitrogen; Thermo Fisher Scientific, Inc.). Then, 
the supernatant was incubated 4˚C with magnetic beads 
labelled with human anti‑Argonaute2 (Ago2, 1:1,000; cat. 
no. ab32381; Abcam) antibody and IgG antibody (1:5,000; 
cat. no. PP64B, EMD Millipore) as a positive control 
overnight, sonicated for 10 cycles in a Bioruptor Sonicator 
[Diagenode; High, 10 x (30 sec‑ON/30 sec‑OFF)] at 4˚C and 
centrifuged (6,000 x g) at 4˚C for 40 min. The beads were 
washed three times with buffer containing 20 mM HEPES 
(pH 7.9), 120 mM NaCl, 1 mM EDTA, 1 mM PMSF and 
1 mM DTT followed by centrifugation (10,000 x g; 40 min; 
4˚C). RNAs were digested with proteinase K (0.5 mg/ml; 
Sigma‑Aldrich; Merck KGaA) for 15 min at 55˚C, and then 
treated with Trizol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). The expression levels of miR‑15a and GFAP 
were analyzed using RT‑qPCR.

Western blot assay. Western blotting was used to detect the 
protein expression levels of GFAP in hippocampal neurons. 
Cells were lysed in RIPA lysis buffer (Beyotime Institute of 
Biotechnology). Protein concentration and quality were detected 
with a bicinchoninic acid protein assay kit (Sigma‑Aldrich; 
Merck KGaA). Protein (50 µg) samples were separated by 10% 
SDS‑PAGE gels and then transferred onto PVDF membranes 
(Bio‑Rad Laboratories, Inc.). Subsequently, 5% skim milk 
for 2 h at 37˚C was used to block the membranes. Then, the 
membranes were incubated with primary antibodies against 
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GFAP (1:1,000; cat. no. ab7260; Abcam) or β‑actin (1:2,500; 
cat. no. ab52614; Abcam) at 4˚C overnight. After washing with 
TBS, the membranes were incubated at 37˚C with horseradish 
peroxidase-conjugated goat anti-rabbit secondary antibody 
(1:5,000; cat. no. SC‑2301, Santa Cruz Biotechnology, Inc.) for 
1 h. The band of target protein was visualized using an ECL 
Plus western blotting substrate (Thermo Fisher Scientific, Inc.) 
and analyzed with Quantity One v4.6.2 software (Bio‑Rad 
Laboratories, Inc.).

Statistical analysis. all statistical analyses and mapping were 
performed using GraphPad Prism 7.0 (GraphPad Software, 
Inc.). Statistical differences between two groups were deter-
mined using a paired and unpaired Student's t‑test, whereas 
an one‑way ANOVA with Tukey's test was used for ≥3 groups. 
Data are presented as the mean ± SD from ≥3 independent 
experiments. P<0.05 was considered to indicate a statistically 
significant difference.

Results

miR‑15a expression levels are downregulated in TLE and 
epilepsy tissues. in the present study, healthy tissues and Tle 
tissues were obtained from 18 patients. In addition, healthy 
tissues and epileptic model rat tissues were collected from 
eight rats. RT‑qPCR was performed to detect the expression 
levels of mir-15a and it was revealed that compared with 
the control tissues, the expression levels of mir-15a were 
significantly downregulated in the TLE tissues (Fig. 1A). 
Furthermore, miR‑15a expression levels were significantly 
decreased in the epilepsy group compared with the normal 
group (Fig. 1B).

Overexpression of miR‑15a inhibits cell apoptosis and 
inflammation in an in vivo epilepsy model. The transfection 
efficiency of LV‑miR‑15a in the hippocampal neurons was 
determined (Fig. 2A). Moreover, to determine the function 
of mir-15a, the present study transfected lV-mir-nc or 
lV-mir-15a into the hippocampi to construct the epilepsy 
+ lV-mir-nc or epilepsy + lV-mir-15a groups, respec-
tively. It was demonstrated that miR‑15a expression levels 
were downregulated in the epilepsy group compared with 
the normal group, and mir-15a expression was enhanced in 
epilepsy + lV-mir-15a group compared with the epilepsy 
group (Fig. 2B). In addition, miR‑15a expression levels were 
significantly increased in the epilepsy + LV‑miR‑15a group 
compared with the epilepsy + LV‑miR‑NC group. The levels 
of cell apoptosis and expression levels of inflammatory factors 
were subsequently analyzed in each group using a Tunel 
assay and RT‑qPCR, respectively. The results demonstrated 
that the expression levels of il-1β, IL‑6 and TNF‑α, which 
are important pro‑inflammatory factors (35), were upregu-
lated in the epilepsy group vs. normal group, suggesting that 
there may be a strong inflammatory response in the epilepsy 
model. Moreover, the inflammatory factors were decreased 
in epilepsy + lV-mir-15a group compared with epilepsy 
group, suggesting that LV‑miR‑15a could inhibited inflam-
matory response in epilepsy model (Fig. 2D‑F). Compared 
with the normal group, the levels of cell apoptosis were also 
significantly increased in the epilepsy group, and compared 

with the epilepsy group, cell apoptosis index was reduced 
in epilepsy + LV‑miR‑15a group (Fig. 2C). However, in the 
epilepsy + lV-mir-15a group, the levels of cell apoptosis 
were decreased, and the mrna expression levels of il-1β, 
IL‑6 and TNF‑α were downregulated compared with the 
epilepsy + LV‑miR‑NC group (Fig. 2C‑F). Therefore, these 
findings indicated that there were significant differences 
between the epilepsy and epilepsy + lV-mir-15a groups, 
implying that the upregulated expression levels of mir-15a 
may decrease the levels of cell apoptosis and inflammation 
in epilepsy tissues.

Overexpression of miR‑15a inhibits cell apoptosis and 
inflammation in an in vitro epilepsy model. The overex-
pression transfection efficiency of miR‑15a in hippocampal 
neurons was determined (Fig. 3A). Subsequently, the epileptic 
activity was induced in rat hippocampal neurons in vitro, 
which were divided into four groups: con, Mg2+-free, 
Mg2+-free + mir-nc and Mg2+‑free + miR‑15a groups. The 
apoptotic rate and mrna expression levels of inflamma-
tory factors were analyzed for each group. Consistent with 
the in vivo experiments, it was identified that the expression 
levels of miR‑15a were significantly downregulated in the 
Mg2+-free-treated cells compared with the control cells, 
while the expression levels of mir-15a were significantly 
increased in Mg2+-free + mir-15a group compared with 
the Mg2+‑free + miR‑NC group (Fig. 3B). Moreover, in the 
epileptic cells, the apoptotic rate was significantly increased, 
and the expression levels of il-1β, IL‑6 and TNF‑α were 
significantly upregulated in Mg2+-free group compared with 
the con group (Fig. 3C‑F). However, increasing the expression 
levels of miR‑15a significantly reduced the high apoptotic rate 
and strong inflammatory response observed in the epileptic 
cells (Fig. 3C‑F). Collectively, these results suggested that 
mir-15a may serve an important regulatory role in relieving 
the epileptic symptoms.

miR‑15a directly targets GFAP in hippocampal neurons. 
Based on the prediction of the bioinformatics tool DIANA 
TOOLS, it was discovered that the 3'untranslated region of 
GFAP had a complementary binding site to miR‑15a (Fig. 4A). 
Therefore, it was hypothesized that GFAP may be a candidate 
target gene for miR‑15a. The present study constructed vectors 
for GFAP‑WT and GFAP‑MUT, which were co‑transfected 
alongside mir-nc and mir-15a into the hippocampal 
neurons. The dual‑luciferase reporter assay results identified 
that miR‑15a reduced the luciferase activity of GFAP‑WT 
reporter, while it had no notable effect on luciferase activity 
of GFAP‑MUT reporter (Fig. 4B). To further validate these 
results, a riP assay was performed to detect the enrichment 
of GFAP in the cells. It was demonstrated that miR‑15a and 
GFAP were co‑immunoprecipitated using the Ago2 group 
antibody but not the IgG antibody (Fig. 4C). Subsequently, 
the transfection efficiency of miR‑15a and anti‑miR‑15a was 
determined (Fig. 4D). The western blotting analysis revealed 
that the increased expression levels of miR‑15a significantly 
inhibited the expression levels of GFAP compared with the 
miR‑NC group; however, downregulating the expression levels 
of miR‑15a significantly induced the expression of GFAP 
compared with anti‑miR‑NC group (Fig. 4E). Therefore, these 
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findings indicated that GFAP may be a target gene of miR‑15a 
in hippocampal neurons.

Upregulation of GFAP reverses the effects of upregulated 
miR‑15a expression‑levels in an in vitro epilepsy model. in order 
to determine whether mir-15a regulated epilepsy by targeting 
GFAP, rescue experiments were performed. The western blot-
ting results demonstrated that the expression levels of GFAP 

were significantly upregulated in the hippocampal neurons 
transfected with GFAP compared with cells transfected with 
pcDNA3.1 (Fig. 5A). miR‑NC or miR‑15a were transfected into 
Mg2+-free-induced hippocampal neurons, with or without the 
co‑transfection with pcDNA3.1 and GFAP. It was subsequently 
demonstrated that the protein expression levels of GFAP were 
significantly upregulated in the Mg2+-free group compared 
with the con group (Fig. 5B). Moreover, the overexpression of 

Figure 1. miR‑15a expression levels are downregulated in TLE and epilepsy tissues. Expression levels of miR‑15a were analyzed in the (A) control and 
TLE tissues or (B) normal and epilepsy hippocampal neurons using reverse transcription‑quantitative PCR. ***P<0.001. TLE, temporal lobe epilepsy; 
miR, microRNA.

Figure 2. Overexpression of miR‑15a inhibits cell apoptosis and inflammation in an in vivo epilepsy model. (A) miR‑15a expression levels were detected in 
the hippocampal neurons transfected with the LV‑miR‑NC or LV‑miR‑15a using RT‑qPCR. (B) Expression levels of miR‑15a were analyzed in the normal, 
epilepsy, epilepsy + LV‑miR‑NC group and epilepsy + LV‑miR‑15a groups using RT‑qPCR. (C) Levels of cell apoptosis were determined in the normal, 
epilepsy, epilepsy + LV‑miR‑NC and epilepsy + LV‑miR‑15a groups using a TUNEL assay (magnification, x200). Expression levels of (D) IL‑1β, (e) il-6 and 
(F) TNF‑α were analyzed in the normal, epilepsy, epilepsy + LV‑miR‑NC and epilepsy + LV‑miR‑15a groups using RT‑qPCR. ***P<0.001. RT‑qPCR, reverse 
transcription‑quantitative PCR; miR, microRNA; NC, negative control; IL, interleukin; TNF‑α, tumor necrosis factor α.



FAN et al:  EFFECT OF miR‑15a IN TEMPORAL LOBE EPILEPSY 3509

miR‑15a significantly inhibited the expression levels of GFAP 
in Mg2+-free + mir-15a group compared with the Mg2+-free 

+ mir-nc group, while upregulating the expression levels of 
GFAP reversed this inhibitory effect. In addition, the results 

Figure 3. Overexpression of miR‑15a inhibits cell apoptosis and inflammation in an in vitro epilepsy model. (A) RT‑qPCR was used to analyze the expres-
sion levels of miR‑15a in hippocampal neurons transfected with miR‑NC or miR‑15a. (B) Expression levels of miR‑15a wereanalyzed in the con, Mg2+-free, 
Mg2+-free + mir-nc and Mg2+‑free+miR‑15a groups via RT‑qPCR. (C) Levels of cell apoptosis were analyzed in the con, Mg2+-free, Mg2+-free + mir-nc and 
Mg2+‑free + miR‑15a groups using flow cytometry. Expression levels of (D) IL‑1β, (E) IL‑6 and (F) TNF‑α were determined in the con, Mg2+-free, Mg2+-free 
+ mir-nc and Mg2+‑free + miR‑15a groups using RT‑qPCR. ***P<0.001. RT‑qPCR, reverse transcription‑quantitative PCR; miR, microRNA; NC, negative 
control; IL, interleukin; TNF‑α, tumor necrosis factor α; con, control; PI, propidium iodide.

Figure 4. miR‑15a directly targets GFAP in hippocampal neurons. (A) Schematic representation of the predicted target site for miR‑15a in the GFAP 3'UTR. 
(B) Dual‑luciferase reporter assay was performed to determine the target relationship between miR‑15a and GFAP. (C) RIP assay was performed to further 
identify the relationship between miR‑15a and GFAP in hippocampal neurons. (D) Expression levels of miR‑15a were analyzed in the hippocampal neurons 
transfected with miR‑NC, miR‑15a, anti‑miR‑NC and anti‑miR‑15a. (E) Protein expression levels of GFAP were analyzed in miR‑NC, miR‑15a, anti‑miR‑NC 
and anti‑miR‑15a groups using western blotting. ***P<0.001 vs. miR‑NC; ###P<0.001 vs. anti‑miR‑NC. 3'UTR, 3'untranslated region; miR, microRNA; 
NC, negative control; GFAP, glial fibrillary acidic protein; WT, wild‑type; MUT, mutant; Ago2, Argonaute2; RIP, RNA immunoprecipitation.
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identified that the apoptotic rate in the Mg2+-free group was 
increased compared with the con group (Fig. 5C). Furthermore, 
the upregulation of GFAP reversed the miR‑15a overexpres-
sion‑mediated decrease in the levels of cell apoptosis (Fig. 5C). 
it was also discovered that the expression levels of il-1β, il-6 
and TNF‑α were upregulated in the Mg2+-free group compared 
with the con group (Fig. 5D‑F). Moreover, the overexpression 
of GFAP also partially reversed the suppressive effects of 
mir-15a on the expression levels of il-1β, IL‑6 and TNF‑α in 
Mg2+‑free‑induced hippocampal neurons (Fig. 5D‑F). Thus, the 
present results suggested that cell apoptosis and inflammation 
may be inhibited by the upregulation of mir-15a, which may be 
impaired by the overexpression of GFAP.

Discussion

The present study used a rat model of epilepsy and 
epilepsy-induced hippocampal neurons to study the pathogenesis 

of TLE. It was discovered that the expression levels of miR‑15a 
were downregulated in the epileptic tissue and TLE tissues. 
Furthermore, increasing the expression levels of miR‑15a effec-
tively inhibited GFAP expression, which in turn affected the 
levels of neuronal apoptosis and inflammation. Therefore, the 
present results indicated that the miR‑15a/GFAP axis may be an 
important regulatory mechanism and network in epilepsy, thus 
providing a novel target site for the treatment of epilepsy.

mirnas serve important regulatory roles in numerous 
types of disease and they are indispensable regulators of cell 
development and inflammation (36‑39). In cancer, miRNAs 
have been discovered to serve as either a tumor suppressor 
or an oncogenic factor, where they were observed to have 
roles in cell development, such as tumorigenesis and metas-
tasis (40‑43). Moreover, numerous differentially expressed 
mirnas have been found in epileptic sequencing, including 
mir-184, mir-124, mir-134, mir-132, mir-21 and mir-23a/b, 
where they were identified to be involved in the occurrence 

Figure 5. Upregulation of GFAP reverses the effects of upregulated miR‑15a expression levels on cell apoptosis and inflammation in an in vitro epilepsy model. 
(A) GFAP protein expression levels were determined in hippocampal neurons transfected with pcDNA and GFAP. (B) Protein expression levels of GFAP were 
analyzed in the con, Mg2+-free, Mg2+-free + mir-nc, Mg2+-free + mir-15a, Mg2+-free + mir-15a + pcdna and Mg2+‑free + miR‑15a + GFAP groups using 
western blotting. (C) Levels of cell apoptosis were examined in the con, Mg2+-free, Mg2+-free + mir-nc, Mg2+-free+mir-15a, Mg2+-free + mir-15a + pcdna 
and Mg2+‑free + miR‑15a + GFAP groups using flow cytometry. Expression levels of (D) IL‑1β, (E) IL‑6 and (F) TNF‑α were detected in the con, Mg2+-free, 
Mg2+-free + mir-nc, Mg2+-free + mir-15a, Mg2+-free + mir-15a + pcdna and Mg2+‑free + miR‑15a + GFAP groups using reverse transcription‑quantitative 
PCR. **P<0.01, ***P<0.001. miR, microRNA; NC, negative control; IL, interleukin; TNF‑α, tumor necrosis factor α; GFAP, glial fibrillary acidic protein; 
con, control; PI, propidium iodide.
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and development of epilepsy (20,25,44,45). Previous studies 
have reported that mir-15a was involved in the development of 
several types of human disease, cancer, the immune response 
and angiogenesis (23,46‑49). Furthermore, Cai et al (24) 
revealed that the overexpression of mir-15a induced cell apop-
tosis and the cell cycle in osteosarcoma. However, research on 
the role of miR‑15a in epilepsy is limited. Thus, the present 
study investigated the function of mir-15a in vitro and in vivo, 
and it was revealed that the overexpression of miR‑15a signifi-
cantly inhibited the rate of apoptosis and inflammation in 
hippocampal neurons.

mirnas typically target multiple mrnas, including 
miR‑15a (24,50). Previous studies have revealed that cyclin D1, 
vascular endothelial growth factor A (VEGFA), forkhead 
box protein O1 (FOXO1), brain‑derived neurotrophic factor 
(BDNF) and C‑X‑C motif chemokine 10 (CXCL10) were 
targets of mir-15a in osteosarcoma, porcine pre-adipocytes, 
methyl CpG binding protein 2‑deficient neurons, myasthenia 
gravis and multiple myeloma (49,51‑54). Notably, these regula-
tory networks were discovered to regulate cell progression and 
angiogenesis (24,47,49,51,53,54). The results of the present 
study suggested that GFAP may be a target gene for miR‑15a. 
Previous studies have revealed that GFAP encodes the GFAP 
protein, which was reported to be an important regulator in the 
formation and development of astrocytes (55,56). Furthermore, 
GFAP has been observed to affect the inflammatory response 
in numerous types of disease. For example, Sun et al (57) 
reported that GFAP was related to the inflammatory response 
in the lumbo-sacral spinal cord and medulla oblongata 
after chronic colonic inflammation in rats. It has also been 
reported that GFAP was highly expressed in epilepsy, and 
elevated GFAP expression levels subsequently aggravated the 
neuroinflammatory response (27,55). Consistent with these 
previous studies, the findings of the present study indicated 
that the increased expression levels of GFAP may inhibit the 
suppression of apoptosis and inflammation in hippocampal 
neurons induced by increased expression levels of mir-15a, 
thus suggesting the important role of the miR‑15a/GFAP axis 
in TLE.

In conclusion, the present study identified the function of 
mir-15a in Tle and assessed the regulatory mechanism of 
miR‑15a. It was discovered that the upregulation of miR‑15a 
inhibited cell apoptosis and inflammation in TLE, which was 
impaired by the overexpression of GFAP. Therefore, the results 
of the present study may provide a novel therapeutic target for 
the treatment of TLE.
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