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Abstract
The mechanism contributing to blood-brain barrier (BBB) disruption, involved in poststroke edema and hemorrhagic transfor-
mation, is important but elusive. We investigated microRNA-21 (miR-21)-mediated mechanism in the disruption of BBB
following cerebral ischemia-reperfusion (I/R) injury. Rats with cerebral I/R injury were prepared after middle cerebral artery
occlusion and subsequent reperfusion. The underlying regulatory mechanisms of miR-382 were investigated with treatment of
miR-382 mimics, miR-382 inhibitors, or SB203580 (an inhibitor of the MAPK signaling pathway) prior to I/R modeling.
Compared with sham-operated rats, rats following I/R showed increased Longa’s scores, ischemic hemisphere volume, cerebral
infarct volume, EB content in brain tissues, enhanced levels of p38, iNOS, and MMP-9. The ectopic expression of miR-21 by
mimics and MAPK signaling inhibition by SB203580 reduced Longa’s scores, ischemic hemisphere volume, cerebral infarct
volume, EB content in brain tissues, decreased levels of p38,MAP2K3, iNOS, andMMP-9. The luciferase activity determination
showed miR-21 bound to MAP2K3 in its 3′UTR. miR-21 downregulation mediated by inhibitors appeared to yield an opposed
trend. We also found that MAPK signaling inhibition by SB203580 could rescue rats with treatment of miR-382 inhibitors. The
study highlights the neuroprotective role ofMiR-21 during cerebral I/R injury and its preventive effect against BBB disruption by
blocking the MAPK signaling pathway via targeted inhibition of MAP2K3, potentially opening a novel therapeutic avenue for
the treatment of cerebral ischemia.
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Introduction

Cerebral ischemia is the loss or damage of neuronal function
in the brain, which is commonly attributed to transient or
permanent reduction in cerebral blood flow (Chumboatong
et al. 2017; Hughes and Im 2016). Currently, reperfusion re-
mains the standard therapy for ischemia to restore blood

supply, but it usually generates reperfusion injury (Wu et al.
2017). Ischemia-reperfusion (I/R) injury has been manifested
to be the third leading cause of death worldwide (Su et al.
2016). Cerebral I/R injury is followed by brain ischemia and
exacerbated by an abrupt blood supply (Tang et al. 2016).
Cerebral I/R injury cannot only aggravate cerebral injury
and neurological impairment, but also enhance revasculariza-
tion and cerebral infarction (Yu et al. 2015). The pathogeneses
for tissue injuries following reperfusion include excessive pro-
duction of reactive oxygen species, oxidative stress, mito-
chondrial dysfunction, and protein oxidation (Zhang et al.
2016). microRNAs (miRNAs) are also involved in the patho-
logical processes of cerebral I/R injury, in spite of the poorly
defined biological functions and signal transduction pathway
(Min et al. 2015).

miRNAs are a class of highly conservative double-stranded
non-coding RNAs with length of 19–24 nucleotides, which
play crucial roles in mediating cell fate in neural stem cells in
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the development of brain (Verma et al. 2016; Ma et al. 2017).
miRNAs bind the target messenger RNAs (mRNAs) in the 3′
untranslated region (UTR) and silence the translation by
RNA-induced silencing complexes (RISCs) on the basis of
complementary base-pairing (Kadera et al. 2013). In the hip-
pocampus, miRNAs are crucial effectors in neuronal develop-
ment and regulators for sustainability of neuronal phenotype
(Deng et al. 2013). Commonly, miRNAs, in the central ner-
vous system, are associated with the occurrence and progres-
sion of multiple diseases, such as cerebral ischemic stroke
(Sun et al. 2013), Parkinson’s disease (Cho et al. 2013), and
cerebral I/R/ injury (Tao et al. 2015; Liu et al. 2016), but how
the miRNAs exert the effects remains to be determined.
microRNA-21 (miR-21) is an anti-apoptotic factor in cell bi-
ological activities, and the effects of miR-21 have seldom
been explored in neurologic diseases, especially cerebral I/R
injury (Buller et al. 2010), though its roles have been pointed
out in cell proliferation and apoptosis in spinal cord neurons
(Jiao et al. 2015) and the malignant progression of glioma
(Kwak et al. 2011). Mitogen-activated protein kinase
(MAPK) is a class of serine/threonine kinases and transmits
signals when activated by extracellular stimuli from cell mem-
brane to the nucleus (Sun and Nan 2016; Hao et al. 2013). The
MAPK signaling is implicated in production of inflammatory
cytokines, neuronal death, and survival in brain injuries
caused by ischemia and hemorrhage (Ansar et al. 2013).
This present study aimed to identify the expression of miR-
21 in rat models of cerebral I/R injury and its effects on neural
function and BBB permeability through the MAPK signaling
pathway.

Materials and Methods

Experimental Animals

Specific pathogen-free (SPF) male Sprague-Dawley (SD) rats
(n = 96), weighing 220 ~ 240 g, were used for the following
experiments. They were all purchased from Hunan Slac
Laboratory Animals Co., Ltd. (Changsha, Hunan, China).
Before being used in the experiments, the rats were allowed
to adapt to the new conditions for 1 week, with free access to
food and water. The environmental conditions were controlled
of temperature (20 ~ 25 °C), relative humidity (60 ~ 70%).
The rats were maintained without noise exposure for at least
24 h, and they were deprived of food but not water before
surgery.

Establishment of Cerebral I/R Injury Rat Model

Before surgery, rats were deprived of food for 12 h, but
allowed with free access to water. After weighing, rats were
anesthetized by an intraperitoneal injection with 3%

pentobarbital sodium (30 mg/kg body weight, Sigma
Chemical Co., St. Louis, Missouri, USA). Being fixed on
the operation table in the supine position, rats were shaved
and disinfected conventionally. A midline incision of approx-
imately 1.5 cm was made in the cervical region. Fascia
superficialis was separated between submandibular glands of
both sides. The sternocleidomastoid muscles and sternohyoid
muscles were separated by blunt dissection, so as to expose
the right common carotid artery (CCA) and fully separate
internal carotid artery (ICA) and external carotid artery
(ECA). The ECA and the CCAwere also ligated at the distal
and proximal ends. Then, the ICAwas clamped with an artery
clamp at the end proximal to the cranium. A thread was
inserted below the CCA proximal to bifurcation and then li-
gated loosely. An opening was made between the left CCA
ligation position and the bifurcation of CCA, and the thread
occlusion was inserted into the opening. When the thread was
tightened up, the artery clamp was loosened to restore blood
supply. Along the ICA, the thread was sent to the cranium at a
depth of 18 ~ 20 mm with slight resistance, which suggested
that the tip of the thread reached the starting end of middle
cerebral artery (MCA). In the sham group, the thread was
ligated in the CCA, but it was not inserted into the MCA.
Incisions were sutured layer by layer, and the end of the thread
(approximately 1 cm) was left out of the skin incision. After
the thread was inserted in the MCA for 90 min, the reserved
thread was pulled out gently till resistance was felt. The
starting end of the thread got back to the bifurcation of
CCA. Then, blood supply of the MCA was recovered, and
cerebral reperfusion was induced. After extra thread was cut
off, rat models of cerebral I/R injury were established. General
conditions of rats were observed until they recovered from
anesthesia. On the basis of Zea Longa 5-point scale (Bushi
et al. 2017), neurologic deficits were evaluated to verify es-
tablishment of cerebral I/R injury rat models.

Animal Grouping and Treatment

SD rats (n = 96) were classified into six groups. Sham group:
the thread was ligated in the CCA without inserting into the
MCA; I/R group: rat models of cerebral I/R injury, lateral
ventricle was injected with dimethyl sulfoxide (DMSO,
5 μl) 30 min before ischemia (Kim et al. 2004; Chen et al.
1996); miR-21 mimic group: cerebral I/R injury + miR-21
mimic (synthesized by Guangzhou RiboBio Co., Ltd.,
Guangzhou, Guangdong, China), lateral ventricle was
injected with miR-21 mimic (10 μl) 30 min before ischemia;
miR-21 inhibitor group: cerebral I/R injury +miR-21 inhibitor
(synthesized by Guangzhou RiboBio Co., Ltd., Guangzhou,
Guangdong, China), lateral ventricle was injected with miR-
21 inhibitor (10 μl) 30 min before ischemia; miR-21 inhibi-
tor + SB203580 group: cerebral I/R injury +miR-21 inhibi-
tor + SB203580 (inhibitor of the MAPK signaling pathway,
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Sigma Chemical Co., St. Louis, Missouri, USA), lateral ven-
tricle was injected with miR-21 inhibitor (10 μl) and
SB203580 (5 μl, dissolved in 0.1 nmol/μl solution using 1%
DMSO) 30 min before ischemia; SB203580 group: cerebral
I/R injury + SB203580 (5 μl, dissolved in 0.1 nmol/μl solu-
tion using 1%DMSO) 30min before ischemia. In each group,
the solution was slowly injected (1 μl/min) after the syringe
needle was inserted in the ventricle. After injection, the sy-
ringe needle was retained in the injection site for 3 min and
then pulled out slowly. The injection sites on the surface of the
craniumwere sealed with bone wax, and the scalp was sutured
and disinfected.

Zea Longa 5-Point Scale for Evaluation of Neurologic
Deficits

Twenty-four hours following reperfusion, neurologic deficits
in rats of all the six groups were assessed by Zea Longa 5-
point scale (Bushi et al. 2017): 0, no deficit; 1, mild deficit,
failure to extend left forepaw fully; 2, medium deficit, circling
to the left lateral side; 3, falling to the contralateral side; and 4,
severe deficit, no spontaneous walking, with a loss of
consciousness.

Determination of Cerebral Edema Severity and Infarct
Size

Rats (eight for each group) were intraperitoneally anesthetized
with pentobarbital sodium and sacrificed by cervical disloca-
tion 24 h after reperfusion. Intact brain tissues were extracted
on the ice and stored immediately in a refrigerator for 30 min
at − 20 °C. Then, brain tissues were sliced coronally to sec-
tions of 2 mm. Based on the method reported by Bederson
et al. (1986), brain sections were incubated in 2% 2,3,5-tri-
phenyltetrazolium chloride (TTC) solution in a warm water
bath at 37 °C for 20 min. After staining, the sections were
fixed in 4% paraformaldehyde for 24 h. According to the
order of brain sections, the front and back sides were
photographed, respectively, by a digital camera. ImageJ
1.42I software was performed to calculate the mean infarct
size of the front and back sides, the mean ischemic hemisphere
area of the front and back sides, the mean area of the other
hemisphere of the front and back sides, edema severity, and
the increased percentage of ischemic hemisphere volume of
each brain section. On the basis of the method provided by
Belayev et al. (1996), effect of cerebral edema on infarct size
was corrected, and the percentage of infarct volume was
calculated.

Determination of Blood-Brain Barrier Permeability

Eight rats were selected from each group. Twenty-four hours
after reperfusion, rats were lightly anesthetized with

pentobarbital sodium via intraperitoneal injection. Through
the caudal vein, 2% Evans blue (EB) in normal saline (2 ml/
kg) was injected. After injection of EB for 1 h, the anesthesia
was deepened. The rats were fixed in the supine position. The
thorax was opened immediately. A venous indwelling needle
was intubated through the left ventricle to the aorta and fixed
then. Along the indwelling needle, the heart was perfused and
rinsed using normal saline with a pressure of 100 mmHg to
wash EB in the vessels. The right atrial appendage was cut
open. The perfusion was stopped when the effluent from the
right atria turned clear, and each rat needed approximately
150 ml normal saline. After perfusion of normal saline in the
heart, the rats were decapitated to extract the brain. The left
and right cerebral hemispheres were separated, and the arach-
noid membrane, blood clots, and choroid plexuses on the cor-
tex were removed. Following that, the hemispheres were im-
mersed in the formamide with known volume, and the volume
of the brain was measured and recorded. Formamide was sup-
plemented until it was five times of the volume of the brain.
After water bath at 37 °C for 48 h, optical density (OD) values
were determined at the wavelength of 620 nm, with formam-
ide as the blank control. According to the standard curve, EB
content (μg/ml) was measured, and the content of brain tissues
(μg/ml) was five times of the content of EB.

Determination of Changes of Ultrastructure of BBB

The anesthetized rats were fixed on the operation table. The
thorax was opened immediately. A venous indwelling needle
was intubated through the left ventricle. The heart was per-
fused using normal saline. When the effluent from the right
atria turned clear, the rats were perfuse-fixed with 2.5% glu-
taraldehyde fixing solution. The cranium was opened and
brain tissues were extracted. Cortex of the right parietal lobe
was extracted and cut into 1 mm3 blocks with a double-edged
blade. The cortex blocks were fixed in the above-mentioned
fixing solution for 2 h, and then fixed in 1% osmic acid. After
that, the blocks were dehydrated in graded ethanol, embedded
in epoxy resin Epon 812, and sliced to ultrathin sections by an
ultrathin slicer (Leica Microsystems GmbH, Wetzlar,
Germany). After uranium and lead staining, sections were
observed and photographed under a Hitachi 7500 transmis-
sion electron microscope.

Luciferase Reporter Gene Assay

The target gene analysis of miR-21 was performed using the
biological prediction website microRNA.org and whether
MAP2K3 was a target of miR-21 was verified using luciferase
reporter gene assay. A complementary sequence mutation site
of the seed sequence was designed based on the MAP2K3
wild type (WT). Plasmid extraction was conducted according
to kit’s instructions. The correct luciferase reporter plasmids of
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WT and mutant type (MUT) were co-transfected into HEK-
293T cells with miR-21 using Lipofectamine 2000
(Invitrogen, Carlsbad, California, USA) according to the man-
ufacturer’s instructions, respectively. Negative controls for
MAP2K3-3′UTR-WT and MAP2K3-3′UTR-MUT were pre-
pared. Cells were harvested at 48 h after transfection, in which
the luciferase activity was allowed to be determined. At least
three independent experiments were performed.

Reverse Transcription Quantitative Chain Reaction

Total RNAwas extracted to determine the concentration and
purity. According to the instructions of a reverse transcription
kit (DRR047S, Takara Biotechnology Ltd., Dalian, Liaoning,
China), the sample RNA was reversely transcribed into
cDNA, with a total system of 10 μl. The reversely transcribed
cDNAwas diluted with 65 μl diethyl-pyrocarbonate (DEPC)-
treated water, followed by full blending. The reaction system
for RT-qPCR was set as follows: 5 μl of SsoFast EvaGreen
Supermix (1708882, Bio-Rad, Hercules, CA, USA), 0.5 μl of
forward primer (10 μM), and 0.5 μl reverse primer (10 μM)
and 4 μl cDNA. The amplification conditions were 30 cycles
of pre-denaturation at 95 °C for 1 min, denaturation at 95 °C
for 30 s, and annealing at 58 °C for 5 s, followed by extension
at 72 °C for 5 s. The primers were synthesized by Shanghai
Invitrogen Biotech Co., Ltd. (Shanghai, China), and details
are displayed in Table 1. Taking U6 and β-actin as the internal
controls, each gene of each sample was repeated for three
times. Melting curves were plotted to assess reliability of
PCR results. The relative expression of target genes was cal-
culated by the 2−△△Ct method (Tuo et al. 2015) with the inflec-
tion point of amplification curve as Ct value: △Ct = Ct(target

gene) − Ct(internal control), △△Ct = △Ct (experimental
group) − △Ct(control group). The experiment was repeated
for three times.

Western Blotting

Protein levels of p38, iNOS, and MMP-9 in the brain tissues
surrounding MCA and cerebral capillaries of rats were deter-
mined by Western blotting. The brain tissues were extracted
and homogenized in lysis buffer, followed by standing for
30 min. After that, brain tissues were centrifugated (3000g)
at 4 °C for 15 min, and the supernatant was collected and
stored at − 20 °C for further use. Bovine serum albumin
(BSA, 2 μg/μl) was diluted by phosphate-buffered saline
(PBS) to concentrations of 20, 15, 10, 5, 2.5, and 0 μg/ml.
A bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) was applied to measure
protein concentration according to the instructions.
Electrophoresis was performed at 4 °C with stacking gel at
80 V and running gel at 120 V. The separated proteins were
transferred onto polyvinylidene fluoride (PVDF) membrane
by wet transfer. Then, the proteins were blocked using 5%
skim milk in Tris-buffered saline with Tween 20 (TBST),
followed by incubation at room temperature for 2 h. The pri-
mary antibodies of p38 (1: 1000, Merck Millipore, Billerica,
MA, USA), phosphorylated-p38 (p-p38, 1: 1000, Merck
Millipore, Billerica, MA, USA), MAP2K3 (1 μg/ml,
Abcam, Cambridge, UK), iNOS (1 μg/ml, Abcam PLC,
Cambridge, UK), and MMP-9 (1 μg/ml, Abcam PLC,
Cambridge, UK) were added to incubate at 4 °C overnight.
After TBST washing for three times (10 min per wash), sec-
ondary antibodies (1:10,000, ProteinTech Group, Chicago, IL,

Table 1 Primer sequences for
reverse transcription quantitative
polymerase chain reaction

Gene Primer sequence(5′-3′)

miR-21 Forward: 5′-ACACTCCAGCTGGGTAGCTTATCAGACTGAT-3′

Reverse: 5′-ACTGGTGTCGTGGAGTCG-3′

U6 Forward: 5′-CCTGCTTCGGCAGCACA-3′

Reverse: 5′-AACGCTTCACGAATTTGCGT-3′

p38MAPK Forward: 5′-GTGATTGGTCTGTTGGATGTG-3′

Reverse: 5′-TGGATTATGTCAGCCGAGTG-3′

MAP2K3 Forward: 5′-CGGCTGCAAGCCCTACAT-3′

Reserse:5′-CTCCAGACGTCGGACTTGACA-3′

iNOS Forward: 5′-GAAAGCGGTGTTCTTTGCTTCT-3′

Reverse: 5′-CTTATACTGTTCCATGCAGACAACCT-3′

MMP-9 Forward: 5′-GTAACCCTGGTCACCGGACTT-3′

Reverse: 5′-ATACGTTCCCGGCTGATCAG-3′

β-actin Forward: 5′-GGCCCCTGCTGAAGCGTT-3′

Reverse: 5′-GATTCCACGAGCCCCTTG--3′

miR-21 microRNA-21, p38MAPK p38 mitogen-activated protein kinase, iNOS inducible nitric oxide synthase,
MMP-9 matrix metalloproteinase 9
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USA) were supplemented to incubate at room temperature for
1 h. Chemiluminescencewas conducted, and the images of the
gels were captured and analyzed.

Statistical Analysis

All the data were analyzed with SPSS 22.0 software (IBM
Corp, Armonk, NY, USA). The quantitative data were pre-
sented as mean ± standard deviation. Comparisons among
multiple groups were performed by one-way analysis of var-
iance (ANOVA), and t test for comparisons between two
groups when the data followed a normal distribution. The
level of significance was P < 0.05.

Results

Up-Regulated miR-21 and Inhibited MAPK Signaling
Pathway Attenuates Neurologic Deficits

Rats in the sham group did not show any neurological deficits.
Longa’s scores of the I/R group (2.51 ± 0.78) were significant-
ly higher than that in the sham group (P < 0.05). The miR-21
mimic group (1.52 ± 0.65) and the SB203580 group (1.83 ±
0.70) exhibited lower Longa’s scores than that in the I/R group
(P < 0.05). The Longa’s scores of the miR-21 inhibitor group
(3.09 ± 0.81) were higher than the I/R group (P < 0.05).
Compared with the SB203580 group, the Longa’s scores of
the miR-21 inhibitor + SB203580 group (2.74 ± 0.79) were
increased (P < 0.05) (Fig. 1). miR-21 ameliorated neurologic
deficits in rat models of cerebral I/R injury, and up-regulated

miR-21 expression or suppressed MAPK signaling pathway
repressed neurologic deficits.

Up-Regulated miR-21 and Inhibited MAPK Signaling
Pathway Reduces Severity of Cerebral Edema

The ischemic hemisphere volume of rats in the sham group
increased very little by 1.81 ± 1.42%. The I/R group showed
an increased ischemic hemisphere volume of 21.48 ± 1.59%,
which was larger than that in the sham group (P < 0.05). The
ischemic hemisphere volumes of the miR-21 mimic and
SB203580 groups increased, respectively, by 12.43 ± 1.63
and 16.23 ± 1.46%, which were significantly smaller than that
in the I/R group (P < 0.05). ThemiR-21 inhibitor group had an
increased ischemic hemisphere volume of 28.69 ± 1.87%,
which was larger than the I/R group (P < 0.05). Compared
with the SB203580 group, the miR-21 inhibitor + SB203580
group displayed an increased ischemic hemisphere volume of
23.25 ± 1.62% (P < 0.05) (Fig. 2). miR-21 decreased severity
of cerebral edema in rat models of cerebral I/R injury.
Inhibited miR-21 expression enhanced severity of cerebral
edema, which was the opposite situation when the MAPK
signaling pathway was inhibited.

Up-Regulated miR-21 and Inhibited MAPK Signaling
Pathway Reduces Cerebral Infarct Size

Rats in the sham group did not show any infarct the ischemic
hemisphere. The I/R group had an infarct volume of 28.56 ±
4.01%, which was significantly larger than that in the sham
group (P < 0.05). The infarct volumes of the miR-21 mimic
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and SB203580 groups were 20.15 ± 4.78 and 23.32 ± 2.76%,
which were decreased when compared with the I/R group
(P < 0.05). The miR-21 inhibitor group had an increased in-
farct volume of 35.24 ± 3.75%, as compared to the the I/R
group (P < 0.05). In comparison to the SB203580 group, the
miR-21 inhibitor + SB203580 group exhibited an elevated in-
farct volume of 29.39 ± 3.59% (P < 0.05) (Fig. 3). miR-21
decreased infarct volume in rat models with cerebral I/R inju-
ry. Suppressed miR-21 expression promoted increase of in-
farct size, while inhibition of the MAPK signaling pathway
curtailed the progression of the cerebral infarct size caused by
under-expressed miR-21.

Up-Regulated miR-21 and Inhibited MAPK Signaling
Pathway Abates the Increase of BBB Permeability
Disruption

The EB content in rat brain tissues of the sham group was
3.35 ± 1.26 μg/ml. The I/R group showed higher EB content
of 52.34 ± 14.02 μg/ml than the sham group (P < 0.05). In
comparison with the I/R group, the miR-21 mimic and
SB203580 groups showed decreased EB contents of 27.75
± 10.98 and 32.32 ± 11.32 μg/ml (P < 0.05). The miR-21 in-
hibitor group displayed an EB content of 76.02 ± 17.08 μg/ml,
which was higher than the I/R group (P < 0.05). Compared
with the SB203580 group, the miR-21 inhibitor + SB203580
group showed significantly increased EB content of 62.65 ±
17.28 μg/ml (P < 0.05) (Fig. 4). miR-21 decreased BBB per-
meability in rat models of cerebral I/R injury. Repressed miR-
21 expression increased BBB permeability, but inhibitor of the
MAPK signaling pathway reduced the increase of BBB per-
meability caused by miR-21 under-expression.

Changes of BBB Ultrastructure in Rats of Each Group

Rats in the sham group did not exhibit any obvious
changes surrounding cerebral capillaries and in the lumen.
Rats in the I/R group had severe edema surrounding cap-
illaries in the cortex of ischemic reperfusion and squeezed
lumen of capillaries. The miR-21 mimic and SB203580
groups showed mild edema surrounding capillaries and
mild squeeze to lumen of capillaries. The miR-21 inhibi-
tor group showed more severe edema and squeeze than
the I/R group. The miR-21 inhibitor + SB203580 group
had even more severe edema and squeeze than the
SB203580 group (Fig. 5).

miR-21 Targets MAP2K3

Furthermore, we examined whether miR-21 could directly
regulate MAP2K3 by means of target prediction program
and luciferase activity determination. The results showed
that MAP2K3 was the target gene of miR-21 (Fig. 6a),
and there was a specific binding region between 3′UTR of
the gene and the miR-382 sequence. The targeting rela-
tionship between miR-21 and MAP2K3 was verified by
luciferase reporter gene assay (Fig. 6b). The results
showed that the luciferase activity of MAP2K3 WT 3′-
UTR was significantly inhibited by miR-21 (p < 0.05),
while the luciferase activity of mutant 3′-UTR did not
show the same effect (p > 0.05), indicating that miR-21
may specifically bind to MAP2K3-3′-UTR and downreg-
ulate MAP2K3 expression at post-transcriptional level.
The results above indicated that miR-21 binds to
MAP2K3 in its 3′UTR.
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Up-Regulated miR-21 Represses the Expression
of MAPK Signaling Pathway-Related Genes

RT-qPCR (Fig. 7) was performed to measure miR-21 expres-
sion and mRNA levels of p38, MAP2K3, iNOS and MMP-9.
The I/R group had lower miR-21 expression and higher
mRNA levels of p38, MAP2K3, iNOS, and MMP-9 than
those in the sham group (P < 0.05). Compared with the I/R
group, the miR-21 mimic and SB203580 groups showed in-
creased miR-21 expression and reduced mRNA levels of p38,
MAP2K3, iNOS, and MMP-9 (P < 0.05), while the miR-21
inhibitor group displayed an opposite tendency (P < 0.05). In
comparison with the SB203580 group, the miR-21 expression
was decreased and the mRNA levels of p38,MAP2K3, iNOS,
and MMP-9 were elevated in the miR-21 inhibitor +
SB203580 group (P < 0.05).

Up-Regulated miR-21 Represses the Expression
of MAPK Signaling Pathway-Related Proteins

Protein expressions of p38, MAP2K3, iNOS, and MMP-9
were determined by Western blotting (Fig. 8). The I/R group
showed higher protein expression of p-p38/p38, MAP2K3,
iNOS, and MMP-9 than the sham group (P < 0.05).

Compared with the I/R group, the miR-21 mimic and
SB203580 groups had decreased protein expression of p-
p38/p38, MAP2K3, iNOS, and MMP-9, while those in the
the miR-21 inhibitor group was increased (P < 0.05). In
comparison to the SB203580 group, the miR-21 inhibi-
tor + SB203580 group displayed higher protein expression
of p-p38/p38, MAP2K3, iNOS, and MMP-9 (P < 0.05).

Discussion

Cerebral I/R injury is a serious challenge for the post-ischemia
treatment, since its injuries on the brain tissues are permanent
(Zhang et al. 2016). miR-21 has been proven to serve as crit-
ical regulators in the central nervous system (Zhang et al.
2012) and function recovery caused by I/R reperfusion injury
(Hu et al. 2014; Yang et al. 2015). This present study explored
howmiR-21 influences neural function and BBB permeability
in rat models of cerebral I/R injury through the MAPK signal-
ing pathway, in an attempt to find a novel therapeutic target.

Based on the results of RT-qPCR, miR-21 levels were re-
duced in rats with cerebral I/R injury. When neural functions
and BBB permeability were detected, we found that up-
regulated miR-21 curtailed the neurologic deficits, severity

Fig. 5 The changes of blood-brain barrier ultrastructure in rats of six groups. Note: miR-21, microRNA-21; I/R, ischemia-reperfusion

Fig. 6 MAP2K3 is a target gene
of miR-21 by the target prediction
program and determination of
luciferase activity. a miR-21
binds to the 3′UTR of MAP2K3.
b The luciferase activity is
decreased after treatment by a
combination of miR-21 mimics
and MAP2K3-3′UTR-wt;
*P < 0.05 compared with the
mimic NC
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of edema, infarct volume, BBB permeability disruption, and
exacerbation of BBB ultrastructure changes.When exposed to
ischemic conditions and reperfusion, neurons and astrocytes
showed altered miR-21 expression levels (Min et al. 2015).
Moreover, miR-21 has also been demonstrated to be lowly
expressed in myocardial ischemia injury, and it suppresses
cardiocyte apoptosis induced by hypoxia-reperfusion (Yang
et al. 2014). miR-21 has been verified to be an anti-apoptotic
and protective factor in cerebral ischemia by reducing the
expression levels of Fas ligand (FASLG) (Zhou and Zhang
2014). Specifically, miR-21 is of significance in decreasing
ischemic cell death through targeting the ligand inducing cell
death, and its overexpression confers neuroprotection against
neuronal death caused by ischemia (Buller et al. 2010). In
cardiac I/R injury, when miR-21 levels are raised, its protec-
tive effects are strengthened through regulating Akt and the
Bcl-2/Bax signaling pathway (Ma et al. 2016). On the other
hand, In diabetes mellitus combined with cerebral infarction,
miR-21 improves nerve defects by enhancing nerve regener-
ation and suppressing apoptosis of neurons through inhibition

of programmed cell death protein 4 (Guo et al. 2017). Similar
to our findings, upregulation of miR-21 decreases the infarct
volume in models of I/R injury, as well as enhances ventricu-
lar remodeling (Qin et al. 2012; Qiao et al. 2015). The study of
Ge et al. provides consistent results with our study, which
highlights that upregulation of miR-21 expression attenuates
neurological impairment after traumatic brain injury, as well
as ameliorates brain edema which is associated with BBB
leakage in rats (Ge et al. 2015). Inhibition of miR-21 expres-
sion represses the expression of the downstream target MMP-
9, which is involved in the pathogenesis of BBB permeability
increase and formation of infarct after cerebral ischemia (Di
et al. 2014). In the study of Friedman (Buatti et al. 1996), they
raised cats under irradiation. The Evans blue was detected in
cats due to long-time irradiations leading to stress, even the cat
brains were protected by U74389G. But in our study, the
animal treatment was performed according to the international
guidance for animal care and use, and animals were anesthetic
prior to I/R modeling and the Evans blue staining.
Psychological stress occurring may be the reason for low
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Fig. 7 Comparison on miR-21 expression and mRNA expression of p38,
iNOS, and MMP-9 in rat brain tissues of six groups detected by RT-
qPCR. Note: miR-21, microRNA-21; I/R, ischemia-reperfusion; iNOS,
inducible nitric oxide synthase; MMP-9, matrix metalloproteinase 9; RT-

qPCR, reverse transcription quantitative polymerase chain reaction;
*P < 0.05 compared with the sham group; #P < 0.05 compared with the
I/R group; &P < 0.05 compared with the SB203580 group

Fig. 8 Comparison on protein expression of p-p38/p38, iNOS, and
MMP-9 in rat brain tissues of six groups detected by Western blotting.
Note: miR-21, microRNA-21; I/R, ischemia-reperfusion; p-p38,
phosphorylated-p38; iNOS, inducible nitric oxide synthase; MMP-9,

matrix metalloproteinase 9; *P < 0.05 compared with the sham group;
#P < 0.05 compared with the I/R group; &P < 0.05 compared with the
SB203580 group
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content of Evans blue determined in sham-operated rats. The
extent is so minimal that we can neglect it.

In order to identify the activity of the MAPK signaling
pathway in cerebral I/R injury and its relationship with miR-
21, we initially performed luciferase reporter gene assay and
found that targeted inhibition of MAP2K3 is responsible for
the impact of miR-21 on the p38/MAPK signaling pathway.
We also performed RT-qPCR and Western blotting and deter-
mined the increased mRNA and protein levels of p38, iNOS,
and MMP-9 in cerebral I/R injury, which were decreased
when miR-21 expression was boosted. Previous studies have
documented that miR-21 regulated cell activity through the
ERK/MAPK signaling pathway (Mei et al. 2013; Liu et al.
2013). miR-21a-5p is reported to bind to MAP2K3 which is
an upstream activator of p38/MAPK signaling pathway in
metabolic diseases (Xie et al. 2016). Activation of p38/
MAPK can be driven by either of the immediate upstream
kinases, MAP kinase (MAP2K)3 or MAP2K6, and recent
evidence suggests that MAP2K3 has non-redundant roles in
the pathology attributed to p38/MAPK activation (Lim et al.
2009). Corroborating findings are identified in previous stud-
ies, which indicate that activation of p38 is determined in
neurons, microglia, and astrocyte, while inhibition of p38 ex-
pression is protective against ischemic stroke in reducing
brain injury and inflammation (Roy Choudhury et al. 2014;
Kovalska et al. 2012). In terms of iNOS, a remarkably in-
creased expression and its relationship with cerebral I/R have
been reported in Allen et al. study, which also reveals that
down-regulated iNOS reduces cerebral infarct sizes (Heeba
and El-Hanafy 2012). The underlying mechanism may be that
oxidative stress plays a key role in the pathogenesis of cerebral
I/R and exacerbates the brain injury (Allen and Bayraktutan
2009). Consistent findings have been demonstrated in the
study of Deng et al., which suggests that MMP-9 promotes
the degradation of basement membrane surrounding the cere-
bral capillaries and the increase of BBB permeability, and
further accelerates the revascularization following ischemic
injury (Deng et al. 2013). Furthermore, activated MAPK sig-
naling disrupts BBB permeability and exacerbates ischemic
injury by facilitating expression of inflammatory cytokines
and adhesion molecules in the endothelial cells (Sun and
Nan 2016). Previous studies also manifested that cerebral
I/R injury was alleviated with reduced neurological deficits
and infarct volume, oxidative stress, and cell apoptosis, when
the activation of the MAPK signaling pathway was inhibited
by UCF-101 or Fucoidan (Su et al. 2016; Che et al. 2017).

Taken together, the findings described above indicated that
up-regulated miR-21 expression protected against cerebral I/R
injury by restoring neural functions and abating BBB perme-
ability disruption through inhibiting the activation of the
MAPK signaling pathway. miR-21 may serve to understand
the underlying molecular mechanisms in the function change
and structural integrity of neuronal cells following cerebral I/R

injury. In spite of the limited sample size, this study provides a
potential miR-21-based target in treating cerebral I/R injury.
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