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Abstract: Altered microRNA regulation has been implicated in the pathogenesis of various disorders, including cere-
bral ischemia/reperfusion injury (I/RI). However, the regulatory mechanism of miR-130b in cerebral ischemia injury
has not been reported. In this study, we explored the role of miR-130b in cerebral ischemia injury and investigated
its potential mechanism. Levels of miR-130b were quantified by real-time PCR, and the protein level of AQP4 was
detected by Western blotting. Cell apoptosis was detected by flow cytometry. In vitro, miR-130b levels in astrocytes
were found significantly downregulated after OGD. Overexpression of miR-130b by miR-130b mimic decreased LDH
release and apoptosis, but promoted cell health of astrocytes with OGD, thus playing a protective role in astrocyte
I/RI. The level of miR-130b was also downregulated in ischemic tissues in MCAO model compared with the sham
group, and the expression of miR-130b was gradually downregulated over time after reperfusion. AQP4 was up-
regulated both in two models, and as the reperfusion went on, AQP4 expression gradually upregulated. Our results
indicated knockdown of AQP4 could ameliorate astrocyte injury induced by OGD. Finally, we found that miR-130b
regulated astrocyte expression of AQP4, and rescue experiments further proved the protective role of miR-130b was
mediated by AQP4 downregulation. Our study demonstrated that miR-130b might exert a neuroprotective effect fol-
lowing cerebral I/RI by regulating AQP4 expression at the post-transcriptional level. Therefore, miR-130b may be a
potential therapeutic target for stroke treatment.
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Introduction which have emerged as important regulators of
many diseases, including cancer, cerebrovascu-
lar disease, and metabolic disorders [6, 7]. In-
creasing evidence has indicated that numerous
miRNAs are involved in CIl. For example, miR-
383 may play a key role in focal cerebral isch-
emia by regulating PPARy expression at the
post-transcriptional level [8]. Knockdown of let-
Ta, the first discovered miRNA, was reported to
inhibit the activation of p38 MAPK and JNK sig-
naling pathways by upregulating MKP1 expres-
sion, and exerting a neuroprotective effect fol-
lowing Cll [9]. However, the effects of miR-130b
in Cll have not yet been well understood.

Cerebral ischemic injury (Cll) is caused by cere-
bral ischemia and is further aggravated by sud-
den restoration of the blood supply. Cll is the
main pathological and physiological basis of
ischemic stroke [1], a major disease affecting
the global population with high incidence, mor-
tality, and disability; numerous surviving stroke
victims suffer from disability for the rest of their
lives [2, 3]. However, the precise mechanism of
ischemia-induced cerebral injury remains un-
clear. Therefore, exploration of the potential
mechanism of ischemia-related cerebral injury
is of great significance for developing effective
therapies for improving the prognosis of isch-

emic stroke. Water channel protein aquaporin 4 (AQP4), a

member of the aquaporin family of water chan-
MicroRNAs are endogenous ~22 nucleotide nels, is dominantly expressed in astrocytes
long highly conserved non-coding RNAs [4, 5], throughout the central nervous system (CNS),
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mainly at astrocyte endfeet at the blood-brain
barrier [10]. Early studies have shown that
AQP4 overexpression aggravates brain injury in
a rat model of acute ischemic stroke [11]. AQP4
in cerebral ischemia enhanced cerebral edema
in ischemic stroke and inhibition of AQP4 de-
creased infarct volume [12, 13]. A previous
study also showed that miR-29b overexpres-
sion reduced blood-brain barrier disruption
after ischemic stroke via downregulating AQP4
[14]. Considering the essential role of AQP4 in
cerebral ischemia, more methods exploring the
role of AQP4 in ischemia are needed to improve
cerebral ischemia injury.

In the current study, using the oxygen-glucose
deprivation (OGD) model of cell ischemia in
vitro and middle cerebral artery occlusion
(MCAO) model of mouse focal cerebral isch-
emia, we investigated the role of miR-130b in
regulating Cll and its underlying mechanism.
We found that miR-130b plays an essential role
in Cll protection. Furthermore, miR-130b was
found to inhibit AQP4 expression during cere-
bral ischemia, thus alleviating AQP4-induced
Cll. Furthermore, miR-130b mimics were capa-
ble of downregulating AQP4 expression that
might protect astrocytes from ischemia-
induced cell injury.

Material and methods

Middle cerebral artery occlusion/reperfusion
model

The Medical Faculty Ethics Committee of
Zhejiang University approved the study proto-
col. All experimental procedures were per-
formed in accordance with the Guide for the
Care and Use of Experimental Animals. MCAO
was performed according to previously pub-
lished methods [12, 15]. 6 weeks C57BL/6)J
mice (20-25 g, the Experimental Animal Center
in the Zhejiang Academy of Medical Sciences)
were subjected to MCAO and reperfusion or a
sham operation. In brief, the mice were anes-
thetized with 4% chloral hydrate (Sigma, USA),
and the left common carotid artery was
exposed. After isolation and clamping of the
artery and its branches, a silicone-coated 6-0
monofilament nylon suture (Doccol Corp.,
Redlands, CA, USA) was inserted into the left
common carotid artery, and advanced through
the carotid bifurcation until it occluded the ori-
gin of the MCA. After 1 h of MCAOQ, the mice

3453

were reperfused by removing the suture from
the vessel. In the sham-operated groups, the
left common carotid artery was surgically pre-
pared for insertion of the filament but the fila-
ment was not inserted.

Primary astrocyte culture

Primary astrocytes were prepared from postna-
tal day 1 neonatal Sprague Dawley rats, as pre-
viously described [16]. Briefly, neocortices were
dissected, treated with trypsin, and plated as a
single-cell suspension, then plated onto poly-L-
lysine coated 35 mm dishes with DMEM con-
taining 10% bovine calf serum and incubated at
37°C with 5% CO2 in a humidified environment,
and allowed to grow to confluence.

Cell transfection

When confluent, primary astrocytes were tryp-
sinized and plated onto 24-well plates, before
being transfected on Day5 with miR-130b mim-
ics (RiboBio, Guangzhou, China), miR-130b
inhibitor (RiboBio, Guangzhou, China) or siRNA
against AQP4 (Santa Cruz, CA, USA) with appro-
priate controls using Lipofectamine 2000
(Invitrogen, Foster City, CA) according to the
manufacturer’s instructions. The transfected
cells were collected after 48 h for further
experiments.

OGD model

After the cells were plated, primary astrocytes
were transferred to an incubator with 5% CO,
and 95% atmospheric air, and cultivated at
37°C (i.e., normal conditions) for 24 h. Then,
the cells were washed carefully three times
with phosphate-buffered saline (PBS; 0.1 M; pH
7.4), the medium was changed to glucose-free
DMEM, and the cultures were subjected to
anoxic conditions (1% O,) for 6 h (OGD). Fo-
llowing OGD treatment, the medium was
replaced with high-glucose DMEM (standard
medium) and the cultures were returned to nor-
mal conditions for 24 h before being collected
for further experiments.

Real-time PCR

Total RNA was isolated from cerebral tissues
from MCAQO mice or cultured primary astrocytes
with TRIZOL reagent (Invitrogen, USA) according
to manufacturer’s instructions. Total RNA (0.5
ug) was reversed to cDNA. SYBR Green PCR
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Figure 1. Effects of miR-130b on OGD-treated primary cultured astrocytes function. A. Expression of miR-130b in
OGD-treated primary cultured astrocytes or NC as assessed by real time PCR. U6 was used as the internal control.
***P < 0.001 vs. Control; **P < 0.01 vs. sham. B. Downregulation of miR-130b was maintained in MCAO models
after reperfusion for 24 or 48 h. *P < 0.05, **P < 0.01 vs. O h. C. LDH release from OGD-treated primary astro-
cytes transfected with miR-130b mimic, miR-130b inhibitor or NC by ELISA. ***P < 0.001 vs. NC; ###P < 0.001
vs. OGD. D. Cell health in OGD-treated primary astrocytes transfected with miR-130b mimic, miR-130b inhibitor or
NC as assessed by calcein/Pl staining. Pl positive cells represented dead cells, and the calcein positive cells repre-
sented healthy cells. ***P < 0.001 vs. NC; ###P < 0.001 vs. OGD. E. Cell apoptosis assay in OGD-treated primary
astrocytes transfected with miR-130b mimic, miR-130b inhibitor or NC by flow cytometry. The cells in the B2 and B4

quadrants represented the apoptotic cells.

Master mix (Takara, Japan) was used to deter-
mine the mRNA level of miR-130b and AQP4.
The procedure was as follows: 95°C for 5 min,
followed by 30 cycles with 95°C for 30 s, 55°C
for 30 s, and 72°C for 30 s, followed by exten-
sion at 72°C for 5 min. U6 and B-actin were
used as internal controls. The primers used
were as follows: miR-130b 5-ACTCTTTCCC-
TGTTGCACTAC-3' mir-130b mimic Forward 5'-
CAGUGCAAUGAUGAAAGGGCAU-3’' Reverse 5'-
AUGCCCUUUCAUCAUUGCACUG-3" mir-130b in-
hibitor 5-~AUGCCCUUUCAUCAUUGCACUG-3..

Western blotting
Total proteins were extracted from MCAO mice’s

ischemic hemisphere or cultured primary astro-
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cytes, and quantified using the BCA Protein
Assay Kit (Sigma, St. Louis, MO, USA). Equivalent
amounts of protein (40 pyg/lane) was separated
on 10% SDS-PAGE gels and transferred to PVDF
membrane. The membranes were blocked with
5% non-fat milk in Tris-buffered saline (TBS)
and 0.1% Tween 20 (TBST) buffer for 1 h and
incubated with AQP4 primary monoclonal anti-
body, sources of rabbits (Abcam, USA) at a dilu-
tion of 1:1000 overnight. After washing twice
with TBST, the membranes were incubated with
secondary antibody anti-rabbit conjugated to
horseradish peroxidase at a 1:2000 dilution.
Specific bands were visualized using enhanced
chemiluminescence detection (Thermo Fisher
Scientific, USA). The protein bands were visual-
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Figure 2. miR-130b regulates expression of AQP4 in vitro and vivo. A. Predicted matching miRNAs for the AQP4’UTR
segment by TargetScan analysis. B. Expression of AQP4 protein in astrocytes transfected with miR-130b mimic or
miR-130b inhibitor or NC by Western blotting; B-actin was used as the internal control, and the average band inten-
sity value is represented as a histogram. ***P < 0.001 vs. NC. C. Expression of AQP4 protein in astrocytes models
transfected with miR-130b mimics or miR-130b inhibitor or NC and exposed to OGD by Western Blot; B-actin was
used as the internal control. *P < 0.05 vs. NC group. NC: negative control ###P < 0.001 vs. NC + OGD. D. The ex-
pression of protein AQP4 was increased in MCAO models after reperfusion for 24 or 48 h. *P < 0.05, **P < 0.01 vs.
0 h. E. The expression of AQP4 mRNA was increased in MCAO models after reperfusion for 24 or 48 h. *P < 0.05,
**P <0.01vs. O h.

ized by autoradiography (Kodak, Rochester, NY,
USA). GAPDH was used as an internal control.

Enzyme-linked immunosorbent assay (ELISA)

The cell supernatants from each group treated
with different miR-130b or AQP4 treatment
were collected to detect LDH level. Quantitation
of LDH was performed using an ELISA kit (R&D
Systems, US) according to the manufacturer’s
instructions.

Cell apoptosis assay

Cell apoptosis was detected by flow cytometry
with a FITC-conjugated Annexin-V and Pl Kit.
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Cultured primary astrocytes was treated for 48
h, and were collected trypsinization, washed
twice with pre-chilled PBS and resuspended in
200 pl Annexin-V/PI pre-mix buffer. Astrocytes
were incubated in the dark for 20 min at 4°C,
then 300 pl binding buffer was added. The cells
were examined with FACScan (BD, New Jersey,
USA), and the data was analyzed by Cytomics
FC500 Flow Cytometry CXP.

Cell health assay

Cell health was detected by calcein-AM/PI
staining according to the manufacture’s proto-
col (CST, USA). In brief, 5 x 102 cells/well were
plated into 96-well plates and treated with
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cells. After cells were treated, 100 pl/well of
labeling solution was added and the cells were
incubated at room temperature for 30 to 60
min while protected from light. Cell fluores-
cence was analyzed on a plate reader set with
excitation/emission of 490/520 nm for live
cells, and an excitation/emission setting of
535/620 nm for dead cells.

Statistical analysis

Statistical analyses were performed using
SPSS 18.0 software (SPSS, Chicago, IL, USA).
Measurement data are expressed as the mean
+ SD. Student’s t-test was used to compare the
difference between two groups. One-way analy-
sis of variance (ANOVA) and the least significant
difference test were used among multiple
groups. Results were considered significant if P
< 0.05.

Results

Overexpression of miR-130b protected astro-
cytes against ischemia/reperfusion injury

To explore the role of miR-130b in cerebral isch-
emia injury, we employed the astrocyte OGD
model to mimic Cll in vitro and the mouse MCAO
model to mimic Cll in vivo. Our results demon-
strated that the expression of miR-130b was
significantly decreased in OGD astrocytes (P <
0.001) and MCAO mice (P < 0.01) compared
with the control group (Figure 1A). Downre-
gulation of miR-130b was maintained in MCAO
models after reperfusion for 24 or 48 h (Figure
1B).

Next, we examined cell supernatant LDH level,
cell health and cell apoptosis in primary cul-
tured astrocytes in NC (Negative control), OGD,
miR-130b mimic + OGD and miR-130b inhibitor
+ OGD groups. Our results showed that addi-
tion of a miR-130b could prevent the OGD-
induced release of LDH (Figure 1C) and prevent
cell apoptosis (Figure 1E). MiR-130b also pro-
moted astrocyte health (Figure 1D), thus sug-
gesting a protective role in astrocyte ischemia
injury. Inhibition of miR-130b had opposing
effects (Figure 1C-E).

MiR-130b regulated AQP4 expression

By using the target gene prediction site
TargetScan (www.targetscan.org), we identified
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AQP4 as a target gene of miR-130b (Figure 2A).
We hypothesized that miR-130b may exert its
protective effect by downregulating AQP4. We
first assessed the protein level of AQP4 in
astrocytes transfected with miR-130b mimic or
miR-130b inhibitor or NC. Western blotting
analysis showed significant downregulation of
AQP4 protein levels in the miR-130b mimic
group (P < 0.001), while miR-130b inhibitor sig-
nificantly elevated AQP expression (P < 0.001,
Figure 2B). To further investigate the effects of
miR-130b on AQP4 expression, we investigated
the expression of AQP4 in astrocytes models
transfected with miR-130b mimics or miR-130b
inhibitor or NC and exposed to OGD. We found
that AQP4 significantly decreased in the miR-
130b mimic + OGD group compared with the
OGD group and NC group (P < 0.001), but there
is no significant difference in miR-130b inhibi-
tor + OGD group compared with OGD group and
NC group (Figure 2C). These results indicated
that miR-130b could prevent OGD-mediated
AQP4 expression, thus preventing AQP4-me-
diated Cll. We examined protein and mRNA
expression of AQP4 in MCAO models with reper-
fusion. As expected, the expression of AQP4
moved in the opposite direction as miR-130b,
in that AQP4 expression was increased as
reperfusion time went on (Figure 2D, 2E).

AQP4 overexpression aggravated astrocyte
ischemia/reperfusion injury

Aquaporin-4 (AQP4) is a water channel ex-
pressed in astrocyte end-feet, and previous
studies have demonstrated that AQP4 could
promote Cll [17]. To further prove our hypothe-
sis that miR-130b may protect against cerebral
IRl by downregulating AQP4, we examined the
role of AQP4 in cerebral IRI. We first assessed
the expression of AQP4 in in vitro OGD treated
astrocytes, and in vivo MCAO models. Our
results showed that AQP4 protein and mRNA
were significantly upregulated in both OGD-
treated astrocytes and MCAO mouse ischemic
hemisphere compared with the control group
(Figure 3A, 3B). To further study the role of
AQP4 in OGD injury, we examined cell superna-
tant LDH level, cell health and cell apoptosis of
astrocytes in NC, OGD, and AQP4 siRNA + OGD
group. The Western blotting results showed
good downregulation by AQP4 siRNA in untreat-
ed astrocytes (Figure 3C). Our results showed
that knockdown of AQP4 significantly decreased

Am J Transl Res 2017;9(7):3452-3461
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Figure 3. Effect of AQP4 on OGD-treated primary astrocytes and MCAO mouse ischemic hemisphere. A: Expression
of AQP4 protein in OGD-treated primary astrocytes or NC by Western blotting; B-actin was used as the internal con-
trol, and the average band intensity is represented as a histogram. **P < 0.01, ***P < 0.001 vs. Control. B: AQP4
protein and mRNA in MCAO mouse ischemic hemisphere compared with sham group were determined by Western
Blot and PCR. *P < 0.05 vs. sham. C: Western blot showing AQP4 expression in primary astrocytes transfected with
AQP4 siRNA or a negative control siRNA Beta-actin was used as the internal control, and the average grey value was
represented as a histogram. ***P < 0.001 vs. NC group. NC: negative control. D: LDH release from OGD-treated
primary astrocytes transfected with AQP4 siRNA or NC by ELISA. *P < 0.05, ***P < 0.001 vs. NC group. NC: nega-
tive control. ###P < 0.001 vs. NC + OGD. E: Cell health in OGD-treated primary astrocytes transfected with AQP4
siRNA or NC by calcein/PI staining. Pl positive cells represent dead cells, and calcein positive cells represent healthy
cells. *P < 0.05, **P < 0.01, vs. NC group. NC: negative control. ##P < 0.01. F: Cell apoptosis in OGD-treated pri-
mary astrocytes transfected with AQP4 siRNA or NC by flow. The cells in the B2 and B4 quadrants represented the
apoptotic cells.
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Figure 4. AQP4 knockdown prevented the protective effect of miR-130b. A: Determination of AQP4 siRNA efficiency
by Western blotting; B-actin was used as the internal control, and the average band intensity is represented as a
histogram. B: LDH release in OGD-treated primary astrocytes transfected with AQP4 siRNA and miR-130b mimic,
AQP4 siRNA and miR-130b inhibitor or AQP4 siRNA alone. ***P < 0.001 vs. NC group. NC: negative control. C: LDH
release from OGD-treated primary astrocytes transfected with AQP4 siRNA and miR-130b mimic, AQP4 siRNA and
miR-130b inhibitor or AQP4 siRNA alone by ELISA. D: Cell apoptosis in OGD-treated primary astrocytes transfected
with AQP4 siRNA and miR-130b mimic, AQP4 siRNA and miR-130b inhibitor or AQP4 siRNA alone. Apoptosis was
determined by flow cytometry with Annexin V-FITC/PI kit. Cells in the B2 and B4 quadrants represented the apoptotic
cells.

LDH release and cell apoptosis, and promoted
astrocyte health (Figure 3D-F). Thus, our
results further suggest that expression of AQP4
may exacerbate CII.

AQP4 downregulation mitigated miR-130b-
mediated cerebral ischemic protection

To further prove whether the effect of miR-130b
in protecting against Cll protection is mediated
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by regulation of AQP4, we co-transfected AQP4
siRNA with miR-130b mimics, miR-130b inhibi-
tor or NC in OGD-treated astrocytes. The inter-
fering efficiency of AQP4 siRNA was confirmed
by western blotting and represented as a grey
value (Figure 4A, 4B). Our results showed that
the effect of miR-130b on LDH releasing
release level and cell apoptosis of in OGD-
treated primary astrocytes vanished after AQP4

Am J Transl Res 2017;9(7):3452-3461
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was interfered silenced (Figure 4C, 4D). These
findings verify that the cerebral ischemic pro-
tective role of miR-130b is mediated by inhibi-
tion of AQP4 expression.

Discussion

In the present study, we provide evidence that
miR-130b was inactivated in cerebral ischemia
in the mouse MACO model and in OGD-treated
primary astrocytes. MiR-130b overexpression
protected rat astrocytes from ischemic injury.
We found that miR-130b levels were changed
in opposition to AQP4 expression levels in mice
MCAO cerebral tissues and OGD-treated prima-
ry astrocytes. Furthermore, miR-130b could
inhibit AQP4 expression, thus relieving AQP4-
mediated CII. Our study provides novel insights
into the molecular mechanism of miR-130b-me-
diated brain protection in cerebral ischemia,
and identifies miR-130b as a potential treat-
ment for ischemic stroke.

A subset of miRNAs are abundantly expressed
in the human brain [18], and play important
roles in numerous brain diseases [19-23].
Increasing evidence has indicated that miRNAs
play critical roles in response to cerebral
ischemia [22, 24-26]. Both increased and
decreased miRNA levels may be important
either in prevention or treatment of stroke. For
example, increasing miR-30a expression could
relieve CIl through decreasing Beclin-1-
mediated autophagy [27]. Knockdown of miR-
155 could reduce infarct volume, improving ClI
in an animal model [28]. Downregulation of
miR-383 could upregulate PPARy expression at
an early stage after ischemia, and exert anti-
inflammatory effects, providing neuroprotec-
tion against ischemic brain injury [8]. Finally,
knockdown of miR-124 could promote the
expression of the p53 family proteins and
reduce infarction size in mouse focal cerebral
ischemia [29]. In the present study, we show for
the first time that miR-130b expression was
downregulated in primary cultured astrocytes
subjected to OGD and MCAO models, and that
miR-130b provides a protective effect against
ischemia injury by directly regulating the expres-
sion of AQP4.

AQP4 is the principle bidirectional water trans-
porting channel expressed at astrocyte endfeet
at the blood-brain barrier [10]. Increasing evi-
dence indicates that AQP4 plays an important
role in promoting brain ischemia [30]. In rat
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ischemic stroke models, AQP4 aggravated
brain ischemia by enhancing cerebral edema
[31-33]. In this study, we found AQP4 was a
potential target for regulation by miR-130b at
the post-transcriptional level by miR-130b bind-
ing to the 3’-UTR of AQP4 mRNA. In addition, we
also showed that miR-130b could negatively
regulate AQP4 expression; miR-130b mimics
decreased expression of AQP4 in primary astro-
cytes under normoxic and OGD conditions.
Furthermore, knockdown of endogenous AQP4
expression removed miR-130b mediated pro-
tection during OGD. Taken together, these
results provide strong evidence that miR-130b
contributes to Cll protection by negatively regu-
lating AQP4 levels. Our study further confirmed
the importance of miR-130b in CII protection,
and suggests that miR-130b might be a novel
intervention target for cerebral ischemic stroke.

In conclusion, we have provided evidence that
miR-130b expression decreased after cerebral
ischemia. Upregulation of miR-130b in primary
cultured astrocytes could alleviate OGD-
induced injury by downregulating AQP4 expres-
sion. Our findings highlight the importance of
miR-130b in treating Cll. Further study of these
mechanisms has the potential to lead to tar-
geted clinical therapy.
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