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Abstract. – OBJECTIVE: The aim of this 
study was to investigate whether miR-490 was 
involved in the regulation of angiogenesis after 
cerebral infarction by regulating vascular endo-
thelial growth factor (VEGF) expression.

MATERIALS AND METHODS: Sprague Daw-
ley (SD) rats were used to establish a middle ce-
rebral artery infarction model. Quantitative Re-
al Time-Polymerase Chain Reaction (qRT-PCR) 
was used to detect the expression levels of miR-
940 in serum and brain tissues at 1, 3, and 7 
days after cerebral infarction. Meanwhile, miR-
940 expression in brain microvascular endothe-
lial cells (BMECs) after Oxygen-Glucose Depri-
vation (OGD) for 2, 4, 6 hours was measured by 
qRT-PCR, respectively. The cells were trans-
fected with miR-940 mimics/inhibitor to achieve 
miR-940 overexpression or inhibition. Subse-
quently, the angiogenesis and proliferation abil-
ity of the cells was evaluated by 5-ethynyl-2′-de-
oxyuridine (EDU) assay. Besides, the mRNA and 
protein expression levels of VEGF after miR-940 
transfection were detected by Western blot and 
qRT-PCR, respectively. Finally, recovery experi-
ment was used to determine whether miR-940 af-
fected angiogenesis and proliferation of BMECs 
by regulating VEGF expression.

RESULTS: The expression level of miR-940 
in serum and brain tissues of rats was marked-
ly decreased at 1, 3, and 7 days after cerebral 
infarction, which was then recovered on the 7th 
day. After 2, 4, and 6 hours of glucose and oxy-
gen deprivation in BMECs, the expression level 
of miR-940 was significantly decreased. Howev-
er, it was evidently recovered after 6 hours. After 
miR-940 over-expression in BMECs, the angio-
genesis and proliferation of BMECs were re-
markably inhibited. Conversely, miR-940 inhibi-
tor transfection could significantly promote the 
formation of luminal cells and the proliferation 
of BMECs. QRT-PCR results showed that miR-
940 overexpression down-regulated the expres-
sion level of VEGF, and the same findings were 
observed at the protein level. Further studies re-
vealed that VEGF could reverse the inhibitory ef-
fect of miR-940 on lumen formation and cell pro-
liferation in BMECs.

CONCLUSIONS: The expression of miR-940 
was downregulated in cerebral infarction. The 
low expression of miR-940 could promote the 
angiogenesis ability of cerebral microvascular 
endothelial cells after cerebral infarction, which 
might be resulted from the inhibitory effect of 
miR-940 on VEGF.
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Introduction

Angiogenesis is the core therapeutic strategy 
for rehabilitation after cerebral infarction1. Neo-
vascularization provides nutrition and oxygen for 
nerve regeneration, synaptic regeneration, and 
synaptic plasticity, which are the main proces-
ses of neurological rehabilitation after cerebral 
infarction2. Meanwhile, angiogenesis provides a 
large number of growth factors such as vascular 
endothelial growth factor (VEGF)2, which pro-
tects surviving neurons and promotes nerve re-
generation, synaptic regeneration, as well as sy-
naptic plasticity. Also, neovascularization is the 
key to removing necrotic brain tissue, which pro-
vides an access for entry in brain tissues such as 
the leakage of macrophages and necrotic tissue. 
Therefore, this may offer space and environment 
for the rehabilitation of post-stroke neurons3. Pre-
vious studies have shown that the density of new 
blood vessels after cerebral infarction is closely 
related to the mortality and prognosis of patients. 
The lower density of new blood vessels indicates 
higher mortality and worse prognosis4. Moreo-
ver, the lack of new blood vessels in patients with 
cerebral infarction after neovascularization may 
also be associated with poor prognosis5. An ani-
mal experiment has also demonstrated that after 
middle cerebral artery infarction, promoting an-
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giogenesis can reduce infarct size and ultimately 
improve prognosis6. Angiogenesis, as a treatment 
strategy for cerebral infarction rehabilitation, has 
received increasing attention from neuroscience 
researchers in recent years.

MicroRNAs (miRNAs) are a class of endoge-
nous non-coding RNAs with 20-25 nucleotides 
in length. It has been known to all that miRNAs 
exert a regulatory function in eukaryotes. When 
miRNAs bind to the 3’ non-coding region of tar-
get mRNAs, a silencing complex is formed, and 
the translation of the target mRNA is suppressed 
or degradation of the mRNA is promoted. Some 
researches7,8 have shown that multiple miRNAs 
regulates angiogenesis under physiological and 
pathological conditions by modulating the key 
molecules of angiogenesis. In recent years, it has 
been found that certain miRNAs can be stably 
present in body fluids, such as blood and cere-
brospinal fluid9,10. They act similar to hormones, 
which can transfer information between cells 
and regulate the transcription and expression 
of genes in a variety of cells11. These miRNAs 
are named as circular miRNAs. Some cells form 
micro-vessels similar as vesicles in endocrine 
cells, which can be secreted from the cells and 
circulate through the body fluid to act on target 
cells. These vesicles eventually protect circula-
ting miRNAs from RNAs degradation in body 
fluids12.

Recent studies13,14 have reported that miR-940 
is down-regulated in multiple human cancers, 
including hepatocellular carcinoma and pancre-
atic ductal adenocarcinoma. Meanwhile, miR-
940 can be used as a biomarker for the complex 
mechanism of cancer15. Some studies have found 
that miR-940 is over-expressed in gastric cancer 
tissues, which is associated with poor prognosis 
and low survival rate. However, low expression 
of miR-940 can promote the proliferation and 
migration of nasopharyngeal carcinoma cells16,17. 
In addition, miR-940 inhibits cell migration and 
invasion as well as impairs the growth potential 
of cells18. Under different pathological conditions, 
miR-940 exhibits different function and clinical 
effect by targeting different genes19. However, no 
reports have indicated that miR-940 participates 
in the regulation of angiogenesis after cerebral 
infarction so far. In the present investigation, we 
used bioinformatics to predict miR-940 target 
genes associated with multiple angiogenesis mo-
lecules, of which VEGF exerts the highest cor-
relation. Therefore, the aim of this study was to 
investigate the specific regulatory mechanism of 

miR-940 in cerebral neovascularization after ce-
rebral infarction. 

Materials and Methods

Establishment of the MCAO Model 
in Rats

Totally 24 healthy specific pathogen free (SPF) 
grade Sprague Dawley (SD) rats weighing 40-60 g 
were provided by the Shanghai University of Tra-
ditional Chinese Medicine Experimental Animal 
Center (Shanghai, China). Briefly, rats were wei-
ghed and anesthetized by intraperitoneal injection 
of 10% chloral hydrate (300 mg/kg). After fixa-
tion, rats were bluntly dissected to the anterior 
cervical muscle along the median incision of the 
neck, and then, the carotid sheath was peeled off. 
The common carotid artery (CCA) was isolated, 
and the external carotid artery (ECA) was sepa-
rated sequentially. After clipping ICA, ECA and 
CCA were sequentially ligated. A surgical suture 
was then placed under the bifurcation of the caro-
tid artery and a loose knot was made. Subsequent-
ly, a beveled incision was cut between the CCA 
ligature and the knot, while a strand plug was in-
serted along the ICA until 2 mm from the bifurca-
tion. Rats were then sutured after the thread sewn 
to the skin. After the operation, the lamp was ap-
plied to maintain the body temperature of the rats, 
and rectal temperature, respiration and heart rate 
were monitored. Postoperative rats should be pla-
ced in cages alone until wake up. This study was 
approved by the Ethics Committee of Shanghai 
University of Traditional Chinese Medicine.

Primary Culture of Brain Microvascular 
Endothelial Cells (BMECs)

All rats were sacrificed and anesthetized with 
10% chloral hydrate. The head was immersed in 
75% ethanol for 5 minutes. The complete brain 
was quickly removed from the clean bench and 
immersed in Dulbecco’s Modified Eagle Medium 
(DMEM; HyClone, South Logan, UT, USA) to 
remove large blood vessels and meninges. The 
brain stem and cerebellum were removed. After 
that, the cerebral cortex was removed, washed 
with DMEM twice and transferred to a flask con-
taining DMEM. Then, the brain tissue was cut 
to 1 mm by ophthalmic scissors, transferred to a 
0.1% type II collagenase solution and soaked in 
water at 37°C. After 1.5 h of digestion, the super-
natant was removed after centrifugation. 20% bo-
vine serum albumin (BSA) suspension hooks was 
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added, the mixture was centrifuged at 4°C, and 
the bottom sediment was retained. Subsequently, 
2 mL 0.1% collagenase/dispersing enzyme was 
added, and the tissues were further digested in 
a 37°C water bath for 1 h. After centrifugation, 
2 mL DMEM was added. After the suspension, 
the cells were spread on a continuous gradient of 
50% percoll liquid and centrifuged at 4°C. After 
aspirating the purified microvascular segment, 
the cells were re-suspended with 2 mL DMEM. 
Finally, the cells were suspended on the surface 
of 2% gelatin-coated culture flask after centrifu-
gation.

Cell Transfection
The cells in the logarithmic phase were used 

for transfection. MiR-940 mimics, inhibitor and 
oe-VEGF, si-VEGF as well as corresponding ne-
gatives controls were transfected according to the 
instructions of LipofectamineTM 2000 (Invitrogen, 
Carlsbad, CA, USA). 24-48 h after transfection, 
the cells were collected for the following experi-
ments. All transfection reagents were purchased 
from Gene Pharma (Shanghai, China).

Establishment of the Oxygen-Glucose 
Deprivation (OGD) model

BMECs that met the experimental requiremen-
ts were divided into 2 groups, including the nor-
mal control group and the OGD group. BMECs 
in the OGD group was first slightly washed with 
glucose-free Earle’s balanced salt solution (EBSS) 
medium (Thermo Fisher Scientific, Waltham, 
MA, USA) for 3 times before hypoxia. Then, glu-
cose-free EBSS medium was added. Subsequent-
ly, the cells were transferred to a multi-airway in-
cubator (MC0-18 M), followed by removal under 
the conditions of glucose and oxygen deprivation 
(93% N2, 5% CO2) for 2 h, 4 h, and 6 h, respecti-
vely. Meanwhile, BMECs in the normal control 
group was cultured in a 37°C, 5% CO2 incubator.

RNA Extraction and Quantitative Real 
Time-Polymerase Chain Reaction 
(qRT-PCR)

Total RNA was extracted in accordance with 
the instructions of the TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). Complementary deoxyribo-
se nucleic acid (cDNA) was then synthesized by 
reverse transcription. Relative gene expression 
was calculated by the 2-ΔΔCt method. QRT-PCR 
procedures were: pre-denaturation at 95°C for 15 
min, denaturation at 94°C for 15 s, 55°C for 30 s, 
extension at 72°C for 30 s, for a total of 40 cycles. 

Primers used in this study were listed as follows: 
miR-940 (F: 5’-GCATCGTTCCTTCAAGCC-
GATCT-3’, R: 5’-TGGGTGAGTCGTTCGG-3’); 
VEGF (F: 5’-GCGGGCTGCTGCAATG-3’, R: 
5’-TGCAACGCGAGTCTGTGTTT-3’); U6 (F: 
5’-TCCGATCGTGAAGCGTTC-3’, R: 5’-GT-
GCAGGGTCCGAGGT-3’); GAPDH (F: 5’-GGA-
ATCCACTGGCGTCTTCA-3’, R: 5’-GGTTCAC-
GCCCATCACAAAC-3’).

Angiogenesis Experiment
1 day before the experiment, Matrigel was so-

lubilized at 4°C overnight. Briefly, 150 μL Ma-
trigel was coated on a pre-cooled 48-well plate, 
and then, incubated at 37°C for 30 min to allow 
the solidification. Endothelial cells were digested, 
re-suspended and adjusted into a density to 4*105 
cells/mL. Subsequently, 100 μL cell suspension 
was seeded in 48-well plates with Matrigel, and 
100 μL M131 or M131 medium containing angio-
genic substances was further added. Then, the 
cells were cultured in a 37°C, 5% CO2 incubator 
for 24 h. The formation of the lumen was obser-
ved under the Olympus phase contrast microsco-
pe. Randomly selected images at magnification 
100x were used for further analysis.

EDU (5-Ethynyl-2′-Deoxyuridine) Assay
Each EdU labeled cell slide was fixed with 1 

mL 4% paraformaldehyde at room temperature 
for 30 min, and then rinsed twice with 3% BSA for 
5 min, followed by the addition of 1 mL penetrant 
(0.5% TritonX-100) to membrane permeation. 20 
min after, the slides were further rinsed twice 
with 3% BSA for 5 min to remove the penetrant. 
Subsequently, 0.5 mL KeyFluor 488 Click-iT re-
action mixture was added to each slide, followed 
by incubation at room temperature for 30 min in 
the dark. Then, the reaction mixture was removed 
and the anti-fluorescence quencher was added. Fi-
nally, the slides were sealed and observed under a 
ZEISS (Baden-Württemberg, Germany) inverted 
microscope in the darkroom.

Western Blot
Total proteins were extracted by radio-immuno-

precipitation assay (RIPA) lysate (Beyotime, Shan-
ghai, China). The concentration of protein was de-
termined by the bicinchoninic acid (BCA) method 
(Pierce, Rockford, IL, USA). Extracted proteins 
were separated by sodium dodecyl sulphate-polya-
crylamide gel electrophoresis (SDS-PAGE) and 
transferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA). After 
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blocking with 5% skim milk for 1 h, the membra-
nes were incubated with corresponding primary 
antibodies at 4°C overnight. After washing with 
Tris-Buffered Saline with Tween 20 (TBST-20; 
Beyotime, Shanghai, China) three times, the mem-
branes were incubated with fluorescence-labeled 
secondary antibody at room temperature for 1h. 
After washing 3 times with TBST, immunoreacti-
ve bands were exposed by Odyssey far-infrared 
fluorescence scanning imaging system.

Statistics Analysis
Statistical Product and Service Solutions (IBM, 

Armonk, NY, USA) 19.0 software was used for 
all statistical analysis. All measurement data were 
expressed as mean ± standard deviation (x±s). 
The t-test was used to compare the differences 
between the two groups. p<0.05 was considered 
statistically significant.

Results

Reduced Expression of MiR-940 After 
Cerebral Infarction

All SD rats were divided into the normal con-
trol group and the MCAO group. They were sa-
crificed on the 1st, 3rd, and 7th day after MCAO 
establishment respectively, and brain tissue and 
peripheral blood were collected. Subsequently, 
qRT-PCR was performed to detect the expres-
sion level of miR-940 in the brain tissue and pe-
ripheral blood samples of rats in the two groups. 
Results showed that the expression level of miR-
940 in peripheral blood of rats in the cerebral 
infarction group was significantly decreased 
when compared with that of the normal control 

group, which began to recover on the 7th day 
(Figure 1A). Subsequently, we examined the 
expression level of miR-940 in brain tissues of 
the two groups, and found that miR-940 expres-
sion was significantly decreased in the brain 
tissues of rats in the cerebral infarction group. 
Similarly, miR-940 expression began to recover 
on the 7th day (Figure 1B). Next, we used qRT-
PCR to detect miR-940 expression in BMECs at 
2, 4, and 6 h after OGD treatment, respectively. 
Results indicated that miR-940 expression was 
significantly decreased after OGD treatment, 
and started to recover after 6 h (Figure 1C). 
Therefore, we suggested that the expression of 
miR-940 was significantly downregulated after 
cerebral infarction.

MiR-940 Inhibited Angiogenesis After 
Cerebral Infarction

BMECs were then transfected with miR-
940 mimics/inhibitor to achieve miR-940 ove-
rexpression/knockdown. Transfection efficiency 
was confirmed by qRT-PCR (Figure 2A). Angio-
genesis experiments demonstrated that the len-
gth of lumen formation per unit area of BMECs 
was significantly shorter than that of the control 
group after miR-940 mimics transfection (Figu-
re 2B). Conversely, after miR-940 knock-down, 
the length of lumen formation in BMECs was 
markedly increased (Figure 2C). EDU experi-
ments showed that the proliferation of BMECs 
after miR-940 overexpression was significantly 
decreased. However, the inhibition of miR-940 
expression could remarkably enhance the pro-
liferation of BMECs (Figure 2D). These results 
indicated that miR-940 inhibited angiogenesis 
after cerebral infarction.

Figure 1. The expression of miR-940 in patients with cerebral infarction was significantly reduced. A, The serum level of 
miR-940 after cerebral infarction was detected by qRT-PCR. B, The expression of miR-940 in tissues after cerebral infarction 
was detected by qRT-PCR. C, The expression of miR-940 in BMECs was decreased 2 h after OGD treatment, which began to 
increase after 6 h. (*p<0.05, vs. Control group; #p<0.05, vs. 1 d group; +p<0.05, vs. 3 d group)
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MiR-940 Inhibited VEGF Expression
To explore the role of miR-940 in angiogenesis, 

we hypothesized that it could regulate the expres-
sion of VEGF. Results showed that the expression 
level of VEGF increased significantly after miR-
940 down-regulation (Figure 3A). Conversely, 
VEGF expression was markedly decreased after 
miR-940 overexpression (Figure 3B). Same resul-
ts were obtained at the protein level (Figure 3C, 
3D). To further investigate the relationship betwe-
en miR-940 and VEGF, we transfected oe-VEGF 
and si-VEGF into cells. QRT-PCR results showed 
that oe-VEGF transfection could significantly in-
crease intracellular VEGF expression (Figure 3E) 
while si-VEGF treatment significantly inhibited 
VEGF expression (Figure 3F).

VEGF Could Reverse the Inhibitory Effect 
of MiR-940 on Angiogenesis and Cell 
Proliferation in BMECs

To further elucidate whether miR-940 could re-
gulate angiogenesis after cerebral infarction through 
VEGF, we co-transfected oe-VEGF, and si-VEGF in 
BMECs. The results showed that the angiogenesis of 

BMECs was significantly promoted after miR-940 
inhibitor transfection. Meanwhile, down-regulation 
of VEGF expression could reverse this effect (Fi-
gure 4A). In addition, oe-VEGF transfection could 
reverse the inhibitory effect on angiogenesis caused 
by the up-regulation of miR-940 in BMECs (Figure 
4B). Besides, cell proliferation assay demonstrated 
that VEGF reversed the inhibitory effect of miR-
940 on the proliferation of BMECs (Figure 4C, 4D). 
Thus, we concluded that miR-940 might be involved 
in angiogenesis after cerebral infarction by regula-
ting VEGF expression.

Discussion

Angiogenesis caused by cerebral infarction is 
a complex pathophysiological process20. Angio-
genic growth factor receptors and in vivo related 
enzymes in vascular endothelial cells are acti-
vated, thereby releasing metalloproteinases. To 
degrade the basement membrane, vascular en-
dothelial cells may migrate to the corresponding 
position again, secrete and form the surrounding 

Figure 2. MiR-940 inhibited angiogenesis. A, Transfection efficiency of miR-940 mimics/inhibitor in BMECs. B, C, After 
miR-940 mimics/inhibitor transfection, the length of lumen formation per unit area of BMECs was measured. D, MiR-940 
inhibited the proliferation of BMECs cells.
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matrix, and proliferate into a bud-like structure, 
which continues to expand to form a ring-shaped 
lumen. Finally, perivascular cells, smooth muscle 
cells and astrocytes undergo the proliferation, 
migration, differentiation, and occlusion of the 
plasma cells, eventually forming a mature blood 

vessel lumen. The whole process is regulated by 
a variety of signaling molecules and signaling pa-
thways, including VEGF, angiopoietins (Ang) fa-
mily, fibroblast growth factor (FGF), and others. 
Moreover, the precise regulation of VEGF is par-
ticularly important6.

Figure 3. MiR-940 inhibited VEGF expression in vascular endothelial cells. A, After miR-940 inhibitor transfection, the 
mRNA expression of VEGF in BMECs was significantly increased. B, After miR-940 mimics transfection, the mRNA expres-
sion of VEGF in BMECs cells was remarkably decreased. C, After miR-940 inhibitor transfection, the protein expression 
of VEGF in BMECs was significantly increased. D, After miR-940 mimics transfection, the protein expression of VEGF in 
BMECs cells was remarkably decreased. E, Transfection efficiency of oe-VEGF was detected by qRT-PCR. F, Transfection 
efficiency of si-VEGF was detected by qRT-PCR.
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VEGF is a specific mitogen of vascular en-
dothelial cells, which can promote the prolifera-
tion and differentiation of endothelial cells. Me-
anwhile, it may induce and form a large number 
of new blood vessels21. The human VEGF gene is 
located at p12-21 of chromosome 6 with 28 kbp 
in length, consisting of 8 exons and 7 introns22. 
Studies have found that VEGF and its receptors 
are highly expressed in malignant tumors. More-
over, highly expressed VEGF can induce tumor 
neovascularization and participate in tumor cell 
growth, progression, invasion, and metastasis23. 
The expression of angiogenesis-associated pro-
teins may be regulated by multiple miRNAs, in-
cluding miR-92a24, miR-12625, miR-130a26, and 
miR-21027. Therefore, miRNAs have formed a 

complex and elaborate network for post-tran-
scriptional gene regulation. Moreover, previous 
studies have also indicated that the regulation 
of miRNAs and target genes can be mutual. For 
example, VEGF has been confirmed to promote 
the expression of miR-210 in CD34+-regulated 
angiogenesis, thus forming a feedback28.

In this work, the expression of miR-940 was si-
gnificantly reduced in cerebral tissue and serum 
samples after cerebral infarction. Lowly expressed 
miR-940 was also found in glucose-oxygen-exfo-
liated BMECs. After miR-940 up-regulation, 
the length of luminal formation per unit area of   
BMECs was significantly shorter than that of the 
control group, and cell proliferation was marke-
dly inhibited. Conversely, inhibition of miR-940 

Figure 4. VEGF reversed the inhibitory effect of miR-940 on angiogenesis in BMECs. A-B, VEGF could reverse the inhibi-
tory effect of miR-940 on lumen formation per unit area in BMECs. C-D, VEGF could reverse the inhibitory effect of miR-940 
on the proliferation of BMECs.
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promoted BMECs lumen formation and cell pro-
liferation. To further explore the regulatory role 
of miR-940, we transfected cells with oe-VEGF 
and si-VEGF, and found that VEGF could reverse 
the inhibitory effect of miR-940 on the formation 
and proliferation of BMECs. Finally, miR-940 
was found to regulate angiogenesis after cerebral 
infarction, and the possible mechanism might de-
pend on the inhibition of VEGF by miR-940.

Conclusions

We showed that miR-940 expression is decre-
ased after cerebral infarction. High expression of 
miR-940 can inhibit angiogenesis caused by cere-
bral infarction through regulating VEGF expres-
sion, which may be a potential therapeutic target 
for cerebral ischemia.
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