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Summary
Objective: To explore the role of miR-181b in alterations of apoptosis and autophagy 
in the kainic acid (KA)-induced epileptic juvenile rats via modulating TLR4 and 
P38/JNK signaling pathway.
Methods: Dual-luciferase reporter assay was performed to testify the targeting rela‐
tionship between miR-181b and TLR4. After intracerebroventricular injection (i.c.v.) 
of KA, rats were injected with miR-181b agomir and TLR4 inhibitor (TAK-242). The 
TLR-4 activator lipopolysaccharide (LPS) was also administered into rats immediately 
after injection with miR-181b agomir. Quantitative real-time-polymerase chain reac‐
tion (qRT-PCR) was used for detections of miR-181b and TLR4 expressions, 
hematoxylin-eosin (HE) and Nissl staining for observation of the hippocampus mor‐
phological changes, and TUNEL staining for apoptosis analysis. Moreover, western 
blot was determined to detect TLR4 and P38/JNK pathway proteins, as well as au‐
tophagy- and apoptosis-related proteins.
Results: TLR4 was identified as a direct target of miR-181b using Dual-luciferase re‐
porter assay. KA rats injected with miR-181b agomir or TAK-242 had improved learn‐
ing and memory abilities, reduced seizure severity of Racine’s scale, and lessened 
neuron injury. Additionally, miR-181b agomir or TAK-242 could significantly inhibit 
P38/JNK signaling, decrease LC3II/I, Beclin-1, ATG5, ATG7, ATG12, Bax, and cleaved 
caspases-3, but increase p62 and Bcl-2 expression. No significances were found be‐
tween KA group and KA + miR-181b + LPS group.
Conclusion: MiR-181b could inhibit P38/JNK signaling pathway via targeting TLR4, 
thereby exerting protective roles in attenuating autophagy and apoptosis of KA-
induced epileptic juvenile rats.
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1  | INTRODUC TION

Epilepsy, referred to a heterogeneous group of chronic neurological 
disorders, with the characteristics of various epileptic seizure types, 
brings about much social discrimination, owing to the abnormal ex‐
cessive or synchronous neuronal activity in the brain.1,2 As issued by 
World Health Organization (WHO) in 2001, the neurological disor‐
ders approximately account for 30.8% of all years of life lived with 
disability, while epilepsy, accounts for about 0.5% of the total burden 
of diseases,3 with the global prevalence ranged from 1.5 to 14 every 
1000 people.4 Epilepsy occurs in all age groups, but is most common 
in children, and approximately one-fourth patients are children, es‐
pecially in children aged 5-9 years.5 In recent decades, children with 
status epilepticus (SE) increased dramatically, posing a serious threat 
to children’s health and difficulties in clinical treatment, thus, the 
ideal reasonable treatment is of significance to reduce brain damage 
caused by SE.6

At present, a large number of studies found that the abnormal 
expressions of miRNAs were close correlated with nervous system 
damage and degenerative disease, including epilepsy.7,8 As Surges 
et al9 reported, there were over 200 miRNAs presented different ex‐
pression in the serum of patients after a seizure within 30 minutes. 
For instance, miR-219 could inhibit seizure formation via modulat‐
ing the CaMKII/NMDA receptor pathway.10 As a member of miR-
181 family, miR-181b, was thought to be related with many nervous 
system diseases, for example, the increase in miR-181b levels in the 
penumbras was strengthened via electroacupuncture, and neurobe‐
havioral function rehabilitation was improved via miR-181b by tar‐
geting PirB, as indicated by Deng et al.11 Moreover, Alacam et al12 
speculated that miR-181b-5p acts as a potential index indicating re‐
sistance against schizophrenia treatment. However, rare studies pay 
attentions to the role of miR-181b in the formation and development 
of epilepsy.

In addition, inflammatory mediators, like interleukin (IL) -1b, Toll-
like receptors (TLRs), or some other factors, have been identified to 
be linked to epilepsy progression, not only in experimental animal 
models, but also in patients.13,14 TLR4, as an important member of 
TLRs, was reported to exert important functions in epileptogenesis 
of mesial temporal lobe epilepsy in astrocytes,15 and administration 
of lipopolysaccharide, a component of the bacterial cell wall and a 
powerful TLR4 ligand, leading to acute and long-term decreases in 
seizure threshold.16 Of note, in Kupffer cells and liver injury in mice, 
miR-181b can mediate TLR4 signaling in response to ethanol,17 and 
miR-181b can target TLR4 to regulate the proliferation of epidermal 
keratinocytes in human pasoriasis.18 Moreover, TLR4 was respon‐
sible for the activation of p38 and JNK,19 and there was evidence 
that selective targeting of JNK over p38 has become a potential 
therapeutic approach to neurological disorders, as well as epilepsy. 
However, whether miR-181b could mediate P38/JNK signaling path‐
way via regulating TLR4 to affect further the occurrence and devel‐
opment of epilepsy is still unknown.

Therefore, we performed intracerebroventricular injection 
(i.c.v.) of kainic acid (KA) to construct epileptic juvenile rat models, 

and another i.c.v. injection of miR-181b agomir or TAK-242,a small-
molecule-specific inhibitor of TLR4 signaling by selectively binding 
to specific amino acid Cys747 in the intracellular domain of TLR4,20 
was injected into the hippocampus of KA rats to explore the func‐
tion and relationship between miR-181b, TLR4, and P38/JNK signal‐
ing pathway in rats.

2  | MATERIAL S AND METHODS

2.1 | Dual-luciferase reporter assay

In order to testify the targeting relationship between miR-181b and 
TLR4, we constructed luciferase reporter vector pMir-Glo-Wt-TLR4 
(TLR4-WT) containing wild-type TLR4 3′terminal sequence, as well 
as miR-181b combined with mutant pMir-Glo-Mut-TLR4 (TLR4-
Mut) plasmid, which were synthesized by Shanghai GenePharma 
Co.,Ltd. Twenty-four hours before transfection, PC12 cells (pur‐
chased from American Type Culture Collection, Manassas, VA, USA) 
were seeded in 96-well plate at a density of 4 × 104/well. One hour 
before transfection, Dulbecco’s modified eagle medium (DMEM, 
SH30022.01B, HyClone) was added into each well. Following in‐
structions of Lipofectamine 2000 (Invitrogen Inc., California, USA), 
miR-181b mimics and negative controls (NC) (Shanghai GenePharma 
Co.,Ltd) were co-transfected with luciferase reporter vector into 
cells, respectively. After culture medium in plate was cleaned up, the 
configured transfection mixture was added into plate, followed by 
incubation at 37°C for 24 hours. The dual-luciferase reporter assay 
system (E1910, Promega Corporation, Madison, WI, USA) was used 
to detect luciferase activity. Every experiment was repeated in triple 
for the average value.

2.2 | Animals

Four weeks old healthy Wistar rats of clean grade weighing 
80 ± 10 g (half male and half female) were purchased from Shanghai 
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All rats were 
fed with free food and water, in normal circadian rhythm, at room 
temperature (22-25°C) in a clean grade animal room. The animal ex‐
perimental design has got permission from the Ethics Committee of 
Laboratory Animal, and all experimental behaviors to animals were 
strictly in accordance with animal protection and application regula‐
tions issued by International Association for the Study of Pain.21

2.3 | Construction of the epilepsy 
model and grouping

A total of 60 rats were recruited in this study, of which 50 rats were 
subjected to i.c.v. injection of KA to the right lateral cerebral ven‐
tricle to construct rat epilepsy models. SE was induced through re‐
petitive injections of KA with the initial dose of 24 mg/kg to 6 mg/
kg every 30 minutes till SE presented. When the rats reached stages 
4 on Racine’s scale22 and seizure lasted 30 minutes or longer, it was 
regarded as successful construction of epilepsy. In these 50 rats, a 
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total of 47 rats were survived after KA injection, and 45 out of 47 
epileptic models were successfully built, which were randomly di‐
vided into KA group, KA + miR-181b group, KA + miR-Scr group, KA 
+ TAK-242 group and KA + miR-181b + LPS group with 9 rats in each 
group. One week later, another i.c.v. injection of miR-181b agomir, 
negative control (NC) miRNA with a scrambled sequence (miR-Scr), 
or TLR4 inhibitor (TAK-242) at 10 nmol/kg was injected into the hip‐
pocampus of KA rats. In KA + miR-181b + LPS group, i.c.v. of TLR-4 
activator LPS (0.5 mg/kg) was carried out immediately after injec‐
tion of miR-181b agomir. In addition, the rest 10 rats were injected 
with equal dose of normal saline (0.9% NaCl) as the Control group.

2.4 | Morris water maze test

Six weeks later, Morris water maze test23 was carried out for 5 days 
(9: 00 to 11: 00 am) to detect the learning and memory abilities of 
rats. Before testing, let the rats adjust to the new environment for at 
least 30 minutes. In the beginning of each subsequent trial, rats were 
gently placed into the water from different platform location, facing 
the edge of the pool, to collect the escape latency for each rat. If rats 
failed to find the platform in 120 seconds, they were guided onto 
the platform by the experimenter. Finding the platform was defined 
as staying on it for at least 2 seconds. Training to find the platform 
was performed for 4 consecutive days, and after the last training, the 
number of times that rats crossed the removed hidden platform was 
recorded in 120 seconds after 24 hours.

2.5 | Electroencephalo-graph (EEG) recordings

After Morris water maze test, rats were anesthetized with isoflurane 
(5% induction and 2% maintenance). Then, 2 small stainless steel 
screw electrodes (1.2-mm diameter) were implanted over the tem‐
poral cortex of rats from bilateral sides (AP, −2.2 mm; L, −4.8 mm 
relative to bregma). Also, we implanted the 3rd stainless steel elec‐
trode over the right frontal cortex, which was regarded as a refer‐
ence electrode. Then, Nicolet 1.0 software was used to analyze and 
quantify EEG data. Poly spike discharges lasting > 5s in high ampli‐
tude (> 29 baseline) and high-frequency (>5 Hz) were considered as 
seizures.

2.6 | Specimen collection

After EEG recording, 5 rats randomly selected from each group were 
anesthetized with 10% chloral hydrate (3.5 mL/kg). The rat’s chest 
was open and inserted a round needle from the apex cordis. After 
the heart was cut from the right atrial appendage for bleeding, the 
normal saline (20 mL) plus 4% paraformaldehyde (40 mL) was poured 
through heart. Next, the brain was taken to immerse in 4% para‐
formaldehyde, and paraffin sections of coronal plane were used for 
HE staining, Nissl staining, TUNEL staining, and electron microscopy 
analysis. Rest of the rats in each group were immediately sacrificed 
postanesthesia to remove bilateral hippocampus rapidly and store at 
−80°C for qRT-PCR and western blot.

2.7 | HE staining

The brain sections (5 μm) were mounted on glass slides treated with 
poly-L-Lysine and stored at 4°C, which were stained with hematoxy‐
lin for 5 minutes after routine de-waxing and washing, and the color 
was separated with 1% hydrochloric acid alcohol for 20 seconds. 
Then, the sections were back to blue with 1% ammonia for 30 sec‐
onds, dyed with eosin for 5 minutes, dehydrated in increasing con‐
centrations of alcohol, hyalinized with dimethylbenzene, followed by 
sealing with neutral gum for observation under microscope.

2.8 | Nissl staining

Paraffin sections were baked at 65° C for 60 minutes, dewaxed, and 
washed by water. Then, the sections were stained by Nissl stain‐
ing solution for 10 minutes, washed by distilled water twice for 
30 seconds per time, and dehydrated by gradient alcohol in 70%, 
85%, 95%, and 100%, respectively. After dehydration, sections were 
transparentized by xylene for 3 minutes, added with a drop of neu‐
tral resin and sealed with cover glass. Under microscope, sections 
were observed and taken photos.

2.9 | TUNEL staining

Hippocampal tissue was prepared into frozen sections and im‐
mersed in 3% H2O2 phosphate-buffered saline (PBS) to eliminate 
endogenous peroxidase reactions. After 0.01-mL PBS (pH 7.4) wash‐
ing 5 minutes × 3 times, 20% fetal bovine serum (FBS) and 3% FBS 
protein were added for 15 minutes. With addition of 50 μL TUNEL 
reaction solution connected with luciferin, sections were placed 
at humidified box at 37°C for 1 hour, followed by PBS washing for 
5 minutes ×3 times. Next, sections were reacted with stop solu‐
tion for 10 minutes at room temperature and antidigoxin peroxidase 
antibody for 30 minutes at 37°C. Before medium change, sections 
were washed with PBS for 5 minutes ×3 times. Finally, sections were 
developed by DAB (3,3′ -diaminobenzidine), counterstained by HE, 
transparentized in xylene and sealed with neutral resin. Next, sec‐
tions were placed under fluorescence microscope (Olympus BX51 
Upright fluorescence microscope, USA) and taken photos to observe 
positive TUNEL staining. The experiment was repeated in triple.

2.10 | qRT-PCR

The total RNA of hippocampal tissue was extracted from TRIzol 
(15 596 026, Invitrogen Inc., California, USA), and its concentra‐
tion and purity were detected using NanoDrop2000 (Thermo 
Fisher Inc., Waltham, MA, USA). Then the total RNA was stored at 
−80°C. According to gene sequences issued by Genbank database, 
PCR primers were designed by Primer 5.0 software and synthe‐
sized by Shanghai Gene Pharma Co., Ltd. PCR reaction was per‐
formed using ABI PRISM 7500 real-time PCR System (ABI, USA) 
and SYBR Green I fluorescent kit (DRR041A, Takara Biotechnology 
Ltd., Dalian, China), with U6/GAPDH as internal reference. On the 
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basis of 2−△△Ct, we calculated the relative expression quantity of 
target gene.24 The experiment was repeated for 3 times to obtain 
the mean value.

2.11 | Western blot

Hippocampal tissue protein was extracted to detect the protein 
concentration using BCA (Bicinchoninic acid) Protein Assay Kit 
(Wuhan Boster Biological Technology Ltd., Wuhan, Hubei, China). 
The extracted protein was added with loading buffer, boiled at 
95°C for 10 minutes and loaded into each well at 50ug/well for 
conducting 10% polyacrylamide gel (Wuhan Boster Biological 
Technology Ltd., Wuhan, Hubei, China) electrophoresis in order 
to extract protein at 80 v to 120 v. We conducted wet transfer‐
ence at 100 mv for 70 minutes to polyvinylidenefluoride (PVDF) 
membrane. Then, PVDF membrane was sealed in 5% bovine serum 
albumin (BSA) at room temperature for 1 hour and added with 
primary antibody TLR4(ab13556, 1/500), p38 (phospho T180 +  
Y182)(ab4822, 1/1000),JNK1 + JNK2 (phospho T183 +  Y185)
(ab4821, 1/1000), LC3 (ab51520,1/3000), Beclin-1(ab62557, 
1 μg/mL), p62(ab56416, 1/2000), ATG5 (ab108327, 1/10 000), 
ATG7(ab52472, 1/100 000), ATG12 (ab15589, 1/1000), Bcl-2 
(ab32124, 1/1000), Bax (ab32503, 1:2000), antiactive Caspase-3 
(ab49822, 1/1000), β-actin (ab8226, 1 μg/mL) for overnight incu‐
bation at 4°C. All primary antibodies were purchased from Abcam 
Inc. (Chicago, IL, USA). With Tris-buffered saline tween (TBST) 
washing for 5 minutes ×3 times, PVDF membrane was incubated 
in secondary antibody (1: 1000, Abcam Inc., Cambridge, UK) at 
room temperature for 1 hour. After washing for 5 minutes ×3 
times, the immunoreactive proteins were developed by enhanced 
chemiluminescence (ECL, Thermo) and analyzed by Bio-rad Gel 
Dol EZ imager (GEL DOC EZ IMAGER, Bio-rad, California, USA).
Taking β-actin as loading control, Image J software was applied 
to analyze gray value of target band. We conducted every experi‐
ment 3 times for mean value.

2.12 | Electron microscopy analysis

The hippocampus of rats in each group were kept in 4% glutaral‐
dehyde at 4°C for 24 hours and fixed in 1% osmium acid, followed 
by dehydration in acetone, embedding in Epon resin (EMS, Fort 
Washington, PA, USA), and staining with lead citrate. Transmission 
electron microscopy (TEM) was used to explore the ultrastructural 
morphology in the brain section.

2.13 | Statistical analysis

The SPSS 21.0 software (SPSS Inc., Chicago, IL, USA) was applied 
to analyze data. Expressed as mean ± standard deviation (SD), the 
comparison of measurement data among groups was analyzed using 
one-way ANOVA, and comparison between 2 groups was analyzed 
by t-test. P value of <0.05 was regarded as statistical significance.

3  | RESULTS

3.1 | MiR-181b directly targets TLR4

Bioinformatics analysis using microRNA.org (http://www.microrna.
org/microrna/home.do) identified that TLR4 is the downstream 
target gene of miR-181b (Figure 1A). The Dual-luciferase reporter 
assay showed that in TLR4-Mut group, the luciferase activity in both 
NC group and miR-181b group was out of significance (P > 0.05). 
However, in TLR4-WT group, the luciferase activity of miR-181b was 
significantly decreased when compared with NC group (P < 0.05, 
Figure 1B).

3.2 | Behavior, spatial memory, and EEG recording 
observation

KA-induced rats presented epileptic seizure, and the severity was 
enhanced with the increase in the number of injections, and the 

F IGURE  1 TLR4 was identified as a 
direct target of miR-181b. Notes: A, Site 
for miR-181b binding to TLR4 predicted by 
microRNA.org (http://www.microrna.org/
microrna/home.do); B, miR-181b regulates 
TLR4 expression shown in Dual-luciferase 
reporter assay in PC12 cells. ****P < 0.001, 
compared with other groups
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rats were gradually observed facial clonus, head nodding, forelimbs 
twitching and cramp, generalized muscle clonus, generalized tonic-
clonic seizure, tumbling, and falling. During 4 days of training, the 
escape latency for rats was longer in each KA group than Control 
group, while rats in KA + miR-181b group and KA + TAK-242 group 
were shorter than KA group (both P < 0.05, Figure 2A). In addi‐
tion, the platform crossing times in KA group was far more than 
control group, but with injection of miR-181b and TAK-242, it was 
much less than KA group (both P < 0.05, Figure 2B). EGG analysis 
(Figure 2C-E) showed that rats in Control group had normal behav‐
iors with no epileptic seizure (normal basis wave and Racine stage 
0). Among KA rats, KA + miR-Scr group, and KA + miR-181b + LPS 
group, the epileptic seizure in rats was classified as stage IV-V, and 

EEG appeared a single pike wave, sharp wave, and spike and spike-
and-slow-wave complexes, which gradually evolved into a pattern 
of high-frequency amplitude. However, the epileptic seizure of rats 
was obviously reduced to stage I-II, and EEG showed less epileptic 
wave frequency, decreased amplitude, and a small amount of low-
amplitude sharp wave and spike wave after being injected with miR-
181b and TAK-242.

3.3 | Observation of HE staining and Nissl staining

HE staining (Figure 3) demonstrated that juvenile rats in Control 
group had normal hippocampal tissues, and pyramidal cells were 
regularly arranged with uniformly stained. While, in KA group, KA + 

F IGURE  2 Behavior, spatial memory, and EEG recording observation of rats in each group. Notes: A, The escape latency for rats in each 
group; B, the platform crossing times for rats in each group; C-E rats were analyzed by EEG recording and representative images are shown. 
Quantitative comparison for amplitude (D) and spike frequency (E) of seizure EEG studies
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F IGURE  3 Observation of HE staining and Nissl staining for the hippocampus morphological changes in each group (×400)
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F IGURE  4 Expressions of miR-181b and TLR4/P38/JNK signaling pathway-related proteins in the hippocampus of KA-induced juvenile 
epileptic rats. Notes: A-B, Expressions of miR-181b (A) and TLR4 mRNA (B) in the hippocampus of KA-induced juvenile epileptic rats 
detected by qRT-PCR; C-D, Expressions of TLR4 and P38/JNK signaling pathway-related proteins detected by western blot
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miR-Scr group, and KA + miR-181b + LPS group, cells were arranged 
in disorder in areas CA1 and CA3 of the rat hippocampus with 
deeply stained violet, and some other abnormalities also presented, 
including cytoplasm vacuoles, neuronal swelling, shrinkage, cell vol‐
ume reduction, especially in CA3 region. In KA + miR-181b group 
and KA + TAK-242 group, rats showed alleviated cell damage, mild 
degeneration and cellular swelling, loosened cellular arrangement, 
and mild proliferation of glial cells. Nissl staining (Figure 3) results 
of CA3 region in hippocampal tissue demonstrated that in Control 
group, the granule cells of hippocampus in rats were arranged tidily. 

The cells of KA group were large and sparsely arranged. Compared 
with KA group, the granule cells in KA + miR-181 band KA + TAK-242 
groups were significantly reduced with spotty necrosis.

3.4 | Expressions of miR-181b and TLR4/P38/JNK 
pathway proteins in the hippocampus of rats

As shown in Figure 4, in contrast to Control group, both KA 
group and KA + miR-Scr group revealed a significant decrease in 
miR-181b expression and obvious elevations of TLR4 and P38/

F IGURE  5 MiR-181b mediates P38/JNK signaling pathway to inhibit the apoptosis of hippocampus of KA-induced epileptic juvenile rats 
via targeting TLR4. Notes: A-B, Cell apoptosis in the hippocampus of KA-induced epileptic juvenile rats detected by TUNEL staining; C-F, 
Apoptosis-related protein expressions [including Caspase-3 (D), Bcl-2 (E) and Bax (F)] detected by western blot

Control KA KA + miR-Scr

KA + miR-181b KA + TAK-242 KA + miR-181b + LPS

(A)

N
um

be
r o

f T
un

el
 p

os
iti

ve
 c

el
ls

 / 
10

0 
μm

2

0

5

10

15

20
Control
KA
KA + miR-Scr
KA + miR-181b
KA + TAK-242
KA + miR-181b + LPS

a

b b b

c c

(B)

cleaved 
Caspase 3

Bcl-2

Bax

β-actin

Contro
l

KA

KA + m
iR-Scr

KA + m
iR-181b + LPS

KA + m
iR-181b

KA + TAK-242

Th
e

re
la

tiv
e

ex
pr

es
si

on
of

cl
ea

ve
d 

C
as

pa
se

 3

0.0

0.5

1.0

1.5
Control
KA
KA + miR-Scr
KA + miR-181b
KA + TAK-242
KA + miR-181b + LPSa

b b
b

c c

(C) (D)

Th
er

ela
tiv

ee
xp

re
ss

io
n

of
Bc

l-2

0.0

0.5

1.0

1.5

a

b b b

c c

Th
e

re
la

tiv
e

ex
pr

es
si

on
of

B
ax

0.0

0.2

0.4

0.6

0.8

1.0
Control
KA
KA + miR-Scr
KA + miR-181b
KA + TAK-242
KA + miR-181b + LPSa

b b b

c c

(E) (F)



     |  119WANG et al.

JNK pathway-related proteins (including p-P38 and p-JNK) (all 
P < 0.05). Moreover, miR-181b expression was significantly up‐
regulated in rats in the KA + miR-181b and KA + miR-181b + LPS 
groups as compared with KA group. Additionally, both miR-181b 
and TAK-242 can not only significantly down-regulate TLR4 ex‐
pression in hippocampus of KA-induced epileptic rats, but also 
inhibit P38/JNK signaling pathway (all P < 0.05). However, there 
were no significant differences in expressions of TLR4, p-P38, and 
p-JNK among KA, KA + miR-Scr, and KA + miR-181b + LPS groups 
(all P > 0.05).

3.5 | MiR-181b mediates P38/JNK signaling 
pathway to inhibit the apoptosis of hippocampus of 
KA-induced epileptic juvenile rats via targeting TLR4

The criterion for positive staining of TUNEL was that the nuclei 
were stained pale brown. In Control group, only very few posi‐
tive cells were observed in CA3 region of hippocampus. Compared 
with Control group, TUNEL-positive cells in hippocampus signifi‐
cantly increased, as well as the number of apoptotic cells in KA 
group and KA + miR-Scr group, and meanwhile, the proapop‐
totic protein (Bax and cleaved caspases-3) greatly increased, but 
antiapoptotic-protein Bcl-2 was evidently decreased (all P < 0.05). 
Moreover, miR-181b and TAK-242 can significantly lower the num‐
ber of apoptotic cells in KA-induced hippocampus, down-regulate 
Bax and cleaved caspases-3 expressions, but upregulate Bcl-2 ex‐
pression (all P < 0.05, Figure 5).

3.6 | MiR-181b mediates P38/JNK signaling 
pathway to inhibit the autophagy of hippocampus in 
KA-induced epileptic juvenile rats via targeting TLR4

Western blot was conducted to detect expressions of autophagy-
related proteins (including LC3II/I, Beclin-1, p62, ATG5, ATG7, and 
ATG12), and the results showed that KA could significantly increase ex‐
pressions of LC3II/I, Beclin-1, ATG5, ATG7, and ATG12, but decreased 
p62 expression (all P < 0.05). When compared with KA group, expres‐
sions of LC3II/I, Beclin-1, ATG5, ATG7, and ATG12 were substantially 
decreased in KA + miR-181b group and KA + TAK-242 group, but p62 
expression were increased (all P < 0.05). However, no significant dif‐
ferences were found in expressions of autophagy-related proteins 
among KA group, KA + miR-Scr group, and KA + miR-181b + LPS group 
(Figure 6A-B). Moreover, integral nuclear membranes, uniform distri‐
bution of chromatin, a variety of normal organelles, and no autophagy 
was observed in the Control group by using electron microscopy. The 
rats in KA and KA + miR-Scr groups showed autophagic lysosome with 
nuclear chromatin pyknosis. The rats from KA + miR-181b group and 
KA + TAK-242 group showed double-membrane structures with a few 
spherical lysosomes (Figure 6C).

4  | DISCUSSION

In this study, one of the most important results showed that 
the expression of miR-181b was down-regulated but TLR4 was 

F IGURE  6 MiR-181b mediates P38/JNK signaling pathway to inhibit the autophagy of hippocampus in KA-induced epileptic juvenile rats 
via targeting TLR4. Note:A-B, Expressions of autophagy-related proteins (including LC3 II/I, ATG5, Beclin-1, p62, ATG7, and ATG12) in the 
hippocampus of KA-induced epileptic juvenile rats detected by western blot; C, Electron microscopy analysis using transmission electron 
microscopy (TEM); the arrow refers to the autophagosomes and double-membrane structures
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upregulated in hippocampus of KA-induced epileptic juvenile rats. 
For the past few years, several studies revealed a close relationship 
between the abnormal expression of miR-181 family and epilepsy. 
For example, miR-181a, another miR-181 family members, was ob‐
served to be overexpressed in epileptic rats and patients with tem‐
poral lobe epilepsy, which might damage cognitive function via the 
reduction ofBcl-2 expression and the promotion of apoptosis in the 
hippocampus.25,26 On the contrary, the significantly lowered expres‐
sion of miR-181c-5p was found in epileptic patients in contrast to 
normal control group,27 and this miRNA could exert neuronal pro‐
tection via inhibiting tumor necrosis factor,28 suggesting that the 
members of miR-181 family may play a pathogenic or inhibitory role 
in epilepsy through affecting the downstream genes. In the study 
by Zhang et al,29 miR-181b, as an antiapoptotic gene, had the simi‐
lar expression pattern as our findings in the hippocampus of postSE 
rats through regulating Nrarp and Notch signaling pathway. On the 
other hand, the enhanced proinflammatory cytokines levels in pa‐
tients with chronic epilepsy provided evidence for the neuro inflam‐
mation involvement in epileptogenesis,30,31 which were generated 
via the activation of TLRs by exogenous and endogenous ligands.3 
As the first found member of TLRs, TLR4 was expressed in a variety 
of normal brain cells, which was closely related to the occurrence 
and development of epilepsy.32,33 For instance, TLR4 signaling path‐
way was evidently activated in the hippocampus of KA-induced im‐
mature rats, as reported by Chen Yet al,34 and meanwhile, Maroso 
et al35 pointed out that the antagonists of TLR4 could not only block 
epilepsy seizure, but also reduce acute and chronic seizure recur‐
rence. Notably, Dual-luciferase reporter assay in this study further 
highlighted the targeting relationship between miR-181b and TLR4, 
which was in accordance with study by Feng et al,18 implying that 
miR-181b may play an important role in the process of epilepsy by 
modulating TLR4.

To further explore the interaction between miR-181b and 
TLR4, as well as its underlying mechanism in epilepsy, we gave an 
injection of miR-181b agomir or TAK-242 (TLR4 inhibitor) to KA-
induced epileptic juvenile rats, and our findings demonstrated 
that the spatial memory abilities of rats, as a kind of advanced 
neural activity of brain, which was an important element of both 
cognition and intelligence structure, whereas many epileptic pa‐
tients have severe cognitive impairment, were significantly im‐
proved.36,37 Besides, miR-181b and TAK-242 in this work could 
significantly inhibit the cell apoptosis in hippocampus tissue 
of KA-induced epileptic rats, with down-regulation of Bax and 
cleaved caspases-3 expressions but upregulation of Bcl-2. As we 
know, SE seizure may result in morphological changes of hippo‐
campal neurons, such as cellular swelling, rupture, karyopyknosis 
or karyolysis, apoptosis, and autophagic corpuscle formation.38 
While apoptosis, as a critical programmed cell death, exerts vital 
effects on hippocampal neuron injury postseizure,39 and inhi‐
bition of apoptosis has important neuro-protective effects on 
hippocampal neuronal injury postseizure.40,41 Currently, grow‐
ing evidence supported that neuronal apoptosis can lead to up‐
regulation of proapoptotic protein Bax and downregulation of 

antiapoptotic proteinBcl-2 after SE seizure. In addition, Bax also 
moves from cytoplasm to mitochondria, and induces cytochrome 
c released from mitochondria induced proteolytic cleavage of 
procaspase-3, thereby completing the process of apoptosis.42,43 
Thus, we reasonably hypothesized that miR-181b can inhibit cell 
apoptosis via targeting TLR4 in epileptic seizure. Moreover, we 
also discovered that miR-181b and TAK-242 can dramatically sup‐
press autophagic-related proteins (LC3II/I, Beclin-1, ATG5, ATG7, 
and ATG12) in hippocampus, and also induce autophagy of hip‐
pocampal neurons after seizure.38 To our knowledge, autophagy 
was strictly regulated and controlled by autophagy-related mol‐
ecules(collectively termed Atgs),38 and the amount of LC3-II or 
the ratio of LC3-II/LC3-I can reflect the autophagic activity.44 As 
such, miR-181b may inhibit the autophagy of hippocampus in rats 
via negative regulation of TLR4.

Furthermore, this study also exhibited that expressions of p-
P38 and p-JNK were significantly increased in KA-induced epilep‐
tic rats, but were evidently inhibited with injection of miR-181b 
and TAK-242. It was noteworthy that JNK/P38 signaling path‐
way was a vital part of mitogen-activated protein kinase family, 
mitogen-activated protein kinase which was important in apop‐
tosis and autophagy by transmitting extracellular stimuli to the 
nucleus.45,46 There was evidence that TLR4 can regulate P38/JNK 
signaling pathway to influence disease progression, in the study by 
Chen et al,47 reported that the TLR4-p38 and JNK MAPK signaling 
pathway helps to stimulate the inflammatory cytokine produc‐
tion secreted by injured normal human epidermal keratinocytes. 
More importantly, P38/JNK signaling pathway was reported to be 
correlated with epilepsy, which was activated in rat hippocampus 
postkainic acid-induced seizure.48 Besides, in refractory epileptic 
rats, suppressing p38 signaling weakened multidrug transporter 
activity and antiepileptic drug resistance.49 Last but not least, 
there were no significant alterations after rats accepted injection 
of miR-181b agomir and LPS (TLR4 activator).

Therefore, our study provided evidence that miR-181b may 
mediate P38/JNK signaling to inhibit hippocampal apoptosis and 
autophagy via negatively regulating TLR4, thereby acting as a neuro‐
protective role in KA-induced epileptic rats.
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