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Abstract. – OBJECTIVE: To investigate the 
specific role of microRNA-26 (miRNA-26a) in a 
rat model of cerebral ischemic stroke and the 
underlying mechanism.

MATERIALS AND METHODS: A rat mod-
el of middle cerebral artery occlusion (MCAO) 
was established to induce permanent cerebral 
infarction. Neuro-behavior was observed and 
scored after model establishment. The expres-
sion of miRNA-26a in brain tissue and brain mi-
crovascular endothelial cells (BMECs) of rats 
after cerebral ischemic stroke was detected by 
quantitative polymerase chain reaction (qPCR). 
The formation of the endothelial lumen was 
detected by Matrigel assay after BMECs were 
transfected with miR-26a mimics or inhibitors. 
Besides, cell proliferation after miRNA-26a 
transfection was detected by 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) assay. The protein levels related to PI3K/
AKT and MAPK/ERK signaling pathway were 
detected by Western blot.

RESULTS: miRNA-26a expression was elevat-
ed after cerebral infarction injury. Further inves-
tigation showed that miRNA-26a mimics could 
promote endothelial lumen formation and cell 
proliferation in BMECs, while miRNA-26a inhibi-
tor inhibited the capacity of lumen formation and 
cell proliferation. Notably, we found that miR-
NA-26a might up-regulate the expression of HIF-
1a via activating the AKT and ERK1/2 pathway, 
thus mediating the transcriptional activity of 
VEGF and promoting lumen formation and cell 
proliferation in BMECs.

CONCLUSIONS: MiRNA-26a promotes angio-
genesis in a rat model of cerebral ischemic via 
PI3K/AKT and MAPK/ERK pathway.

Key Words:
miRNA-26a, Cerebral infarction, Angiogenesis, Vas-

cular endothelial growth factor.

Introduction 

Cerebral ischemic stroke is a refractory dis-
ease which seriously endangers human health. It 
is characterized by high incidence, high disabili-
ty, and high mortality. Statistics showed that over 
90% of ischemic stroke patients could not benefit 
from ultra-early thrombolysis because they failed 
to visit the hospital within 4.5 hours after the on-
set. Only 2.4% of acute stroke patients received 
thrombolytic therapy, among which only 1.6% 
received the recombinant tissue plasminogen ac-
tivator (rt-PA) treatment1-3. The basic principle 
of the treatment of stroke is the reconstruction of 
the collateral channels after infarction, while the 
reconstruction mainly depends on the angiogene-
sis. It is also reported that the post-stroke vascular 
density is related to the prognosis of stroke pa-
tients. Therefore, it is of great importance to ex-
plore the underlying mechanism of angiogenesis 
after ischemic stroke and to find more effective 
prevention and treatment for this disease.

MicroRNAs (miRNAs) are a family of small 
non-coding single-stranded RNAs consisting of 
20-25 nucleotides4-6. To regulate target gene ex-
pressions, miRNAs could bind to the 3’-untrans-
lated regions (3’UTR) of a specific mRNA, lead-
ing to the inhibition of translation or promoting 
the degradation of the target mRNA. MicroRNAs 
have been reported7-9 to participate in many bi-
ological events including cell proliferation, dif-
ferentiation, apoptosis, hormone secretion and 
individual development. In addition, many mi-
croRNAs have been found to be aberrantly ex-
pressed in the focal cerebral infarction10,11. Stud-
ies also showed that the expression patterns of 
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a series of microRNAs in ischemic tissues had 
changed dramatically. Besides, some of these mi-
croRNAs exerted a profound regulatory effect on 
angiogenesis12-14. van Solingen et al15 first demon-
strated that microRNA-126 could promote angio-
genesis induced by infarction, while Bonauer et 
al16 found that microRNA-92a could significant-
ly inhibit angiogenesis both in vivo and in vitro. 
However, only a few miRNAs functions have 
been investigated in angiogenesis induced by in-
farction, which makes it necessary to elucidate the 
specific role of microRNA-26a (miRNA-26a) in 
cerebral infarction. 

In this work, a MCAO rat model and in vitro 
oxygen-glucose deprivation (OGD) model were 
used to investigate the role of miRNA-26a in ce-
rebral infarction. We aimed to study the effects of 
miRNA-26a on angiogenesis by overexpressing 
and inhibiting its expression in order to identify 
a new target for the clinical treatment of ischemic 
stroke in vascular repair.

Materials and Methods

Animals
Forty-eight adult male Sprague-Dawley (SD) 

rats weighing 250-300 g were randomly divided 
into 4 groups: sham operation (n=12), 1-day oper-
ation (n = 12), 3-day operation (n= 12), and 7-day 
operation (n= 12) groups. All procedures involv-
ing animals were performed according to the USA 
Care and Use of Laboratory Animals17. Animals 
were purchased from Guangzhou Saika Biotech-
nology Co., Ltd. This study was approved by the 
Animal Ethics Committee of Animal Center of 
Guangzhou Saika Biotechnology Co., Ltd.

Establishment of Rat MCAO Model
Middle cerebral artery occlusion (MCAO) rat 

model was established according to the modified 
Longa methods as described before18. MCAO was 
induced by clipping the internal carotid artery 
(ICA) with a strand plug to construct a rat mod-
el of cerebral ischemic stroke. The sham-opera-
tion group was performed with the same surgical 
procedure except for the ligation and the strand 
placement. All rats postoperation were placed in 
a warm environment until they wake up from an-
esthesia. The operation groups were sacrificed on 
the 1st, 3rd, and 7th day after operation and samples 
were collected for further analysis. 

Generally, rats were weighed and anesthetized 
by intraperitoneal injection of chloral hydrate 

solution (Life Science, Shenzhen, China). After 
fixation, rats were bluntly dissected to the anteri-
or cervical muscle along the median incision of 
the neck; then, the carotid sheath was peeled off. 
The common carotid artery (CCA) was isolated. 
Afterwards, the external carotid artery (ECA) was 
separated sequentially. After clipping the ICA, the 
ECA and CCA were sequentially ligated. A surgical 
suture was then placed beneath the bifurcation of 
the carotid artery, and a loose knot was made. A 
beveled incision was cut between the CCA ligature 
and the knot while a strand plug was inserted along 
the ICA until 2 mm from the bifurcation. Rats were 
then sutured after the thread sewn to the skin.

Neurological Function Evaluation
Neurological function evaluations of each rat 

were performed at 1, 3, 7, and 14 days after reper-
fusion of MCAO19. The neurological defect was 
graded on a scale of 3-18 (3 = maximal deficit 
score; 18 = normal score), in which lower score 
represents more severe injury.

Infarct Volume Measurement 
Rats were euthanized 7 d after reperfusion, 

and the brains were collected for infarct volume 
measurement. The brains were sliced into 2 mm 
coronal slices starting from the frontal pole and 
incubated in 2% 2,3,5-triphenyltetrazolium chlo-
ride (TTC, Sigma-Aldrich, St. Louis, MO, USA) 
for 15 min at 37°C, then fixed in 4% paraformal-
dehyde overnight. Infarct volume was quantified 
with a computerized image analyzer20.

Primary Culture and Transfection 
of BMECs

Brain tissues of SD rats were collected and di-
gested in 0.1% type II collagenase solution (con-
taining 30 U/mL DNaseI). After centrifugation, 
the white-yellow layer above the bottom eryth-
rocyte layer was observed as a purified micro-
vasculature. The brain microvascular endothelial 
cells (BMECs) were then suspended and cultured 
in a 2% gelatin-coated flask. The BMECs were 
cultured in Dulbecco’s modified Eagle medium 
(DMEM, Thermo Fisher Scientific, Waltham, 
MA, USA) medium containing 5% fetal bovine 
serum (FBS, Gibco, Rockville, MD, USA) in a 
37°C incubator with 5% CO2. Cells were trypsin 
digested and passaged when reaching 80% con-
fluency. Cells from passage 4-5 were used for 
experiments. miRNA-26a mimics, miRNA-26a 
inhibitors, as well as their negative controls, were 
transfected, respectively.
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Real-Time Quantitative Polymerase Chain 
Reaction (PCR) 

Total RNA was extracted by TRIzol (Invitro-
gen, Carlsbad, CA, USA) using an RNA extraction 
kit. Complementary Deoxyribose Nucleic Acid 
(cDNA) was synthesized by reverse transcrip-
tion. Gene expression levels were detected by 
Real-time quantitative PCR. The sequences of the 
primers are listed below: miRNA-26a (Forward) 
5’-TCCGTTGTTTCAAGTAATCCAGG-3’; 
(Reverse) 5’-ATCAACCACACGTCATGT-
GACT-3’; VEGF (Forward) 5’-TCGGGCCTC-
CGAAACCATGA-3’; (Reverse) 5’-CCTG-
GTGAGAGATCTGGTTC-3’; Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (Forward) 
5’-CCACCCATGGCAAATTCCATGGCA-3’; 
(Reverse) 5’-TCTAGACGGCAGGTCAGGTC-
CACC-3’

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl 
Tetrazolium Bromide (MTT) Assay

Transfected cells were digested and seeded into 
96-well plate (5x103/well) with five replicates 
each group. 20 μL MTT solution (5 mg/mL) was 
added to each well and then cells were incubated 
for 2 h at 37°C. Absorbance at 450 nm was mea-
sured by a microplate reader. This experiment was 
repeated three times.

Western Blot Analysis
Total proteins were extracted by radioim-

munoprecipitation assay (RIPA) lysate (Roche, 
Basel, Switzerland). Proteins were separated in 
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) while the immuno-
blots were incubated overnight at 4°C with the 
following primary antibodies: HIF-1a, p-AKT, 
AKT, p-ERK1/2, and ERK1 diluted 1:1000. Af-
ter washed in Tris-buffered saline and Tween 
(TBS-T) for 3 times, the immunoblots were in-
cubated with horseradish peroxidase (HRP)-la-
beled goat anti-rabbit IgG diluted 1:5000 (Cell 
Signaling, Danvers, MA, USA) for 2 h at room 
temperature. Protein bands were determined by 
imaging analysis system with enhanced chemilu-
minescence (ECL) imaging (Shanghai Beyotime 
Biotechnology Co., Ltd. Shanghai, China).

Statistical Analysis
Data analysis was performed with the Statis-

tical Product and Service Solutions (SPSS 22.0, 
IBM, Armonk, NY, USA) statistical software. 
GraphPad Prism5.0 (La Jolla, CA, USA) was 
used for image editing. Data were represented as 

mean ± SE. Chi-square test was applied for differ-
ences analysis among groups. p-value <0.05 was 
considered statistically significant; *p<0.05.

Results

MiRNA-26a Expression is Gradually 
Elevated After Cerebral Infarction Injury 

After constructing the MCAO model, we de-
tected the cerebral infarction volume and evaluat-
ed the neurological function scores in experimen-
tal rats. Results showed that the cerebral infarction 
volume of MCAO-modeled rats increased while 
the neurological function scores decreased grad-
ually (Figure 1A, 1B, and 1C), suggesting the 
MCAO model was successful.

Further analysis by qRT-PCR showed that miR-
NA-26a expression in brain tissue of operation 
group at different time points was significantly 
higher than that of the sham-operated group (Fig-
ure 1D). MiRNA-26a expression increased on the 
first day after cerebral infarction and reached the 
highest level on the 7th day. These data indicated 
that cerebral infarction injury could increase the 
expression of miRNA-26a. In vitro experiment 
by oxygen-glucose deprivation in BMECs also 
showed a significant increase of miRNA-26a (Fig-
ure 1E). Specifically, microRNA26a expression 
increased as early as 2 hours after oxygen-glucose 
deprivation and rose to the highest at 4 hours. 
These results demonstrated that microRNA26a 
expression was gradually elevated after cerebral 
infarction both in vivo and in vitro.

MiRNA-26a Regulates Cell Proliferation 
and Angiogenesis After Cerebral 
Infarction

To further investigate the function of miR-
NA-26a, we extracted BMECs from SD rats for in 
vitro experiments. BMECs were transfected with 
miRNA-26a mimic or miRNA-26a inhibitor re-
spectively to achieve miRNA-26a overexpression 
or knockdown (Figure 2A). MTT assay showed 
that the proliferation of BMECs transfected with 
miRNA-26a mimic was significantly enhanced if 
compared to negative controls, while the prolif-
eration of BMECs was significantly suppressed 
after transfected with miRNA-26a inhibitor (Fig-
ure 2B). In addition, the effect of miRNA-26a on 
BMECs angiogenesis was observed by detecting 
the lumen-forming ability. Of note, we found that 
the length of lumen per unit area of BMECs trans-
fected with miRNA-26a mimics was significant-
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ly longer than that of negative controls (p<0.05) 
(Figure 2C and 2D). In contrast, the length of lu-
men transfected with miRNA-26a inhibitor was 
significantly shorter than that of the negative con-
trols (Figure 2E and 2F). These data indicated that 
miRNA-26a could regulate cell proliferation and 
angiogenesis after cerebral infarction.

MiRNA-26a Regulates HIF-1a and VEGF 
Expression Via PI3K/AKT and MAPK/ERK 
Signaling Pathways

Previous studies showed that PI3K/AKT sig-
naling pathway plays an important role in cell 
death and survival after cerebral infarction. 
We hypothesized that miRNA-26a might reg-
ulate cell proliferation through this pathway 
after cerebral infarction. Western blot results 
showed that miRNA-26a mimics transfection in 
BMECs activated the phosphorylation of AKT 
and ERK1/2. Meanwhile, the protein levels of 
HIF-1a was significantly increased (Figure 3A). 
In contrast, the phosphorylation of AKT and 

ERK1/2 decreased after the miRNA-26a inhib-
itor transfection, coupled with significantly de-
creased HIF-1a level (Figure 3B). These results 
indicated that miRNA-26a could up-regulate the 
expression of HIF-la through AKT and ERK1/2 
activation. 

Next, we investigated the mRNA levels of 
VEGF in BMECs after transfection with miR-
NA-26a mimics or inhibitors by qRT-PCR. Re-
sults showed that miRNA-26a mimic up-regulat-
ed VEGF mRNA levels compared with negative 
control, while miRNA-26a inhibition downregu-
lated VEGF mRNA expression (Figure 3C). These 
results suggested that miRNA-26a could regulate 
the expression of VEGF. In addition, luciferase 
assay showed that miRNA-26a may regulate the 
transcriptional activity of VEGF. However, the lu-
ciferase activity of pMAP11-mut was not affect-
ed by miRNA-26a expression (Figure 3D). These 
data demonstrated that miRNA-26a regulated the 
transcriptional activity of VEGF by mediating the 
expression of HIF-1a.

Figure 1. MiRNA-26a expression is gradually elevated after cerebral infarction in a rat MACO model. A, Construction of 
a rat MCAO model and TTC staining of brain tissue (left middle cerebral artery infarction area was white, and normal brain 
tissue was red). B, Quantitative analysis of brain infarct volumes in rats at 1, 3, 7 days after MCAO. C, Neurological deficit 
scores were assessed by the Longa scale scoring system at 1, 3, 7, and 14 days after reperfusion. D, MiRNA-26a expression in 
brain tissues of MCAO rats gradually increased after cerebral infarction. E, The expression of miRNA-26a in BMECs after 
glucose and oxygen deprivation. * p<0.05.
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Figure 2. MiRNA-26a regulates angiogenesis and cell proliferation after cerebral infarction. A, BMECs were transfected 
with miRNA-26a mimics or inhibitors. B, MTT assay was performed 24 hours after transfection with miRNA-26a mimics 
or inhibitors as well as their negative control. C, Matrigel experiments were performed 24 hours after transfection with miR-
NA-26a mimics or negative controls. The cells were observed under a 10-fold light microscope and photographed at the median 
position. D, Image J software was used for analysis of the lumen formation length per unit area (n = 3). E and F, Matrigel 
experiments were performed 24 hours after miRNA-26a inhibitor transfection and observed under 40-fold light microscope. 
Image J software was used for analysis of the lumen formation length per unit area (n = 3). * p<0.05.

Figure 3. MiRNA-26a regulates HIF-la and VEGF expression via PI3K/AKT and MAPK/ERK signaling pathways. A, Pro-
tein levels of HIF-la, p-AKT, AKT p-ERK1/2, and ERK1/2 after miRNA-26a mimic transfection were detected by Western 
blot. B, Protein levels of HIF-la, p-AKT, AKT p-ERK1/2, and ERK1/2 after miRNA-26a inhibitor transfection were detected 
by Western blot. C, qRT-PCR was used to detect the mRNA level of miRNA-26a in VEGF. D, Luciferase assay was performed 
to detect the regulation of miRNA-26a on VEGF transcriptional activity.
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MiRNA-26a Promotes Cell Proliferation 
and Lumen-Formation Via VEGF 

To determine whether the miRNA-26a pro-
motes lumen-forming and cell proliferation by 
mediating VEGF, specific VEGF antibody was 
added to the medium to neutralize the effect of 
endogenous VEGF. Intriguingly, lumen forma-
tion and cell proliferation of cells transfected with 
miRNA-26a significantly decreased following 
VEGF antibody supplement (Figure 4). These re-
sults indicated that miR-26a regulated lumen-for-
mation and cell proliferation through VEGF.

Discussion

Cerebral ischemic stroke is a refractory disease 
which seriously endangers human health. Current-

ly, promoting revascularization in infarction area is 
the major clinical treatment for this disease. It is 
crucial to find out how to effectively promote angio-
genesis in the ischemic area, increase the number 
of capillaries, and improve blood circulation21,22. In 
recent years, more and more microRNAs have been 
reported to regulate angiogenesis, which can be 
mainly divided into two groups: promotive and in-
hibitive microRNAs23. The former mainly includes 
microRNA-126, microRNA-17-92 cluster, mi-
croRNA-130a, microRNA-296, microRNA-210, 
microRNA-21, microRNA-31, microRNA-378, 
Let-27b and Let-7f; the latter mainly includes 
microRNA-221/222, microRNA-15/16, microR-
NA-15b, microRNA-20a/20b, microRNA-328, 
microRNA- 92a and microRNA-31/150/18424,25.

It has been reported that miRNA-26a is in-
volved in the formation and development of many 

Figure 4. MiRNA-26a regulates lumen formation and cell proliferation in BMECs via VEGF. A and C, BMECs were divided 
into the following 4 groups: negative control, miRNA-26a mimic, miRNA-26a mimic + VEGF antibody, negative control + 
VEGF antibody. Matrigel and MTT assay were performed 24 hours after transfection. Results were observed under 10-fold 
light microscope. B, Image J software was used for analysis of the lumen formation length per unit area (n = 3). * p<0.05.
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tumors. In addition, miRNA-26a was found to 
inhibit the growth and metastasis of primary liv-
er cancer through the IL-6-Stat3 signaling path-
way26,27. Moreover, it was also demonstrated 
that miRNA-26a could activate the AKT signal-
ing pathway by inhibiting the expression of the 
phosphatase gene (PTEN), suggesting that miR-
NA-26a might be a potential therapeutic target 
for metastatic lung cancer28,29. Qian et al30 also 
demonstrated that miRNA-26a could affect sever-
al biological processes such as tumor-related an-
giogenesis and cell cycle regulation. Meanwhile, 
miRNA-26a has been found associated with an-
giogenesis in gliomas.

We found that cerebral infarction injury could 
promote the expression of miRNA-26a. Besides, 
miRNA-26a mimic promoted lumen formation 
and cell proliferation in BMECs, suggesting that 
miRNA-26a might promote endothelial angio-
genesis in BMECs after cerebral infarction. In 
addition, miRNA-26a could regulate the expres-
sion of HIF-la and VEGF via the PI3K/AKT and 
MAPK/ERK signaling pathways, thereby regu-
lating angiogenesis of BMECs after cerebral in-
farction. Further studies showed that down-regu-
lating VEGF could reverse the lumen formation 
and proliferation promoted by miRNA-26a in 
BMECs, which demonstrated the inhibitory effect 
of miRNA-26a on VEGF.

However, there are still some limitations in 
our report. The IE gene prediction software can-
not screen all the relevant genes. Therefore, we 
cannot rule out the possibility of other mecha-
nisms regarding the regulation of miRNA-26a 
on angiogenesis. In addition, molecules asso-
ciated with angiogenesis may be regulated by 
multiple microRNAs. Studies have shown that 
VEGF is also regulated by microRNA-92a31, mi-
croRNA-12632, microRNA-130a33, and microR-
NA-21034. 

Conclusions

miRNA-26a found that promotes angiogenesis 
after cerebral infarction in rats by activating the 
PI3K/AKT and MAPK/ERK signaling pathways, 
which has provided a new therapeutic target for 
angiogenesis in ischemic stroke.
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