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miR-124-3p regulates angiogenesis in peripheral
arterial disease by targeting STAT3
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Abstract. Peripheral arterial disease (PAD) is the third
leading cause of cardiovascular morbidity worldwide, after
coronary artery disease and stroke. As endogenous regulators
of gene expression, microRNAs (miRs) are implicated in the
development and progression of various diseases, including
types of cancer, autoimmune diseases and heart diseases. In
the present study, the role of miR-124-3p in PAD was inves-
tigated. The reverse transcription-quantitative PCR results
indicated that the expression levels of miR-124-3p were
significantly increased in the ischemic tissue of the hindlimb
ischemia (HLI) model and in hypoxic human umbilical vein
endothelial cells compared with the corresponding control
groups. Proliferation, wound healing and tube formation
assays demonstrated the inhibition of miR-124-3p on angio-
genesis in vitro and the HLI model indicated the same function
of miR-124-3p in vivo. A dual-luciferase reporter revealed
STATS3 as the target of miR-124-3p. The expression levels of
miR-124-3p in human blood were negatively correlated with
ankle-brachial index, which is an index for the evaluation of
the severity of PAD. Collectively, the present study indicated
that miR-124-3p was a critical regulator of angiogenesis in
PAD, and a potential diagnostic, prognostic and therapeutic
target for PAD.
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Introduction

Peripheral arterial disease (PAD) is a common peripheral
circulatory problem, in which narrowed arteries occur, espe-
cially in the lower extremities (1,2). PAD has been reported as
a highly age-related vascular disease, typically occurring in
patients aged 60-70 years, which leads to health problems (3).
Surgical and catheter-based revascularization that target
primary occluded macro vessels are the primary conventional
treatment strategies for PAD. Unfortunately, these high-cost
methods result in limited improvement in the microcircula-
tion, due to complications that occur in patients with PAD (4).
Angiogenesis is a process of the endothelium, by which a
new vessel is formed from the old one (5). Therapeutic angio-
genesis has been studied for two decades, focusing on the
overexpression of growth factors, which have been identified
as factors that evoke angiogenesis in vitro in PAD, including
vascular endothelial growth factor (VEGF) and hepatocyte
growth factor (6,7). However, almost none of the trials met the
expected goal, including significant clinical remission, which
has led researchers to investigate other molecules that are
responsible for the limited effects.

MicroRNAs (miRNAs/miRs), a class of ~22 nucleotide-long,
small non-coding RNAs, regulate gene expression by repressing
post-transcription to modulate cell fate decisions (8,9). miRNAs
were first defined as endogenous regulators for a variety of
cellular physiologic and pathologic processes (10). To date,
2,654 mature human miRNAs have been identified (11).
Recently, certain miRNAs have been identified to be associ-
ated with ischemia-reperfusion injury (12,13). A number of
identified miRNAs have been reported to serve as endogenous
negative regulators of angiogenesis. For example, the antian-
giogenesis function of miR-92a has been verified in vitro and
in vivo (14,15). However, whether other miRNAs serve the same
role as miR-92a is not completely understood. miR-124-3p
has been reported to regulate glioma angiogenesis (16,17) and
participate in ischemic diseases (18,19). Nevertheless, there are
limited studies on the role of miR-124-3p in PAD. Therefore, the
present study investigated the effect of miR-124-3p on endothe-
lial cells (ECs) and PAD.

In the present study, the role of miR-124-3p in PAD was
investigated in the blood of patients with PAD, as well as in
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the ECs and in the hindlimb ischemia model. In addition, the
target of miR-124-3p was identified in the present study.

Materials and methods

Cell culture, stimulation and transfection. Human umbilical
vein ECs (HUVECs; cat. no. 8000; ScienCell Research
Laboratories, Inc.) were cultured and stimulated at 37°C in
5% CO, in Endothelial Cell Medium (cat. no. 1001; ScienCell
Research Laboratories, Inc.) supplemented with 5% FBS
(cat. no. 0025; ScienCell Research Laboratories, Inc.), 1%
endothelial cell growth supplement (cat. no. 1052; ScienCell
Research Laboratories, Inc.) and 1% penicillin/streptomycin
solution (cat. no. 0503; ScienCell Research Laboratories, Inc.).
Cobalt (IT) chloride hexahydrate (500 M, cat. no. C8661;
Sigma-Aldrich; Merck KGaA) was used to stimulate
HUVECs at 37°C in 5% CO, for 24 or 48 h when cells reach
90% confluence. At ~80% confluence, HUVECs were trans-
fected with mimic (50 nM; Guangzhou RiboBio Co., Ltd.),
inhibitor (100 nM; Guangzhou RiboBio Co., Ltd.), small
interfering (si) RNA (25 nM; Shanghai GenePharma Co., Ltd.)
or corresponding negative controls (NCs, 25 nM; Shanghai
GenePharma Co., Ltd.) for 36 h using Lipofectamine® 2000
(cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. The sequences
of the mimics, inhibitors and siRNAs were as follows: NC
mimic forward, 5'-UUUGUACUACACAAAAGUACUG-3'
and reverse, 5'-CAGUACUUUUGUGUAGUACAAA-3
miR-124-3p mimic forward, 5'-UAAGGCACGCGGUGA
AUGCC-3" and reverse, 5-GGCAUUCACCGCGUGCCU
UA-3"; NC inhibitor, 5'-CAGUACUUUUGUGUAGUACA
AA-3"; miR-124-3p inhibitor, 5'-GGCAUUCACCGCGUG
CCUUA-3'; si-NC forward, 5'-UUCUCCGAACGUGUC
ACGU-3" and reverse, 5" ACGUGACACGUUCGGAGAA-3";
si-STAT3 forward, 5'-CCCGGAAAUUUAACAUUCU-3' and
reverse, 5" AGAAUGUUAAAUUUCCGGG-3..

RNA isolation and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was isolated from human blood,
HUVECsS, gastrocnemius and the blood of HLI model mice
using TRIzol® (cat. no. 15596026; Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Total RNA (1 ug) was reverse transcribed into cDNA using
the PrimeScript RT Reagent kit (cat. no. RR0O37A; Takara
Bio, Inc.) as follows: 37°C for 15 min, 85°C for 5 sec and 4°C
thereafter. Subsequently, qPCR was performed using KAPA
SYBR FAST qPCR Master Mix (cat. no. KM4101; Roche
Diagnostics) as follows: 95°C for 3 min, then 40 cycles of 95°C
for 10 sec and 60°C for 30 sec. miRNA and mRNA expres-
sion levels were quantified using the 244 method (20) and
normalized to the internal reference genes U6 and GAPDH,
respectively. Stem-loop primers of miR-124-3p and U6 were
purchased from Guangzhou RiboBio Co., Ltd. The primer
sequences of miR-124-3p, U6, STAT3 and GAPDH were as
follows: miR-124-3p forward, 5-TCTTTAAGGCACGCG
GTG-3' and reverse, TATGGTTTTGACGACTGTGTGAT;
U6 forward, 5'-CTCGCTTCGGCAGCACA-3' and reverse,
5'-AACGCTTCACGAATTTGCGT-3'; STAT3 forward,
5'-CAGCAGCTTGACACACGGTA-3' and reverse, 5-AAA
CACCAAAGTGGCATGTGA-3"; and GAPDH forward,
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5'-GGAGCGAGATCCCTCCAAAAT-3' and reverse, 5'-GGC
TGTTGTCATACTTCTCATGG-3'.

Proliferation assay. Cell proliferation was determined using
the Edu Cell Proliferation kit (cat. no. C10339; Invitrogen;
Thermo Fisher Scientific, Inc.). Following 12 h serum starva-
tion, HUVECs were incubated with Edu-labeling mixture
(10 xM) in combination with recombinant human VEGFA-165
(50 ng/ml; cat. no. 100-20; PeproTech, Inc.) for 12 h at 37°C in
5% CO,. Images (four pictures of each group) were captured
by an Olympus IX83 fluorescence microscope (Olympus
Corporation) at 10x magnification. The rate of cell prolifera-
tion was calculated using the following formula: Number of
Edu* cells/total number of cells in each field.

Wound healing assay. At ~90% confluence, the limit of
HUVEC proliferation, a scratch was made in the center
of each well using the tip of a 200 ul pipette. Subsequently,
serum-starved HUVECs were cultured with VEGFA-165
(50 ng/ml). Images of the wounds were captured at O and 24 h
by an Olympus CKX53 inverted microscope at 4x magnifi-
cation (Olympus Corporation). Cell migration was analyzed
using ImagelJ software (version 1.52a; National Institutes of
Health).

Tube formation assay. For the assay, 96-well plates were
pre-coated with Matrigel (cat. no. 354230; Corning, Inc.)
at 37°C for 30 min, and then HUVECs were seeded
(2x10* cells/well) into the Matrigel. Following culture with
VEGFA-165 (50 ng/ml) for 8 h at 37°C in 5% CO,, images
were captured to detect tube formation by an Olympus
CKX53 inverted microscope at 4x magnification (Olympus
Corporation). The total tube length was assessed using ImageJ
software (version 1.52a; National Institutes of Health).

Dual-luciferase reporter assay. The target of miR-124-3p
was predicted using TargetScan (version 7.1, http://www.
targetscan.org). The 3'-untranslated region (3'-UTR) luciferase
reporter construct of STAT3 was cloned downstream of the
Renilla luciferase gene in the pSI-check2 vector (Hanbio
Biotechnology Co., Ltd.). 293T cells (cat. no. CRL-11268;
American Type Culture Collection) were seeded into a 96-well
plate with density of 80%. Subsequently, 293T cells were
co-transfected with 5 pmol miR-124-3p mimic or NC mimic
and 0.16 ug STAT3-wild-type (WT) or STAT3-mutant (Mut)
using Lipofectamine® 2000 (cat. no. 11668019; Invitrogen;
Thermo Fisher Scientific, Inc.). At 48 h post-transfection,
luciferase activities were detected using the Dual-Luciferase
Reporter Assay System (cat. no. E1910; Promega Corporation).
Firefly luciferase activities were normalized to Renilla lucif-
erase activities.

Protein extraction and western blotting. Total protein
was extracted from HUVECs using Cell Lysis Buffer
(cat. no. 9803s; Cell Signaling Technology, Inc.) with protease
inhibitors (cat. no. 04693159001; Roche Diagnostics). The
bicinchoninic acid method was used for protein determina-
tion. Protein (10 ug) was separated via 8% SDS-PAGE and
transferred to PVDF membranes, which were blocked with
5% bovine serum albumin at room temperature for 1 h.
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Subsequently, the membranes were incubated overnight at
4°C with the following primary antibodies: STAT3 (1:1,000;
cat. no. 9139; Cell Signaling Technology, Inc.) and GAPDH
(1:5,000; cat. no. 60004-1-Ig; ProteinTech Group, Inc.).
Following primary incubation, the membranes were incubated
with horseradish peroxidase-conjugated secondary anti-
bodies (anti-mouse IgG, 1:2,000, cat. no. ab205719, Abcam)
at room temperature for 1 h. Protein bands were visualized
using chemiluminescence (cat. no. 180-5001; Tanon Science
and Technology Co., Ltd.) and detected using the Amersham
Imager 600 system (GE Healthcare Life Sciences). Protein
expression was semi-quantified using Imagel] software
(version 1.52a; National Institutes of Health) with GAPDH as
the loading control.

HLI model and detection of perfusion recovery. A total
of 50 eight-week-old male mice (18 to 22 g) were used
for HLI model. The HLI model was established as previ-
ously described (21). Briefly, mice were anesthetized with
an intraperitoneal injection of ketamine (80 mg/kg) and
xylazine (5 mg/kg). Excision and ligation were performed
on the left femoral artery. For the sham operation, excision
was performed on the contralateral hindlimb. miR-124-3p
was overexpressed using agomiR-124-3p and inhibited using
antagomiR-124-3p. Accordingly, mice were injected with
5 nmol agomiR-124-3p or agomiR-NC (Guangzhou RiboBio
Co., Ltd.) into two sites of the gastrocnemius and one site
of the tibialis anterior muscle on day 0, 7 and 14 post-HLI.
In addition, 8 mg/kg antagomiR-124-3p or antagomiR-NC
(Guangzhou RiboBio Co., Ltd.) were injected via a tail vein
injection on day 0, 7 and 14 post-HLI. The method was adapted
from Hazarika et al (22). Perfusion recovery was detected via
laser Doppler imaging (Moor Instruments Ltd.) on day 0, 3,
7, 14 and 21 post-HLI and quantified using moorLDI Image
Processing software (version 5.3; Moor Instruments Ltd.).
Perfusion in the ischemic limb was normalized to the sham
limb for each mouse. The mice were anesthetized by isoflurane
(5%) inhalation and euthanized by CO, (100%) inhalation at a
rate of 30% volume/minute. Animal studies were conducted in
compliance with the Guide for the Care and Use of Laboratory
Animals published by the NIH (23) and approved by the
Animal Care and Use Committees of the Shanghai Tenth
People's Hospital (approval no. SHDSY Y-2019-2149).

The agomir and antagomir sequences were as follows:
agomiR-NC forward, 5'-UUCUCCGAACGUGUCACG
U3' and reverse, 5-ACGUGACACGUUCGGAGAA-3;
agomiR-124-3p forward, 5'-UAAGGCACGCGGUGAAUG
CC-3' and reverse, 5'-GGCAUUCACCGCGUGCCUUA-3";
antagomiR-NC, 5'-CAGUACUUUUGUGUAGUACAA-3";
and antagomiR-124-3p, 5'-GGCAUUCACCGCGUGCCU
UA-3'.

Immunofluorescence. Gastrocnemius tissues of mice were
harvested and processed in optimal cutting temperature
compound (cat.no.4583, Sakura Finetek USA, Inc.). The treated
tissues were sliced into 5 pm-thick sections. Subsequently,
sections were fixed in 4% formaldehyde for 15 min, incubated
in 10% normal goat serum (cat. no. ARO009, Wuhan Boster
Biological Technology, Ltd.) and 0.5% Triton X-100 for
30 min, all at room temperature. The sections were incubated
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with a rat anti-mouse CD31 antibody (1:100; cat. no. 557355;
BD Biosciences) overnight at 4°C. Following washing with
PBS, the sections were incubated with a secondary anti-
body (Alexa Fluor 594-conjugated donkey anti-rat, 1:200,
cat. no. 34412ES60; Shanghai Yeasen Biotechnology Co., Ltd.)
at 37°C for 1 h in the dark. Nuclear staining was performed
using 4,6-amidine-2-phenylindoles (cat. no. 28718-90-3;
Merck KGaA) for 30 min at room temperature. Fluorescence
images were obtained using an Olympus IX83 fluorescence
microscope at 10x magnification (Olympus Corporation) and
quantified using ImagelJ software (version 1.52a; National
Institutes of Health).

Study population. A total of 49 patients with PAD and 47 sex-
and age-matched participants without PAD were recruited at
the Department of Endocrinology, Xinhua Hospital Affiliated
to Shanghai Jiaotong University School of Medicine and
Department of Cardiology, Shanghai Tenth People's Hospital
between August 2019 and July 2020. According to the 2016
AHA/ACC guidelines on PAD, ankle-brachial index (ABI)
was used to diagnose and evaluate the severity of PAD. PAD
was diagnosed in patients with an ABI <0.9 (24), which was
measured and calculated according to the method described
by Aboyans et al (25). Patients with cancer, acute myocardial
infarction, severe kidney failure, acute infection or connec-
tive tissue disease were excluded from the present study. It is
recognized that patients with hypertension or diabetes are at
higher risk of PAD (3,4). Hypertension was defined as systolic
or diastolic blood pressure =140/90 mmHg, or normal blood
pressure following the admission of antihypertensive medica-
tions prior to recruitment. Diabetes was defined as a fasting
blood glucose =7 mmol/l, non-fasting plasma glucose level of
=11.1 mmol/l or normal blood glucose levels following known
treatment for diabetes. Blood samples (4 ml) were collected
from participants at the time of admission. Written informed
consent was obtained from all patients. The present study was
approved by the Ethics Committee of the Shanghai Tenth
People's Hospital (approval no. 2019-K-153).

Statistical analysis. Data are presented as the mean + standard
deviation. Comparisons between two groups were analyzed
using the unpaired Student's t-test. Comparisons among
multiple groups were analyzed using one-way or two-way
ANOVA followed by Bonferroni's post hoc test. The param-
eters from baseline characteristics of patients with PAD and
non-PAD individuals were analyzed using the ¥ test (age, BMI
and blood lipid were excluded). Pearson's correlation analysis
was performed to investigated the correction between ABI
and the expression level of miR-124-3p. Statistical analyses
were performed using GraphPad Prism software (version 6.01;
GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference. All experiments were
repeated =3 times.

Results

Expression levels of miR-124-3p are increased in the HLI
model and hypoxic HUVECs. Toidentify the role of miR-124-3p
in the HLI model, the dynamic expression of miR-124-3p
was detected in the ligated ischemic gastrocnemius. Total
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Figure 1. Expression levels of miR-124-3p are increased in the HLI model and hypoxic HUVECs. Relative expression of miR-124-3p in the (A) gastrocnemius
and (B) blood of HLI model on days 0, 1,2, 3,7 and 14. (C) Cobalt-induced relative expression of miR-124-3p in HUVECs under hypoxic conditions (500 M)
for 24 and 48 h. The experiments were repeated three times. “P<0.05 and “"P<0.01. miR, microRNA; HLI, hindlimb ischemia; HUVECs, human umbilical

vein endothelial cells.
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Figure 2. miR-124-3p impairs the functions of VEGFA-165-treated HUVECs. (A) miR-124-3p expression in miR-124-3p mimic-transfected HUVECs.

(B) Effect of miR-124-3p on HUVEC proliferation following culture with VEGFA-165 for 12 h. (C) Representative images of the EdU staining assay. Scale
bar, 100 ym. Effect of miR-124-3p on HUVEC (D) migration and (E) tube formation following culture with VEGFA-165 for O or 24 h. Representative images

of the (F) wound healing and (G) tube formation assays. Scale bar, 100 ym.

“P<0.05 and “P<0.01. miR, microRNA; VEGFA, vascular endothelial growth

factor-A; HUVECs, human umbilical vein endothelial cells; NC, negative control.

RNA was extracted from the gastrocnemius and blood of
HLI model mice. The RT-qPCR results suggested that the
levels of miR-124-3p in the ischemic gastrocnemius were
significantly upregulated on day 2 compared with day O (day 2,
7.50+2.00 vs. day 0, 1.01+0.20; Fig. 1A). However, the levels of
miR-124-3p in the blood peaked on day 3 (day 3, 4.48+1.26 vs.
day 0, 1.05+0.43; Fig. 1B). Hypoxia-inducible factor-o. (HIF-ar)
is a powerful inducer of angiogenesis (26,27). Cobalt has been
reported to mimic hypoxia by preventing the degradation of
HIF-a (28). Therefore, cobalt was used to mimic hypoxia
in HUVECGs. The levels of miR-124-3p were significantly
increased following cobalt-induced hypoxia (500 pM) at
48 h compared with O h (48 h, 38.54+11.88 vs. 0 h, 1.01+0.16;
Fig. 1C). Collectively, the results indicated that miR-124-3p
levels were increased in HUVECs and tissues under hypoxic

conditions, which suggested that miR-124-3p might be essen-
tial for the progression of HLI.

miR-124-3p impairs the functions of VEGFA-165-treated
HUVECs. VEGFA-165-stimulated ECs display enhanced
proliferation, migration and stability for angiogenesis (29).
Moreover, the aforementioned results provided evidence for
investigating the functions of miR-124-3p in ECs (Fig. 1C).
miR-124-3p mimic was used to overexpress miR-124-3p,
whereas miR-124-3p inhibitor was used to knock down
miR-124-3p. At 48 h post-transfection, the expression levels
of miR-124-3p were measured via RT-qPCR. Compared with
the corresponding NCs, miR-124-3p was successfully overex-
pressed by mimic and knocked down by inhibitor in HUVECs
(Fig. 2A). To investigate the effect of miR-124-3p mimic and
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Table I. Baseline characteristics of patients with PAD and non-PAD individuals.

Variable Non-PAD (n=47) PAD (n=49) P-value
Age (years) 62.60+11.88 65.90+8.00 0.104
Gender (male) 22 (46.81%) 29 (59.18%) 0.225
BMI (kg/m?) 24.16x2 .87 24.28+1.87 0.801
Smoking 11 (23.40%) 28 (57.14%) 0.001
Blood lipid

Total cholesterol (mmol/1) 4.22+1.02 4.70+1.45 0.059
Triglyceride (mmol/l) 1.99+0.84 1.70+0.87 0.092
High-density lipoprotein (mmol/l) 1.21+0.27 1.43+0.50 0.008
Low-density lipoprotein (mmol/I) 2.74+0.86 2.89+0.98 0413
Medical history

Coronary heart disease 9 (19.14%) 24 (48.98%) 0.003
Diabetes 31 (65.96%) 46 (93.88%) 0.001
Hypertension 24 (51.06%) 33 (67.35%) 0.146
Statins 18 (38.30%) 28 (57.14%) 0.071

Data are presented as the mean + SD or n (%). Age, BMI and blood lipid variables were analyzed using the Student's t-test. All other parameters

were analyzed using the ¥ test. PAD, peripheral arterial disease; BMI, body mass index.

inhibitor, alterations to the cell phenotype were examined.
miR-124-3p mimic significantly inhibited HUVEC prolifera-
tion compared with NC mimic, whereas miR-124-3p inhibitor
significantly enhanced HUVEC proliferation compared with
NC inhibitor (Fig. 2B and C). Subsequently, the effect of
miR-124-3p on HUVEC migration was analyzed. The wound
healing assay results indicated that HUVEC migration was
significantly inhibited by miR-124-3p mimic compared with
NC mimic, but significantly enhanced by miR-124-3p inhibitor
compared with NC inhibitor (Fig. 2D and F). The tube forma-
tion assay was conducted to evaluate the effect of miR-124-3p
on angiogenesis. miR-124-3p mimic significantly inhibited
tube formation compared with NC mimic, whereas miR-124-3p
inhibitor significantly enhanced tube formation compared with
NC inhibitor (Fig. 2E and G). Therefore, the results suggested
that miR-124-3p impaired HUVEC functions in vitro.

STAT3 is a target of miR-124-3p. TargetScan indicated that
STAT3 was a potential target of miR-124-3p (Fig. 3A). STAT3
is amember of the STAT protein family, and emerging evidence
has suggested that it is a regulator of angiogenesis (30). To verify
STAT3 as a target of miR-124-3p, luciferase reporter plasmids
containing miR-124-3p binding sites in the 3'-UTRs of STAT3
were constructed. The dual-luciferase reporter assay results
indicated that miR-124-3p mimic significantly decreased the
luciferase activities of STAT3-WT compared with NC mimic
(Fig. 3C). Furthermore, the protein expression levels of STAT3
were measured via western blotting. STAT3 protein expression
levels were significantly decreased in the miR-124-3p mimic
group compared with the NC mimic group, but significantly
increased in the miR-124-3p inhibitor group compared with
the NC inhibitor group (Fig. 3B and D). To further investigate
the effect of miR-124-3p on STAT3, a rescue experiment
was conducted. In brief, STAT3 knockdown was performed
in combination with miR-124-3p inhibitor transfection in

HUVEC:s. Subsequently, proliferation, wound healing and tube
formation assays were preformed to assess angiogenesis in
HUVECs. The RT-qPCR results indicated that STAT3 mRNA
expression levels were significantly decreased by si-STAT3
compared with si-NC (Fig. 3E). Moreover, STAT3 knockdown
significantly suppressed EC proliferation (Fig. 3F and G),
migration (Fig. 3H and I) and tube formation (Fig. 3J and K)
compared with the NC group. miR-124-3p inhibitor reversed
STAT3 knockdown-mediated inhibition of angiogenesis in
ECs. Collectively, the results indicated that miR-124-3p regu-
lated the functions of HUVECsS by targeting STAT3.

miR-124-3p impairs perfusion recovery and capillary density
in the HLI model. To investigate whether miR-124-3p directly
modulated perfusion recovery following HLI, agomiR-124-3p
and antagomiR-124-3p were injected in femoral artery-ligated
mice. The results suggested that agomiR-124-3p-treated mice
displayed significantly impaired perfusion recovery from
day 14 post-HLI compared with agomiR-NC-treated mice
(Fig. 4A and B). By contrast, antagomiR-124-3p significantly
improved perfusion recovery from day 14 post-HLI compared
with antagomiR-NC (Fig.4A and C). Consistent with blood perfu-
sionrecovery, capillary density of ischemic muscles displayed the
same tendency. AgomiR-124-3p-treated mice displayed signifi-
cantly fewer CD31* cells in the gastrocnemius compared with
agomiR-NC-treated mice, which suggested that agomiR-124-3p
might inhibit angiogenesis in ischemic hindlimbs. By contrast,
antagomiR-124-3p significantly increased the number of CD31*
cells compared with antagomiR-NC, suggesting activation of
angiogenesis in gastrocnemius (Fig. 4D and E). In combination,
the results indicated that miR-124-3p regulated angiogenesis
following ischemic injury in mouse hindlimbs.

miR-124-3p expression is increased in patients with PAD.
The aforementioned results indicated that the expression of
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Figure 3. STAT3 is a target of miR-124-3p. (A) Sequence alignment between miR-124-3p and the 3'-UTR of STAT3. (B) Effect of miR-124-3p on STAT3
protein expression in HUVECs. (C) The dual-luciferase reporter assay was performed in 293T cells co-transfected with miR-124-3p mimic or NC mimic
and STAT3-WT or STAT3-Mut. (D) Semi-quantified STAT3 protein expression levels in HUVECs transfected with si-STAT3 or si-NC. (E) Transfection
efficiency of si-STAT3. HUVEC proliferation was (F) assessed by performing EdU staining (scale bar, 100 ym) and (G) quantified. (H) HUVEC migration
was assessed by performing wound healing assays. (I) Representative images of the wound healing assays. Scale bar, 100 gm. (J) HUVEC tube formation was
assessed by performing tube formation assays. (K) Representative images of the tube formation assays. The experiments were repeated three (A-E) or five
(F-K) times. "P<0.05 and “"P<0.01. miR, microRNA; 3'-UTR, 3'-untranslated region; HUVECs, human umbilical vein endothelial cells; NC, negative control;

WT, wild-type; Mut, mutated; si, small interfering RNA.

miR-124-3p in the tissues and blood of the HLI model displayed
a similar peak time, and increased miR-124-3p expression
markedly inhibited angiogenesis in ligated legs, suggesting that
blood-derived miR-124-3p might serve as a marker of serious
PAD. To investigate the hypothesis, 49 patients with PAD and
47 healthy individuals were enrolled in the present study. The
baseline characteristics of the patients are presented in Table I.
RT-qPCR was conducted to detect the levels of miR-124-3p
in human blood. The levels of miR-124-3p in patients with
PAD were significantly higher compared with non-PAD indi-
viduals (1.85-fold; PAD, 2.03+0.65 vs. non-PAD, 1.10+0.47,
Fig. 5A). ABI is an index for the assessment of the severity
of PAD (31,32). Pearson's correlation analysis indicated that
the levels of miR-124-3p in the blood were negatively corre-
lated with ABI scores (r=-0.6248; Fig. 5B), suggesting that
miR-124-3p expression levels were positively correlated with
the severity of PAD.

Discussion

The concept of therapeutic angiogenesis for PAD has been
around for decades, but the advances made thus far fall far
below expectations. A potential reason for the lack of effective
results from therapeutic angiogenesis could be the compli-
cated self-regulation of cells in the microenvironment (33,34).
miRNAs are a type of small molecule that can serve as endog-
enous regulators of cells (8,9). Although miRNAs have been
reported to be widely involved in the regulation of diseases,
such as cancers (35), autoimmune diseases (36), central
nervous system injuries (37) and heart diseases (38), there is
limited information on the involvement of miRNAs in PAD.
miR-124-3p was initially reported to be highly expressed in
brain tissues (39), serving a critical role in neuronal differ-
entiation (40). Further studies investigated other functions
of miR-124-3p. According to Ando et al (15), miR-124-3p
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Figure 4. miR-124-3p impairs perfusion recovery and capillary density in the HLI model. miR-124-3p was overexpressed using agomiR-124-3p or knocked
down using antagomiR-124-3p in the HLI model. (A) Representative images of perfusion recovery in the HLI model. Dark blue represents low or no perfusion
and red represents the highest degree of perfusion. Scale bar, lcm. The effects of (B) agomiR-124-3p and (C) antagomiR-124-3p on perfusion recovery were
quantified using moorLDI Image Processing software. (D) Representative images of CD31* capillaries of the ischemic gastrocnemius on day 14 post-HLI.

Scale bar, 50 ym. (E) Quantification of the capillary density of gastrocnemius. The experiments were repeated four times.
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Figure 5. miR-124-3p expression levels are increased in patients with PAD. (A) Relative expression of miR-124-3p in the blood of non-PAD individuals (n=47)
and patients with PAD (n=49). (B) Correlation analysis between ABI and the relative expression of miR-124-3p in the blood of patients with PAD and non-PAD
individuals (n=96; r=-0.6248). “P<0.01. miR, microRNA; PAD, peripheral arterial disease; ABI, ankle-brachial index.

suppressed tumor development by inhibiting angiogenesis.
Shi et al (16) also demonstrated that miR-124-3p might predict
acute myocardial infarction, suggesting that miR-124-3p might
serve as a regulator of angiogenesis. Therefore, the aforemen-
tioned studies highlighted the importance of investigating the
correlation between miR-124-3p and angiogenesis in PAD.

In the present study, the results indicated that miR-124-3p
was upregulated under hypoxic conditions both in vivo and
in vitro compared with the corresponding control groups.
Moreover, compared with the NC groups, miR-124-3p over-
expression significantly suppressed HUVEC functions and

impaired perfusion recovery in the HLI model. STAT3 has
been recognized as a regulator of angiogenesis beyond inflam-
mation (41). The functions of STAT3 are precisely regulated by
multiple chaperonins under specific conditions. For example,
canonical STAT3 signaling is associated with JAK-STAT
signaling, whereby STAT3 is phosphorylated on tyrosine 750
(Y750), facilitating STAT3 homodimerization, nuclear transla-
tion, DNA binding and initiation of transcription (42). The
noncanonical nuclear activities, including acetylation (43),
alkylation (44), methylation (45), ubiquitination (46) and gluta-
thionylation (44), have been implicated in STAT3 transcriptional
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activity in various cells. Certain studies have reported the axis
of miR-124-3p/STAT?3 (47-49), but to the best of our knowledge,
no previous study has focused on the functions of STAT3 in EC
proliferation. Inhibition of the STAT3 signaling pathway impairs
angiogenesis and perfusion recovery in the muscles of patients
with PAD (50). In addition, an increasing number of studies have
verified that STAT3 was involved in the regulation of tumor
angiogenesis by modulating the expression of VEGF (51,52).
The results of the present study indicated that miR-124-3p over-
expression significantly decreased STAT3 protein expression
levels and inhibited HUVEC proliferation compared with NC
mimic. Furthermore, it has been reported that STAT3 could bind
with Yes-associated protein to regulate the mRNA expression
levels of angiopoietin-2 in ECs (53,54). Therefore, the aforemen-
tioned results suggested that miR-124-3p regulated angiogenesis
following ischemic injury in mouse hindlimbs by targeting
STATS3.

Another interesting finding of the present study was
that the levels of circulating miR-124-3p were negatively
correlated with ABI, the index for PAD severity. ABI is a
non-invasive physical index that provides the standard for
the evaluation of PAD severity (31). ABI is less sensitive in
conditions associated with vessel stiffness (55); therefore,
the expression of miR-124-3p in the blood might serve as an
improved marker for screening patients than ABI. However,
the role of miR-124-3p in the progression of PAD requires
further investigation with additional samples. In addition, the
long-term outcome of patients with increased miR-124-3p
expression requires further investigation.

Although previous studies have reported possible roles of
miR-124-3p in ischemic diseases (27-28), there were several
novel aspects of the present study. First, the potential role of
miR-124-3p was identified in the HLI model. Secondly, the results
indicated that the levels of miR-124-3p in human blood were
positively correlated with the severity of PAD, which suggested
that miR-124-3p might serve as a strong potential target for the
evaluation and treatment of PAD. Therefore, the aforementioned
findings may aid with the clinical translation of the present study.

In conclusion, the present study provided evidence for
the link between miR-124-3p and PAD. miR-124 regulated
angiogenesis by decreasing STAT3 expression. Although
miRNA-based therapeutics are still being developed, the
results of the present study are encouraging and suggested the
potential of miR-124 as a diagnostic, prognostic and thera-
peutic target for PAD in the future.
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