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Abstract. In peripheral arterial disease (PAD), angiogenesis 
is a major process involved in repairing the microvasculature 
in the ischemic lower limb. MicroRNA‑210 (miR‑210) is a 
microRNA that is substantially increased in patients with PAD. 
However, the effects of miR‑210 on angiogenesis following 
PAD remain elusive. In the present study, mice with hindlimb 
ischemia (HLI) were generated as an animal model of PAD, and 
miR‑210 levels were overexpressed in the ischemic limb. The 
overexpression of miR‑210 using microRNA mimics greatly 
improved angiogenesis and perfusion recovery; in contrast, the 
knockdown of miR‑210 impaired perfusion recovery 28 days 
after HLI. Ischemic muscle tissue was harvested 7 days after 
experimental PAD in order to perform biochemical tests, and 
miR‑210 antagonism resulted in increased malondialdehyde 
levels. In cultured endothelial cells under simulated ischemia, 
miR‑210 mimic improved endothelial cell viability and 
enhanced tube formation; and a miR‑210 inhibitor decreased 
cell survival, reduced tube formation and increased reac‑
tive oxygen species (ROS) levels. Furthermore, miR‑210 
antagonism increased the protein disulfide‑isomerase levels 
in cultured endothelial cells. These results demonstrate that 
ischemia‑induced miR‑210 elevation is adaptive in PAD, and 
that miR‑210 improves angiogenesis at least partially through 
decreasing ROS production.

Introduction

Peripheral arterial disease (PAD), caused by the occlusion of 
the arteries extending to the lower extremities, is an increasing 
medical problem that affects ~20% of the global population 
>55 years of age (1‑4). Delivery of oxygen, nutrients and other 

mediators to ischemic sites in patients with PAD is dependent 
on the growth of new blood vessels, known as angiogen‑
esis (5‑8). However, at present, there are no known medications 
that are available to induce functional neovascularization and 
thereby treat patients with PAD (9‑11).

MicroRNAs (miRs) are a class of small non‑coding RNAs 
17‑25 nucleotides in length that bind to the 3'‑untranslated 
region (UTR) of specific mRNAs and induce mRNA degra‑
dation or suppress protein translation (12). In patients with 
PAD and animal models, miRs have been reported to serve 
important functions in tissue recovery and angiogenesis (12). 
Previous evidence has demonstrated that the expression 
of miRs are profoundly altered under hypoxic conditions; 
among these miRs, miR‑210 is robustly upregulated following 
ischemia (13‑15). In addition, circulating miR‑210 levels have 
been reported to be significantly higher in patients with PAD 
when compared with healthy controls (16). However, whether 
miR‑210 modulates angiogenesis in PAD remains elusive. 
The present study was designed to investigate the function of 
miR‑210 in angiogenesis following PAD, and further elucidate 
the underlying molecular mechanisms.

Materials and methods

Murine hind limb ischemia (HLI). Unilateral HLI was gener‑
ated via surgical ligation and excision of the left femoral artery 
in mice to create an experimental PAD model, as previously 
described (17). In order to understand the function of miR‑210 
on perfusion recovery, miR‑210 was overexpressed in the isch‑
emic limb using an intramuscular injection of 5 nmol miR‑210 
mimic (cat.  no. MC10516; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) 1 day prior, and 1, 3 and 5 days (4 doses) 
subsequent to HLI in BALB/c mice. Scrambled RNA was used 
as the negative control. In the present study, male BALB/c 
mice (aged 14‑16 weeks; 20‑25 g in weight, n=18/group; 6 
mice were sacrificed in each group on day 7 for biochemical 
studies, the rest of the mice were maintained until the end 
of the experiments) were included and anesthetized with 3% 
isoflurane inhalation during the operations. Subsequent to 
HLI, analgesics (buprenorphine, 0.2 mg/kg) were admin‑
istered subcutaneously twice a day in the first 5 days after 
surgery. The health and behavior of the mice were monitored 
once a day.
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All procedures in the present study followed the Guide for 
the Care and Use of Laboratory Animals published by the US 
National Institutes of Health (publication no. 85‑23, revised 
1996). The experimental protocol was ethically approved by 
the Committee on Animal Experiments of Wuhan University 
School of Medicine (Wuhan, China). The mice were obtained 
from the Experimental Animal Center of Wuhan University 
(Wuhan, China), and were housed in a specific pathogen‑free 
laboratory environment with ad libitum access to food and 
water under a 12‑h light/dark cycle, and a constant humidity 
of 50±10% at a temperature of 25˚C. No mice succumbed to 
mortality during the experiment except by euthanization. For 
the tissue harvest, animals were euthanized by CO2 suffoca‑
tion, followed by cervical dislocation 7 and 28 days after HLI.

Perfusion recovery. Mice were anesthetized and subjected to 
a non‑invasive assessment of ischemic and non‑ischemic limb 
perfusion using a laser Doppler perfusion imaging system (LDPI; 
Perimed AB, Järfälla, Sweden) at 0, 7, 14, 21 and 28 days after 
HLI, as previously described (18). Briefly, with this system, the 
perfusion was determined based on the concentration of red 
blood cells x their velocity in the lower limb, using a beam of 
laser light carried by a fiber‑optic probe. Perfusion of the isch‑
emic limb was quantified and normalized to the non‑surgical 
limb, and the results are presented as a percentage of the values 
in the non‑ischemic side.

Immunofluorescence. Mice were sacrificed in a CO2 chamber 
28 days after HLI, and fresh gastrocnemius anterior muscles 
from the ischemic side were imbedded in optimal cutting 
temperature (Tissue‑Tek® O.C.T.™; Sakura Finetek USA, 
Inc.) compound in liquid nitrogen overnight, and then 
cryo‑sectioned into 6‑µm thick sections. The sections were 
blocked with 5% goat serum (Sigma‑Aldrich; Merck KGaA) 
for 1 h at room temperature, then anti‑CD31 antibody (rat 
anti‑mouse CD31; 1:100; cat. no. 550274; BD Pharmingen; 
BD Biosciences) was applied to acetone‑fixed (‑20˚C for 
10 min) sections of gastrocnemius muscle tissue at 4˚C over‑
night, followed by 1 h incubation at room temperature with 
an Alexa Fluor 555 anti‑rabbit secondary antibody (1:400; 
cat.  no. BM2004; Boster Biological Technology). Images 
were captured using an Olympus IX71 high‑magnification 
microscope (Olympus Corporation), and four images were 
randomly selected from each sample. Capillary densities were 
analyzed by counting four randomly selected high‑power 
fields (magnification, x100) and expressed as the number of 
CD31+ cells per field.

Biochemical assay. Malondialdehyde (MDA) in the mouse 
ischemic muscle homogenates was measured using a thiobar‑
bituric acid kit (Nanjing Jiancheng Bioengineering Institute), 
as previously described (19). Briefly, tissue homogenates or 
a series of standard dilutions (1.063, 3.125, 6.25, 12.5, 25, 
50 and 100 mmol/l) were incubated with thiobarbituric acid 
at 95˚C for 60 min, and then centrifuged at 2,000 x g and 4˚C 
for 10 min. The supernatant was collected and extracted using 
butanol for spectrophotometric measurement at 532 nm. The 
absolute quantity of MDA was read from a standard curve 
prepared from serial dilutions of the primary standard using 
an MDA Parameter Assay kit (R&D Systems, Inc.).

Endothelial isolation from muscle tissue, RNA isolation and 
reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. In order to quantify miR‑210 levels 
in the endothelium, endothelial cells were isolated from the 
ischemic and non‑ischemic hind limb muscles using CD31 
antibody‑bound immunobeads (cat.  no.  11155D; Thermo 
Fisher, Scientific, Inc.) and separated using magnets. Total 
RNA was isolated from tissues or cells using a PureLink® 
RNA Mini kit (Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. A TaqManTM MicroRNA assay 
for specifically miR‑210 (assay  ID  no.  000512; Thermo 
Fisher Scientific, Inc.) was used for the RT‑qPCR according 
to the manufacturer's protocol; briefly, this assay contains the 
primers and reagent for miR‑210 reverse transcriptions, and 
the temperature for reverse transcription were 16˚C for 30 min, 
42˚C for 30 min and 85˚C for 5 min. Small nucleolar RNA U43 
(assay no. 001095; Thermo Fisher Scientific, Inc.) served as 
an internal control for miR quantification. The amplification 
temperatures for RT‑PCR were 95˚C for 10 min, followed by 
40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The quantifi‑
cation cycle (Cq) value obtained for each gene was normalized 
to that of the respective internal control (ΔCq). Each gene was 
then further normalized to the mean ΔCq value of its control 
group (ΔΔCq). The final fold expression changes were calcu‑
lated using the 2‑ΔΔCq equation (20).

Cell culture and in vitro transfection. Human umbilical vein 
endothelial cells (HUVECs) were purchased from Cyagen 
Biosciences Inc., and grown in standard endothelial cell growth 
medium (Cell Applications, Inc.) with 10% fetal bovine serum 
(Boster Biological Technology). To mimic endothelial cells 
under ischemic conditions as a model for PAD, HUVECs were 
subjected to hypoxia (3% oxygen; BioSpherix Medical) and 
serum starvation (HSS). The reason why the present study used 
combined HSS to mimic in vivo ischemia is that there is no 
oxygen or nutrition supply to the ischemic tissue without a blood 
supply. In vitro transfection of miRNA inhibitors or mimics at 
a concentration of 10 nM was used to knockdown miR‑210 
expression in HUVECs, as previously described (17). Briefly, 
a reverse transfection protocol using neofx transfection agent 
(Ambion; Thermo Fisher Scientific, Inc.) was used to transfect 
the miR‑210 mimic (assay ID no. MH10516, Thermo Fisher 
Scientific, Inc.), miR‑210 inhibitor (assay ID no. MH10516; 
Thermo Fisher Scientific, Inc.) or mirVanaTM negative control 
miRNA (cat no. 4464060; Thermo Fisher Scientific, Inc.) 
into HUVECs for 48 h at 37˚C in cell culture incubator, the 
concentration used for miR mimic or inhibitor transfection 
was 10 nM.

Western blotting. Subsequent to harvesting, HUVECs were 
homogenized in RIPA lysis buffer containing 1% protease 
inhibitor cocktail (Sigma‑Aldrich; Merck KGaA) as previously 
described (19). Protein concentrations were quantified using 
a bicinchoninic acid protein assay kit (cat. no. PICPI23223; 
Thermo Fisher Scientific, Inc.). Equal amounts (30 µg) of 
protein in homogenate samples were separated by 16.5% 
SDS‑PAGE gel (Bio‑Rad Laboratories, Inc.), transferred to 
nitrocellulose membranes, blocked with 5% bovine serum 
albumin (Sigma‑Aldrich; Merck KGaA) at room temperature 
for 1 h, and then blotted with primary antibodies at 4˚C overnight 
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and the corresponding peroxidase‑conjugated secondary 
antibodies at room temperature for 1 h. Primary antibodies 
against polypyrimidine tract binding protein 3 (PTBP3; cat. 
no. sc‑100845; 1:1,000), prolyl 4‑hydroxylase subunit β (P4HB; 
cat. no. sc‑136230; 1:1,000) and β‑actin (cat. no. sc‑47778; 
1:5,000) and horseradish peroxidase (HRP) conjugated mouse 
anti‑rabbit secondary antibodies (cat. no. sc‑2357; 1:10,000) 
were obtained from Santa Cruz Biotechnology, Inc. The 
bound antibody signal was visualized using an Immun‑Star 
HRP chemiluminescent kit (Tanon Science and Technology 
Co., Ltd.). The western blotting images were obtained using 
a Tanon 5200 Chemiluminescence Imaging System (Tanon 
Science and Technology Co., Ltd.). Semi‑quantitative analyses 
of the immunoblots were performed using Image J software 
v1.8 (National Institutes of Health).

Intracellular reactive oxygen species (ROS) assay. 
Intracellular ROS production was detected using the cell 
permeating compound, 2',7'‑dichlorodihydrofluorescein diace‑
tate (DCFH‑DA; Sigma‑Aldrich; Merck KGaA) as previously 
described (19). Briefly, DCFH‑DA was hydrolyzed to the fluo‑
rescent product in the presence of ROS. Following incubation 
with 10 µM DCFHDA for 45 min at 37˚C, the fluorescence 
intensity of the HUVECs was read at 525 nm emission when 
excited at 488 nm in a 96 well plate reader.

Cellular viability and angiogenesis assay. For assessing 
cellular viability, HUVECs were seeded into a 96‑well plate at 
a density of 1x104 cells/well (n=8 per group), and then cultured 
under HSS conditions for 48 h. Subsequently, the cell viability 
was assessed using tetrazolium dye incorporation (BioVision, 
Inc.) using a 96‑well plate reader at a wavelength of 450 nm 
(OD450), and the viability values were presented as a ratio to 
the cells transfected with the negative control. In vitro angio‑
genesis assays were performed as previously described (21), 
under HSS conditions. In brief, HUVECs were plated in 
96‑well plates coated with growth factor‑reduced Matrigel 
(BD Biosciences) at a density of 1x104 cells/well, and then 
exposed to HSS conditions for 24 h to assess tube formation. 
This time point was selected based on the results of a previous 
study (17). The experiment was repeated in 6 replicates. The 
degree of tube formation was determined by measuring the 
number of loops under magnification x40, using a light micro‑
scope (CKX53; Olympus Corporation) using Image J software 
1.15K (National Institutes of Health). With four images 
captured at random for each well, the mean number of loops in 
each well were used for statistical analysis. Each experiment 
was repeated using at least two different batches of HUVECs.

Luciferase assay. In order to investigate the interac‑
tion between the miR‑210 and its targeting site(s) on the 
untranslated region (3'UTR) of P4HB mRNA, 1  mg/l 
pEZX‑MT06 plasmid containing P4HB 3'UTR (product 
ID, HmiT012109‑MT06; GeneCopoeia, Inc.) or nonsense 
sequences (cat. no. CmiT000001‑MT06; GeneCopoeia, Inc.) 
were transfected with 10  nM miR‑210 mimic or negative 
control RNA using Lipofectamine® 3000 (Thermo Fisher 
Scientific, Inc.) and luciferase activities were measured with 
the Luc‑Pair™ Duo‑Luciferase HS Assay kit (GeneCopoeia, 
Inc.) according to the manufacturer's protocol, using a 

microplate reader (cat. no. GM3000; Promega Corporation) 
48 h after transfection and normalized to Renilla luciferase 
activity.

Statistical analysis. All data were presented as the 
mean ± SEM. Statistical analysis was performed with GraphPad 
Prism software (v7.0; GraphPad Software, Inc.). An unpaired 
Student's t‑test was used for comparisons between two groups, 
and comparisons between ≥3 groups were performed using a 
one‑way analysis of variance and Tukey's post‑hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

miR‑210 is upregulated in experimental PAD. Using 
RT‑qPCR, the present study revealed that the miR‑210 expres‑
sion levels in the muscle from ischemic hind limbs were 
significantly higher compared with the non‑ischemic limb 
7 days after HLI (P<0.05; Fig. 1A). The present study then 
sought to determine whether endothelial cells contribute to 
the miR‑210 elevation following HLI; therefore, CD31+ cells 
were isolated from mice hind limbs using immunobeads, and 
a significantly higher miR‑210 expression level was revealed 
compared with the non‑ischemic limbs (P<0.05; Fig. 1B) in the 
ischemic side. The present study then analyzed the expression 
of miR‑210 in HUVECs under normoxic or HSS conditions 
for 48 h. Consistent with what was observed in mouse muscles, 
miR‑210 expression levels in HUVECs cultured under HSS 
were significantly higher compared with in HUVECs under 
normoxic conditions (P<0.01; Fig. 1C).

miR‑210 mimic improves perfusion recovery and angiogenesis 
following HLI. In order to understand the impact of elevated 
miR‑210 expression on perfusion recovery, the present study 
overexpressed miR‑210 using a miRNA mimic in the left hind 
limb 3 days prior to HLI in BALB/c mice. The expression levels 
of miR‑210 in the ischemic muscle were assessed 7 days subse‑
quent to transfection, and miR‑210 mimics exhibited a ~90‑fold 
higher expression of miR‑210 compared with mice receiving 
control RNA (data not shown). At days 14, 21 and 28 post‑HLI, 
miR‑210 overexpression resulted in significantly improved 
perfusion recovery compared with those receiving scrambled 
RNA as indicated by LDPI (n=10 per group; P<0.05; Fig. 2A). 
The present study then determined the capillary density in 
the ischemic muscle using immunostaining with CD31; mice 
receiving the miR‑210 mimic exhibited a significantly higher 
capillary density compared with those receiving control RNA 
(0.65±0.05 vs. 1.79±0.08 capillaries/fiber; P<0.01) in the isch‑
emic gastrocnemius muscle 28 days subsequent to HLI (Fig. 2B).

miR‑210 modulated angiogenesis in vitro. The present study 
next investigated the effects of miR‑210 on angiogenesis 
in vitro using HUVECs. Transfection of an miR‑210 inhibitor 
significantly decreased intracellular miR‑210 levels compared 
with the negative control (P<0.01; Fig. 3A), and, similar to what 
was observed in the ischemic muscle, miR‑210 antagonism in 
HUVECs under HSS conditions significantly decreased cell 
survival (P<0.05; Fig. 3B) and tube formation (P<0.05; Fig. 3C) 
compared with the negative control. In contrast, miR‑210 
overexpression using miRNA mimic transfection in HUVECs 
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under HSS conditions significantly increased miR‑210 expres‑
sion (P<0.01; Fig. 4A), in addition to cell survival (P<0.01; 
Fig. 4B) and tube formation (P<0.05; Fig. 4C), compared with 
the negative control.

miR‑210 increases ROS in experimental PAD. PTBP3 
and P4HB have previously been reported as the targets of 
miR‑210 in ischemic tissue (13). Here, P4HB was significantly 
upregulated compared with the negative control (P<0.01), 
but PTBP3 was not altered in the HUVECs when miR‑210 
was antagonized under HSS conditions (Fig. 5A). To assess 
the interactions between miR‑210 and P4HB mRNA, the 

cotransfection of miR‑210 mimic and reporter plasmid with a 
P4HB 3'UTR region was performed and revealed to decrease 
P4HB expression levels, as indicated by significantly decreased 
luciferase activity (P<0.01; Fig. 5B). P4HB is a strong regu‑
lator of ROS (22), thus, the present study assessed ROS levels 
in HUVECs using an intracellular ROS assay. It was revealed 
that the miR‑210 mimic significantly decreased ROS levels 
compared with the negative control (P<0.01; Fig. 5C), while 
the miR‑210 inhibitor significantly increased ROS levels 
compared with the negative control (P<0.01; Fig. 5D). The 
present study then measured the ischemic muscle tissue levels 
of MDA, which have widely been used to reflect tissue ROS 

Figure 2. (A) Laser Doppler imaging demonstrated significantly increased perfusion recovery in mice treated with miR‑210 mimic at day 14, 21 and 28 days 
following HLI (n=10 per group). (B) Overexpression of miR‑210 increased capillary density in ischemic hind limb muscles 28 days subsequent to HLI when 
compared with mice receiving negative control RNA (n=10 per group). Data are presented as the mean ± standard error of the mean; scale bar, 100 µM. Neg 
Ctrl, negative control; 210 mimic, miR‑210 mimic; HLI, hind limb ischemia. *P<0.05 and **P<0.01 vs. negative control.

Figure 1. (A) Expression levels of miR‑210 were upregulated in ischemic muscle when compared with muscle from non‑ischemic limb 7 days subsequent to 
HLI. (B) Expression levels of miR‑210 were significantly upregulated in endothelial cells isolated from ischemic muscle when compared with endothelial 
cells isolated from non‑ischemic muscle 7 days following HLI. (C) Levels of miR‑210 were higher in HUVECs cultured under hypoxic and serum‑starved 
conditions. NI, non‑ischemic muscle; Isch, ischemic muscle; HLI, hind limb ischemia. *P<0.05 and **P<0.01 vs. NI/Normoxia.
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bioactivity (23). miR‑210 mimic significantly decreased MDA 
levels in the ischemic muscle 7 days following HLI compared 
with the negative control (P<0.01; Fig. 5E).

Discussion

To the best of our knowledge, the present study is the first to 
demonstrate that miR‑210 improves angiogenesis and perfusion 

recovery in experimental PAD. It was also revealed that miR‑210 
decreased ROS levels in ischemic muscle tissue and endothelial 
cells, and targeted P4HB via decreasing P4HB protein levels in 
endothelial cells under hypoxic conditions. These results may 
partially explain the molecular mechanisms underlying the 
angiogenesis and perfusion recovery induced by miR‑210.

Endothelial cells are one of the key cells involved in vascular 
stability and angiogenesis; however, this cell type is vulnerable 

Figure 4. Transfection of miR‑210 mimic in human umbilical vein endothelial cells significantly increased (A) intracellular miR‑210 levels, (B) cell viability 
and (C) tube formation. Scale bar, 100 µM. Data are presented as the mean ± standard error of the mean. Neg Ctrl, negative control; 210 mimic, miR‑210 mimic. 
*P<0.05 and **P<0.01 vs. negative control.

Figure 3. Transfection of miR‑210 inhibitor in human umbilical vein endothelial cells significantly decreased (A) intracellular miR‑210 levels, (B) tube 
formation and (C) cell viability. Scale bar, 100 µM. Data are presented as the mean ± standard error of the mean. Neg Ctrl, negative control; 210 Inh, miR‑210 
inhibitor. *P<0.05 and **P<0.01 vs. negative control.
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to ischemia‑induced damage, ischemia‑induced generation of 
ROS resulting in decreased synthesis and increased degra‑
dation of nitric oxide  (24). In the present study, miR‑210 
overexpression resulted in lower ROS levels, and miR‑210 
knockdown resulted in higher ROS levels in ischemic muscle 
and cultured endothelial cells. It is of note that the HUVECs 
with miR‑210 inhibitor transfection appeared unhealthy, which 
may be partially due to the miR‑210 inhibition‑induced endo‑
thelial cell apoptosis via ROS. A previous study reported that 
miR‑210 modulates P4HB and PTBP protein levels and thus 
decreases ROS levels in acute ischemic muscles (25); in the 
present study, it was revealed that only P4HB was regulated by 
miR‑210 in endothelial cells. P4HB is the β‑subunit of prolyl 
4‑hydroxylase, which functions as an endoplasmic reticulum 
chaperone to suppress the aggregation of misfolded proteins. 
A previous study in colon cancer suggested that P4HB 
increases ROS production through the activation of nuclear 
factor (erythroid‑derived 2)‑like 2 (22). Although PTBP3 has 
been reported as a target of miR‑210 in a previous study (25), 
there is no miR‑210 seed sequence in PTBP3 mRNA, and thus, 
miR‑210 regulates PTBP3 only in certain tissues, including 
prostate cancer and cardiovascular tissues, whereas elsewhere 
PTBP3 is regulated by miR‑499 (26). These may be the reasons 
why PTBP3 is not regulated by miR‑210 in endothelial cells.

A notable result of the present study is that miR‑210 was 
higher in the ischemic limb and endothelial cells exposed to 
hypoxic conditions. Hypoxia‑inducible factor 1‑α (HIF‑1‑α) 
is the most well‑known factor that is activated under hypoxic 
conditions. Following activation, HIF‑1‑α translocates to the 
cell nucleus and binds to the promoter, activating the tran‑
scription of miR‑210 upon low oxygen exposure (25). This 
may explain why miR‑210 is upregulated in ischemic limb 

endothelial cells; however, this was not investigated in the 
present study.

In the present study, it has been demonstrated that miR‑210 
upregulation in endothelial cells under ischemic conditions 
is protective and induces angiogenesis in the ischemic tissue. 
However, these results are primarily based on mice studies, 
and results from larger animals including primates are neces‑
sary to clarify whether the results from the present study may 
be applied to human patients with PAD.

In conclusion, miR‑210 is upregulated in endothelial cells 
under ischemic conditions, and this upregulation may well be 
adaptive as miR‑210 induces angiogenesis in ischemic limb 
tissue, potentially via regulating oxidative stress.
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