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Abstract. MicroRNA (miRNA or miR) expression profiles 
are altered in tissues under hypoxic‑ischemic conditions. 
The expression of miR‑140 is downregulated >2‑fold 
following hypoxic‑ischemic brain damage, however, its role 
in angiogenesis subsequent to cerebral ischemia is not fully 
understood. The present study aimed to investigate the role 
of miR‑140‑5p in angiogenesis and the molecular mechanism 
mediated by vascular endothelial growth factor A (VEGFA) 
in an in vitro model for brain ischemia. A rat middle cerebral 
artery occlusion (MCAO) model was constructed, and the 
results from reverse transcription‑quantitative polymerase 
chain reaction and western blot analysis demonstrated that the 
expression levels of miR‑140‑5p were significantly decreased, 
while the expression levels of VEGFA were significantly 
increased between 12 and 48 h in the rat cerebral following 
MCAO. Furthermore, human umbilical vein endothelial cells 
(HUVECs) were exposed to low oxygen conditions and it 
was demonstrated that hypoxia downregulated miR‑140‑5p 
and upregulated VEGFA expression levels. The miR‑140‑5p 
mimic was transfected into the normoxic and hypoxic 
HUVECs and 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltet-
razolium bromide, Transwell migration and tube formation 
assays were performed. The results indicated that miR‑140‑5p 
inhibited angiogenesis by decreasing cell proliferation, migra-
tion and tube formation. Additionally, in human embryonic 
kidney 293 cells, results from the luciferase reporter assay 
revealed that miR‑140‑5p directly targeted the 3' untrans-
lated region of VEGFA and that miR‑140‑5p regulated the 
protein expression of VEGFA. To further analyze this effect, 
a VEGFA‑pEGFP‑C1 plasmid was transfected into the 
normoxic and hypoxic HUVECs, and it was revealed that the 

inhibitory effect of miR‑140‑5p on angiogenesis was attenu-
ated by the overexpression of VEGFA. In conclusion, to the 
best of our knowledge, the present study is the first to suggest 
that miR‑140‑5p exerts an inhibitory effect on angiogenesis 
in an in vitro model of ischemia, and this effect is achieved 
partially by targeting VEGFA. The present study provided a 
novel biomarker for the treatment of cerebral ischemia.

Introduction

Stroke is the predominant cause of mortality and a long-term 
disability worldwide (1). Ischemic stroke is more common 
than hemorrhagic stroke and accounts for >80% of all stroke 
cases (2). Angiogenesis is associated with neurological 
functional recovery and it has been demonstrated to be critical 
in improving brain recovery following ischemic insults (3,4).

Increasing evidence demonstrated that microRNAs 
(miRNAs or miRs) are involved in stroke (5). Peng et al (6) 
demonstrated that in the pathogenesis of hypoxic-ischemic 
brain damage, numerous miRNAs were downregulated, in 
particular miR-140 was downregulated >2 fold. miR-140 has 
been investigated extensively in cancer research (7-11), 
however, its role in angiogenesis following ischemic stroke 
remains unclear.

In the present study, the expression of miR-140-5p and 
vascular endothelial growth factor A (VEGFA) was examined 
in a rat model of middle cerebral artery occlusion (MCAO). 
Furthermore, the present study demonstrated the role of 
miR-140-5p in angiogenesis and the molecular mechanism 
mediated by VEGFA in an in vitro model for brain ischemia.

Materials and methods

Permanent rat model of MCAO. The present study was 
approved by the Ethics Committee of Liaocheng People's 
Hospital (Shandong, China). All animal experiments were 
performed in compliance with the guidelines for the Care 
and Use of Laboratory Animals published by the National 
Institutes of Health (12). Sprague-Dawley male rats (n=32), 
weighing 250-300 g, aged 6‑8 weeks old were purchased from 
SLAC Laboratory Animal, Inc. (Shanghai, China). Rats were 
housed in individual cages with of a 12‑h light/dark cycle 
and a controlled temperature (22‑24˚C), with free access to 
food and fresh water. The rats were sacrificed at 12, 24 and 
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48 h following treatments via an intraperitoneal injection of 
pentobarbital (200 mg/kg; Sigma‑Aldrich, St. Louis, MO, 
USA). Each rat was anesthetized with 10% chloral hydrate 
(4 ml/kg; Shuanghe, Ltd., Beijing, China) intraperitoneally. 
Following the exposure of the right common carotid artery, 
a 4-0 nylon monofilament coated with a silicone tip was 
inserted into the internal carotid artery until mild resistance 
was felt, to occlude the middle cerebral artery. Rats in the 
MCAO group (n=24) were divided into three subgroups 
based on the duration of ischemia for 12, 24 and 48 h. 
Rats in the sham group (n=8) underwent anesthesia and 
surgery without the occlusion of the middle cerebral artery. 
Following MCAO, neurological function was tested, and the 
score was evaluated as previously described (13). Rats with 
scores of 1-3 were included.

Cell culture. Human umbilical vein endothelial cells (HUVECs) 
and human embryonic kidney (HEK)293 cells were purchased 
from American Type Culture Collection (Manassas, VA, USA). 
HEK293 cells and HUVECs in normoxic conditions were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, 
Inc.) at 37˚C, in a humidified atmosphere of 95% air and 5% CO2. 
HUVECs in hypoxic conditions were cultured in DMEM with 
FBS at 37˚C, in a humidified atmosphere of 94% N2, 5% CO2 
and 1% O2.

Cell transfection. The miRNA control, miR-140-5p mimic and 
miR-140-5p inhibitor were synthesized by Bioneer (Shanghai, 
China). The pEGFP-C1 plasmid was purchased from Clontech 
Laboratories, Inc. (Mountain View, CA, USA). Transfection 
of miRNA control, miR-140-5p mimic, miR-140-5p 
inhibitor, pEGFP-C1 plasmid and VEGFA-pEGFP-C1 
was performed in HUVECs and/or HEK293 cells using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. The oligonucleotides 
and plasmids were transfected at a concentration 
of 20 and 50 nM, respectively. Briefly, a day prior to transfection, 
the cells were seeded into 6-well plates. Lipofectamine (10 µl) 
and oligonucleotides/plasmids were mixed in 250 µl Opti-MEM 
(Invitrogen; Thermo Fisher Scientific, Inc.) and incubated at 
room temperature for 20 min to form a complex. The cells were 
incubated with the complex at 37˚C for 6 h, and the medium was 
subsequently replaced with fresh medium.

Luciferase reporter assay. The wild type VEGFA-3' 
untranslated region (UTR) and mutant VEGFA-3'UTR were 
cloned into the psiCHECK-2 vector (Promega Corporation, 
Madison, WI, USA). A luciferase reporter assay was performed 
in HEK293 cells. The miRNA control, miR-140-5p mimic and 
psiCHECK-2-UTR vectors were transfected into the cells using 
Lipofectamine, as described above. The cells were lysed 24 h 
following the transfection and the luciferase activity was 
determined by the Dual-Luciferase Reporter Assay system 
(Promega Corporation), according to the manufacturer's 
protocol.

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide  
(MTT) assay. The cells were plated into 96-well plates and 

allowed to grow for 24, 48 and 72 h prior to incubation 
with 10 µl MTT solution (0.5 mg/ml; Beyotime Institute 
of Biotechnology, Shanghai, China) for 4 h at 37˚C. The 
formazan crystals were solubilized in dimethyl sulfoxide 
(Sigma‑Aldrich) and the optical density was measured 
at 570 nm using a microplate reader (SpectraMax M2e; 
Molecular Devices, LLC, Sunnyvale, CA, USA).

Transwell migration assay. A Transwell migration assay was 
performed using a 6‑well Transwell plate with 8.0 µm pore 
polycarbonate membrane inserts (Corning, Inc., Corning, NY, 
USA). The HUVECs were suspended and seeded at a density 
of 5x104 cells/ml into the upper chambers with serum-free 
medium. Culture medium with 10% FBS was added to the lower 
chambers. Following 24 h incubation, the cells that migrated 
were fixed in 95% ethanol and stained with hematoxylin 
solution (Sigma‑Aldrich) for 15 min at room temperature. The 
cells were then counted under a TS100 inverted microscope 
(Nikon Corporation, Tokyo, Japan).

In vitro tube formation assay. Pre-cooled Matrigel (BD 
Biosciences, Franklin Lakes, NJ, USA) was added to the 24-well 
plates and allowed to solidify at 37˚C for 30 min. The cells were 
subsequently suspended and seeded at a density of 4x105 cells/ml 
into the 24-well plates. Following incubation at 37˚C, in 5% 
CO2 for 18 h, the formation of tubes was observed under the 
microscope and images were captured (Olympus Corporation, 
Tokyo, Japan). The tube lengths were analyzed using Image-Pro 
Plus software, version 5.0 (BD Biosciences) in five randomly 
selected fields per well.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The total RNA from the ipsilateral ischemic 
cerebral cortex and HUVECs was extracted using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). For miRNA 
isolation, the mirVana miRNA Isolation kit (Ambion; Thermo 
Fisher Scientific, Inc.) was used, according to the manufacturer's 
protocol. The total RNA (1 µg) was reverse-transcribed into 
cDNA using the Transcriptor First Strand cDNA Synthesis kit 
(Roche Diagnostics, Basel, Switzerland). The primer sequences 
used were as follows: miR-140-5p, forward: 5'‑ACA CTC CAG 
CTG GGC AGT GGT TTT ACC CTA‑3' and reverse: 5'‑TGG 
TGT CGT GGA GTCG‑3'; U6, forward: 5'‑CTC GCT TCG GCA 
GCACA‑3' and reverse: 5'‑AAC GCT TCA CGA ATT TGCGT‑3'. 
PCR was performed using a SYBR Green PCR kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) in a 7300 Sequence 
Detection system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.), with an initial denaturation step at 95˚C for 5 min, 
followed by 40 cycles of amplification (95˚C for 30 sec, 60˚C 
for 30 sec and 72˚C for 40 sec) and a final extension step at 72˚C 
for 10 min. The relative mRNA expression of miR‑140‑5p was 
calculated using the 2-ΔΔCt method and normalized to the U6 
expression (14).

Western blot analysis. The total protein was extracted 
from the ipsilateral ischemic cerebral cor tex and 
cultured cells using ice-cold lysis buffer (50 mM 
Tris-HCl, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM 
EDTA and protease inhibitor cocktail). Following centrifugation 
at 10,000 x g for 15 min at 4˚C, the supernatant was collected and 
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the protein concentration was determined using the Pierce BCA 
Protein Assay kit (Thermo Fisher Scientific, Inc.). A total of 20 µg 
protein was separated by 12% SDS-PAGE and transferred onto 
polyvinylidene fluoride membranes (EMD Millipore, Billerica, 
MA, USA). The membranes were blocked with 5% non-fat 
milk in Tris-buffered saline, containing 0.01% Tween-20 at 4˚C 
overnight. Following blocking, the membranes were incubated 
at 37˚C for 2 h with VEGFA (dilution: 1:800; cat. no: sc-53462, 
mouse monoclonal; Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA) and β-actin (dilution: 1:1,000; cat. no: sc-47778, 
mouse monoclonal; Santa Cruz Biotechnology, Inc.) primary 
antibodies. Following washing with phosphate‑buffered 
saline, the membranes were incubated with the corresponding 
horseradish peroxidase-conjugated secondary antibody 
(dilution: 1:2,000; cat. no: BA1051, goat polyclonal; Wuhan 
Boster Biological Technology, Ltd., Wuhan, China). The 
reaction was detected using the Pierce ECL Western Blotting 
Substrate (Thermo Fisher Scientific, Inc.). The band intensity 
was quantified using Image J 1.48u software (National Institutes 
of Health, Bethesda, MD, USA).

Statistical analysis. Statistical analysis was performed using 
SPSS software, version 19.0 (IBM SPSS, Chicago, IL, USA).
The data are presented as the mean ± standard deviation. 
Student's t‑test was used to identify differences between the 
two groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Expression of miR‑140‑5p and VEGFA in rat cerebral tissue 
following MCAO. RT-qPCR and western blot analyses were 

used to determine changes in the expression of miR-140-5p and 
VEGFA in the rat brain following MCAO at 12, 24 and 48 h. 
The results from RT-qPCR analysis demonstrated that 
the expression of miR-140-5p was significantly reduced 

Figure 1. miR‑140‑5p fold change and the protein expression of VEGFA  in the cerebral tissue following middle cerebral artery occlusion for 12‑48 h. (A) The 
fold change of miR‑140‑5p was normalized against the sham group. (B) The protein expression of VEGFA was normalized against β‑actin. The data are 
expressed as the mean ± standard deviation (*P<0.05; #P<0.01, vs. the sham group). VEGFA, vascular endothelial growth factor A; miR, microRNA.

Figure 2. miR‑140‑5p fold change and the protein expression of VEGFA 
in human umbilical vein endothelial cells following hypoxia. (A) The fold 
change of miR‑140‑5p was normalized against that of the normoxia group. 
(B) The protein expression of VEGFA was normalized against β‑actin. 

The data are expressed as the mean ± standard deviation (*P<0.05; #P<0.01, 
vs. the normoxia group) VEGFA, vascular endothelial growth factor A; miR, 
microRNA.

  A

  B

  A

  B
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at 12, 24 and 48 h following MCAO, compared with the sham 
group (P<0.05, P<0.01 and P<0.01, respectively; Fig. 1A). 
However, western blot analysis demonstrated that the protein 
expression levels of VEGFA were significantly increased 
at 12, 24 and 48 h following MCAO, compared with the sham 
group (P<0.05, P<0.05 and P<0.01, respectively; Fig. 1B).

Expression of miR‑140‑5p and VEGFA in HUVECs following 
hypoxia. HUVECs were exposed to hypoxia and the 
changes in the expression levels of miR-140-5p and VEGFA 
were measured using RT-qPCR and western blot analyses. 
Consistent with the results from the in vivo experiment in rat 
cerebral tissue, the expression of miR-140-5p was significantly 
decreased, while the protein expression levels of VEGFA were 
significantly increased in hypoxic HUVECs compared with 
those in normoxic HUVECs (P<0.01 and P<0.05, respectively; 
Fig. 2).

Effect of miR‑140‑5p on the in vitro angiogenesis of HUVECs 
following hypoxia. To investigate the effect of miR-140-5p 
on angiogenesis, the miR-140-5p mimic was transfected 
into normoxic and hypoxic HUVECs. RT-qPCR analysis 
demonstrated that, compared with the control group, the 
expression of miR-140-5p was significantly increased in normoxic 
and hypoxic HUVECs following transfection (P<0.01; Fig. 3A). 
Subsequently, cell viability, migration and tube formation were 
examined. An MTT assay demonstrated that cell viability 
was markedly decreased in normoxic and hypoxic HUVECs 
following transfection (Fig. 3B). As demonstrated in Fig. 3C, 
the migrated cell number was significantly different between 
the control and the miR-140-5p mimic groups (P<0.05). The 
results suggested that the enhanced expression of miR-140-5p 
led to decreased cell migration in the normoxic and hypoxic 
HUVECs. In addition, compared with the control group, the 

tube length was significantly decreased in the normoxic and 
hypoxic HUVECs following transfection (P<0.05; Fig. 3D).

miR‑140‑5p directly targets the 3'UTR of VEGFA and regulates 
the expression of VEGFA. To reveal the association between 
miR-140-5p and VEGFA, wild type and mutant 3'UTR of 
VEGFA were transfected into HEK293 cells, along with the 
miR-140-5p mimic and miRNA control. The luciferase reporter 
assay demonstrated that transfection of the miR-140-5p mimic 
significantly downregulated the luciferase activity in the wild 
type VEGFA-3'UTR compared with the control group (P<0.01; 
Fig. 4). However, the mutant VEGFA-3'UTR levels were not 
significantly altered following transfection (Fig.  4).

Furthermore, the effect of miR-140-5p on the expression 
of VEGFA in HEK293 cells was examined. As demonstrated 
in Fig. 5A, the expression of miR-140-5p was significantly 
upregulated following transfection with the miR-140-5p mimic 

Figure 3. Effect of miR‑140‑5p on in vitro angiogenesis in human umbilical vein endothelial cells following transfection with the miR‑140‑5p mimic. (A) Fold 
changes of miR‑140‑5p was normalized against the normoxia/control group. (B) Cell viability was determined by 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl-
tetrazolium bromide assay. (C) The number of migrated cells was determined using a Transwell migration assay. (D) The tube length was determined using a 
tube formation assay. The data are expressed as the mean ± standard deviation (*P<0.05; #P<0.01, vs. the sham group). miR, microRNA.

Figure 4. Relative luciferase activity of wild type and the mutant 3' untranslated 
region of vascular endothelial growth factor A in human embryonic 
kidney 293 cells following transfection with the miR‑140‑5p mimic. The 
data are expressed as the mean ± standard deviation (#P<0.01, vs. the wild 
type control group).

  A   B

  C   D
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and downregulated following transfection with the miR-140-5p 
inhibitor, compared with the control group (P<0.01). Western 
blot analysis demonstrated that the protein expression levels of 
VEGFA were significantly decreased following transfection 
with the miR-140-5p mimic and increased following miR-140-5p 
inhibitor transfection, compared with the control group (P<0.01; 
Fig. 5B).

VEGFA attenuates the effect of miR‑140‑5p on in vitro 
angiogenesis of HUVECs following hypoxia. To investigate 

whether the effect of miR-140-5p on angiogenesis was 
mediated by VEGFA, VEGFA-pEGFP-C1 was transfected 
into the normoxic and hypoxic HUVECs, together with the 
miR-140-5p mimic. Western blot analysis demonstrated that 
in the normoxic and hypoxic HUVECs, miR-140-5p mimic 
transfection significantly downregulated the protein expression 
levels of VEGFA compared with the control group (P<0.05; 
Fig. 6A). However, following mimic + VEGFA transfection, 
the protein expression levels of VEGFA were significantly 
increased compared with the mimic group (P<0.05; Fig. 6A).

Figure 5. Effect of miR‑140‑5p on the protein expression of VEGFA in human embryonic kidney 293 cells following transfection with the miR‑140‑5p mimic 
and miR‑140‑5p inhibitor. (A) The fold changes of miR‑140‑5p was normalized against that of the control group. (B) The protein expression of VEGFA was 
normalized against β‑actin. The data are expressed as the mean ± standard deviation (*P<0.05; #P<0.01, vs. the control group). VEGFA, vascular endothelial 
growth factor A.

Figure 6. VEGFA attenuates the effect of miR‑140‑5p on in vitro angiogenesis of human umbilical vein endothelial cells following transfection with the 
miR‑140‑5p mimic and VEGFA‑pEGFP‑C1. (A) The protein expression levels of VEGFA were normalized against β‑actin. (B) Cell viability was determined 
by 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. (C) The number of migrated was cells determined using a Transwell migration assay. 
(D) Tube length was determined using a tube formation assay. The data are expressed as the mean ± standard deviation (*P<0.05, vs. the control group; 
**P<0.05, vs. the mimic group). VEGFA, vascular endothelial growth factor A.

  A   B

  C   D

  A   B
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An MTT assay demonstrated that the decreased cell viability 
observed due to the transfection of the miR-140-5p mimic 
in normoxic and hypoxic HUVECs was reversed by the 
overexpression of VEGFA (Fig. 6B). The results from the 
Transwell migration assay revealed that overexpression 
of VEGFA attenuated the effect of miR-140-5p on cell 
migration in normoxic and hypoxic HUVECs (Fig. 6C). In 
addition, compared with the mimic group, the tube length 
was significantly increased in the mimic + VEGFA group in 
normoxic and hypoxic HUVECs (P<0.05; Fig. 6D).

Discussion

miRNAs are a family of small non‑coding RNAs that 
are 19‑24 nucleotides in length. They serve important roles in 
the regulation of various biological processes, including cell 
proliferation, differentiation, apoptosis and motility (15-17). 
Aberrant miRNA expression profiles have been linked to 
the pathophysiology of numerous human diseases. Previous 
studies demonstrated that miRNA profiles were altered in 
tissues, including myocardial, retina, liver and brain tissues, 
under hypoxic-ischemic conditions (18-21). The miR-140-5p 
expression profile of rat hippocampus may be detected by 
microarray (22), and it has been demonstrated that miR-140-5p 
modulates myelination in the dorsal root ganglion/Schwann cell 
co‑cultures (23). In addition, these previous studies suggested 
that miR-140-5p may be a functional miRNA of the central 
nervous system. In the present study, it was demonstrated that 
the expression of miR-140-5p was significantly decreased in 
rat cerebral ischemia and in the in vitro hypoxic condition. 
These findings suggested that miR-140-5p may be involved in 
the pathogenesis of hypoxic-ischemic brain damage.

Ischemic stroke results from the blockage of a brain arterial 
blood vessel, therefore, the improvement of blood supply in 
the ischemic brain tissue is the fundamental approach for 
the treatment of ischemic stroke. Previous clinical studies 
indicated that good collateral circulation may influence 
the infarct volume and aid in the prognosis of patients with 
ischemic stroke (24‑27). Cerebral collateral circulation is 
a secondary compensatory mechanism following cerebral 
ischemia, and it refers to the collateral or the newly formed 
vascular anastomosis that stabilize cerebral blood flow when 
the arteries are blocked.

Angiogenesis is the formation of new vessels sprouting 
from pre-existing capillaries (28), and it was suggested to 
be a potent therapy for ischemic stroke through increasing 
the cerebral blood flow (29). A previous study indicated that 
angiogenesis is associated with the neurological functional 
recovery and has a beneficial effect on the long‑term survival 
of patients following cerebral ischemia (30).

Cell proliferation, migration and tube formation in 
endothelial cells are important processes in angiogenesis. 
Previous studies in cancer research indicated that miR-140-5p 
suppresses cancer cell proliferation and metastasis (9,11). 
In the present study, an in vitro study was performed for 
the first time to the best of our knowledge, to investigate 
the effect of miR-140-5p on angiogenesis in normoxic and 
hypoxic HUVECs. The results demonstrated that miR-140-5p 
exerts inhibitory effects against angiogenesis in normoxic 
and hypoxic HUVECs, as indicated by decreased cell 

proliferation, migration and tube formation in HUVECs 
following transfection with the miR-140-5p mimic. These 
results suggested that miR-140-5p may regulate angiogenesis 
following hypoxic-ischemic brain damage.

VEGFA is a notable pro‑angiogenic factor, which 
promotes angiogenesis through numerous mechanisms (31). 
It has been demonstrated that VEGFA may induce the 
proliferation and migration of endothelial cells, and increase 
vascular permeability (32). VEGFA has important roles 
in the angiogenesis following cerebral ischemia (33‑35). 
Several animal and clinical studies have demonstrated that 
VEGFA is significantly upregulated following stroke (36,37). 
Administration of VEGFA appears to increase microvessel 
density in the ischemic penumbra following MCAO in rats, 
thus leading to an enhanced post‑ischemic angiogenesis (38). 
To investigate the association between miR-140-5p and 
VEGFA, potential targets of miR-140-5p were identified using 
the miRanda algorithm (www.microrna.org) and VEGFA was 
predicted to be a direct target. The luciferase reporter assay 
demonstrated that miR-140-5p may directly target the 3'UTR 
of VEGFA and downregulated the protein expression of 
VEGFA. Furthermore, overexpression of VEGFA may 
attenuate the effect of miR-140-5p on angiogenesis.

In conclusion, the results of the present study demonstrated 
that miR-140-5p suppresses angiogenesis following cerebral 
ischemia, and this effect is achieved by directly targeting 
VEGFA. The present study provided evidence that miR-140-5p 
may be a potential candidate for the treatment of ischemic 
brain injury.
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