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Abstract
Background: Peripheral artery disease (PAD) is a vascular disease involving diffuse atherosclerosis,
which is associated with increased cardiovascular mortality and morbidity. Critical limb ischemia is the
most severe complication of PAD. In addition to medical and interventional treatment, therapeutic
angiogenesis is a novel therapy for PAD. Circulating microRNAs (miRNAs) are considered to be key
regulators of gene expression, but their role in ischemic-induced angiogenesis is poorly characterized.
There is little knowledge of speci�c miRNAs associated with PAD.

Methods: To determine the regulation of miRNAs, we obtained miRNA pro�les using RNA isolated from
patients with PAD and a control group. The effect of the speci�c miRNA in angiogenesis were evaluated
by in vitro angiogenic function of endothelial progenitor cells (EPCs), in vivo angiogenesis assay and a
hind-limb ischemic model. 

Results: Circulating miR-548j-5p was signi�cantly reduced in patients with PAD compared with the
controls. miR-548j-5p promoted EPC angiogenesis by enhancing migration and tube formation. The
endothelial nitric oxide synthase and stromal cell-derived factor (SDF)-1 signaling pathways appeared to
be potential targets for miR-548j-5p. Furthermore, a directed in vivo angiogenesis assay of EPCs and a
hind-limb ischemia mouse model demonstrated that miR-548j-5p enhanced capillary density and blood
�ow recovery in hind-limb ischemia.

Conclusion: Taken together, our data indicates that up-regulation of miR-548j-5p promotes angiogenesis
in ischemic tissue and might be a novel therapeutic approach for PAD.

Background
Peripheral artery disease (PAD) is an atherosclerotic disease, which increases the risk of cardiovascular
mortality and morbidity [1]. The prevalence of PAD is greater than 20% in individuals over 60 years of age
and incidence rates have been predicted to increase with aging populations [2]. Critical limb ischemia
(CLI) is the most severe clinical presentation of PAD, and causes intermittent claudication, ulceration and
gangrene of the foot; it is associated with amputation and cardiovascular death [3]. The pathophysiology
of PAD is a complex process involving endothelial dysfunction, oxidative stress, platelet activation and
in�ammation [4]. Despite pharmacological control of risk factors, the clinical outcomes for patients with
PAD are poor. Thus, the development of new therapeutic targets for patients with PAD is an important
issue.

Recently, microRNAs (miRNAs) have emerged as novel regulators of vascular biology. miRNAs are small,
non-coding RNAs that regulate gene expression at the post-transcriptional level to repress expression [5].
miRNAs play key roles in in�ammation, angiogenesis, endothelial function and restenosis associate with
PAD [6]. Previous studies have shown that speci�c miRNA expression pro�les in patients with PAD may
serve as prognostic predictors [7]. In addition, some miRNAs, such as miR-93 [8] and miR let-7g [9], have
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been shown to mediate angiogenesis through various molecular pathways. However, the association
between miRNAs and PAD has not yet been fully characterized.

The present study aimed to explore speci�c miRNAs relevant to PAD and investigate their angiogenic
effects and mechanisms on endothelial progenitor cell (EPC) migration, tube formation and angiogenesis
in PAD, in the hope of providing a novel therapeutic strategy for patients with PAD.

Methods
Study population

A total of 40 subjects were included in the current study, including 25 patients with PAD who were
diagnosed via the ankle-brachial index or angiography. Patients with acute coronary syndrome, acute
ischemic limb or malignancy were excluded. A total of 15 healthy individuals without any evidence of
PAD served as the control group. Blood sampling was performed and samples were subjected to RNA
isolation (FocusGenomics Biotech Co., Ltd, Taiwan). Following miRNA array analysis, we selected
speci�c miRNAs for comparison between the patients with PAD and the control group. This study was
approved by the Taipei Veterans General Hospital’s Institutional Review Board for Research (approval no.
2013-08-020B#3), and written informed consent was provided by all the participants prior to their
inclusion within the study.

MiRNA library construction and next-generation sequencing

RNA was isolated according to the manufacturer’s protocol. Total RNA from samples was further
constructed into libraries using an Illumina TruSeq Small RNA Library Prep kit (Cat. RS-200-0012;
Illumina, San Diego, CA, USA). In brief, 1 μg of high-quality total RNA from each sample was ligated with
adapters using T4 RNA ligase. The adapter-ligated RNA samples were reverse-transcribed to cDNA,
ampli�ed by primers containing a speci�c sequence index, and then size-validated using an Agilent 2100
bioanalyzer (Cat. G2943, Agilent, Santa Clara, CA, USA) loaded with a DNA 1000 kit (Agilent, cat. 5067-
1504). The size-checked libraries were loaded onto Novex TBE gels (Cat. EC6265BOX, Thermo Fisher
Scienti�c, Inc., Waltham, MA, USA), and then size-selected and gel-eluted to obtain proper fragments. The
eluted libraries were quali�ed using an Agilent 2100 bioanalyzer loaded with a DNA 1000 kit, and
quanti�ed using Qubit (Thermo Fisher Scienti�c, Inc., Cat. Q33216) and real-time PCR (Q-PCR). Each
library was diluted in equal concentrations and the same volumes were taken for pooling. Pooled libraries
were sequenced for 10 M reads/samples with a high-throughput, 50-bp single-end sequencing reagent on
an Illumina MiSeq sequencing system.

Scratch injury model and EPCs

Human EPC isolation, cultivation and characterization were performed as previously described [10]. EPC
migration was evaluated using a scratch injury model. EPCs were transfected with miR-548j-5p mimic or
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antagomir, or a control. After serum-starvation of EPCs overnight, a scratch injury was applied with a
scalpel, and EPC sprouting was examined before and 12/24 h after scratching.

Tube formation assay

An EPC tube formation assay was performed using an in vitro angiogenesis assay kit (Chemicon,
Temecula, CA, USA). EPCs transfected with miR-548j-5p mimic or antagomir were placed onto a matrix
with medium for 16 h. Tubule formation was inspected by inverted light microscopy. Six random �elds
were used to calculate the average number of complete tubes formed by cells using Image-Pro Plus
software (Media Cybernetics, Rockville, MD, USA).

Western blot analysis

EPCs were lysed in a lysis buffer (62.5 mM Tris-HCl, 2% sodium dodecyl sulfate, 10% glycerol, 0.5 mM
phenylmethanesulfonyl �uoride, 2 μg/mL aprotinin, pepstatin, and leupeptin). Proteins in the cell lysates
were separated using sodium dodecyl sulfate-polyacrylamide (10%) gel electrophoresis, followed by
transfer onto poly (vinylidene �uoride) membranes. The membranes were then probed with monoclonal
antibodies against phosphorylated eNOS (Upstate Biotechnology, Lake Placid, NY, USA), SDF-1 and actin.
Protein band densitometry was performed using ImageQuant software (Promega, Madison, WI, USA).

Directed in vivo angiogenesis assay (DIVAA)

Angiogenesis in vivo was evaluated using a DIVAA kit (Trevigen, Gaithersburg, MD, USA). Brie�y,
angioreactors were �lled with EPCs transfected with 50,000 miR-548j-5p mimic, negative control, miR-
548j-5p antagomir or scramble control and VEGF/FGF1 embedded in 20 μl basement membrane extract
[11].

Angioreactors were incubated at 37°C for 1 h. For positive controls, angioreactors were �lled with BME
supplemented with VEGF (12.5 ng/ml) plus FGF1 (37.5 ng/ml). Two angioreactors were implanted in
each immunocompromised nude mouse (eight- week-old male nude mice) subcutaneously in the dorsal
region. The angioreactors were removed 14 days after implantation and photographed. The presence of
blood vessels was assessed using FITC-Lectin detection, and �uorescence was determined using a plate
reader in mean relative �uorescence units.

Ischemic hind-limb model and EPC transplantation

Eight-week-old male nude mice were purchased from the BioLASCO Taiwan Co., Ltd. After 2 weeks
observation, unilateral hind-limb ischemia was induced by left femoral artery ligation. EPCs transfected
with miR-548j-5p mimic (n=6) or antagomir (n=6) or a control (n=6) were injected intramuscularly at six
different sites on the ischemic limb distal to the arterial occlusion site. The blood �ow of the hind limb
was measured using a Laser Doppler perfusion imaging system (Moor Instruments Limited, Devon, UK)
before and after surgery, and then weekly. The results were expressed as the ratio of perfusion in the
ischemic vs. the non-ischemic limb.
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The mice were sacri�ced 3 weeks after surgery and the limbs were �xed overnight in methanol. The
ischemic muscles were embedded in para�n, and then depara�nized to incubate them with rat
monoclonal antibodies against murine CD31 (BD PharMingen, San Diego, CA, USA). New capillaries were
identi�ed based on morphology and positive staining for CD31 using the avidin-biotin-complex technique
and Vector Red Chromogenic substrate (Vector Laboratories, Burlingame, CA, USA) after counterstaining
with hematoxylin. The visible capillaries were counted under 10 random �elds, and the capillary density
was expressed as the number of capillaries/mm.

All animals were housed and handled in accordance with the criteria outlined in the National Institutes of
Health ‘‘Guide for Care and Use of Laboratory Animals”. The study protocol was approved by the
Institutional Animal Care and Use Committee of Taipei Veterans General Hospital, Taipei, Taiwan
(approval number: IACUC_2013–076).

Statistical analysis
Data are expressed as the mean ± standard error of the mean (SEM). Statistical analysis was performed
using the unpaired Student’s t-test or one-way analysis of variance, followed by Scheffe’s multiple
comparison post hoc test using Statistical Package of the Social Sciences software (version 14; SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically signi�cant difference.

Results
Detection of circulating miRNAs

The baseline clinical characteristics of the PAD group and control group are shown in Table 1. In total, 40
subjects were studied; 25 patients with documented PAD and 15 individuals without evidence of PAD
(control group) from Taipei Veterans General Hospital, Taipei, Taiwan, R.O.C. The mean age of
participants was 74 years. A total of 17 patients were male, and the median body mass index was
23.19±2.82. There were 19 patients with hypertension and 15 with diabetes mellitus. Coronary artery
disease and chronic kidney disease were present in 5 and 10 patients, respectively.

Table 1. Baseline characteristics of the study population.
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  PAD group (n = 25) Control group (n = 15)

Demographics    

Age (years) 74 44

Male sex 17 (8) 13 (2)

BMI 23.19 ± 2.82 25.5 ± 0.64

Risk factors    

Hypercholesterolemia 3 (22) 0

Hypertension 19 (6) 1 (14)

Diabetic mellitus 15 (10) 1 (14)

Coronary artery disease 5 (20) 0

Chronic kidney disease 10 (15) 0

The concentration of several circulating miRNAs was measured. The PAD group had a signi�cantly
decreased expression of miR-548j-5p (AAAAGUAAUUGCGGUCUUUGGU) compared with the control group
(Fig. 1).

miR-548j-5p enhances migration and tube formation in EPCs

Mobilization and tube formation in EPCs in the ischemic area are important for neovascularization.
Compared with the control group, transfection of miR-548j-5p mimics into EPCs signi�cantly increased
their migration, as shown in Fig. 2; however, transfection of miR-548j-5p antagomir into EPCs decreased
their migration.

The effect of miR-548j-5p on tube formation in EPCs was also investigated, as shown in Fig. 3.
Transfection of miR-548j-5p mimics into EPCs signi�cantly increased their tube formation compared with
the control group; thus, miR-548j-5p could modulate the angiogenic activities of EPCs.

miR-548j-5p promotes the angiogenic potential of EPCs according to DIVAA

The angiogenic effects of miR-548j-5p were further analyzed by DIVVA, as shown in Fig. 4. Transfection
of miR-548j-5p mimics into EPCs signi�cantly increased the invasion of vessels in the angioreactors
compared with the negative control. However, transfection of miR-548j-5p antagomir into EPCs decreased
the invasion of vessels in the angioreactors compared with the scramble control. These �ndings indicate
that miR-548j-5p could promote the angiogenic capacity of EPCs.

miR-548j-5p regulates EPC function via targeting of eNOS and SDF-1
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EPCs with miR-548j-5p mimic transfection exhibited signi�cantly upregulated eNOS expression, as shown
in Fig. 5. In addition, miR-548j-5p mimic transfection of EPCs upregulated SDF-1 expression; however,
miR-548j-5p antagomir transfection of EPCs downregulated eNOS and SDF-1 expression. These results
suggest that miR-548j-5p could regulate EPC function via the eNOS and SDF-1 signaling pathways.

miR-548j-5p promotes blood �ow recovery in hind-limb ischemia in a mouse model

To evaluate the angiogenic effect of miR-548j-5p, a hind-limb ischemia model was developed. Compared
with the control group, the mice with miR-548j-5p mimic transfection of EPCs exhibited signi�cantly
enhanced �ow recovery. However, the mice with miR-548j-5p antagomir transfection showed delayed
blood �ow recovery after surgery (Fig. 6A and B). Anti-CD31 immunostaining showed a decreased
capillary density in mice with miR-548j-5p antagomir transfection of EPCs compared with the control
mice, but the miR-548j-5p mimic mice exhibited signi�cantly increased capillary density in muscles (Fig.
6C). Therefore, miR-548j-5p could enhance the angiogenic activities of EPCs.

Discussion
To the best of our knowledge, this is the �rst study to report down-regulation of miR-548j-5p in PAD.
Transfection of EPCs with miR-548j-5p could enhance the activity of eNOS and SDF-1 and improve EPC
functions, such as migration and tube formation. Whereas, miR-548j-5p antagomir transfection impaired
the angiogenic activities of EPCs. Transfection of EPCs with miR-548j-5p also improved blood �ow
recovery in a hind-limb ischemic mouse model. These results suggest that miR-548j-5p could induce
angiogenesis.

Recently, circulating miRNAs have served as novel biomarkers for cardiovascular disease [12]. In patients
with PAD, individual miRNAs have been found to be differentially-expressed in circulation. Bogucka-Kocka
et al. [13] used dysregulation of 26 miRNAs to propose novel biomarkers for lower-extremity arterial
disease. In patients with CLI, higher levels of circulating miR15a and miR16 predicted a poorer prognosis
compared with diabetic individuals [14]. Hazarika et al. [15] found that miR-93 was differentially-
expressed in the ischemic hind-limb muscle of mice. Overexpression of miR-93 enhances cell proliferation
and endothelial cell tube formation, which suggests that miR-93 modulated ischemic-induced
angiogenesis independent of HIF-1α regulated angiogenic genes [15].

miR-146a was found to be a regulator of vascular remodeling. Heuslein et al. [16] found that suppression
of miR-146a enhanced arteriogenesis in muscular collateral circulation via upregulation of pro-
in�ammatory endothelial activation. miR29a inhibited the expression of endothelial cell
metalloproteinase domain-containing protein 12 in ischemia in hyperglycemia. Modulation of miR29a
improved impaired post-ischemic angiogenesis in diabetes [17]. In the present study, miR-548j-5p was
observed to facilitate migration and tube formation in EPCs, indicating that miR-548j-5p may contribute
to angiogenesis in PAD by regulating the angiogenic activities of EPCs.
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Nitric oxide (NO) is a key role for angiogenesis in ischemic disease and eNOS synthetization of NO could
promote migration of EPCs [18,19]. SDF-1 is a chemokine that has a strong chemotactic effect on EPCs.
After vascular injury, SDF-1 induces migration of EPCs to the injured area and promotes
endothelialization [20,21]. Under hyperglycemic conditions miR-133a was found to be up-regulated and
induced endothelial dysfunction through inhibition of eNOS [22]. Chen et al. [23] reported that the
diabetes-induced expression of miR-133a, impaired angiogenesis in PAD via a reduction in NO synthesis.
miR-133a antagonism improved post-ischemic angiogenesis. In the current study, we found that up-
regulation of miR-548j-5p induced the expression of eNOS and SDF-1 in EPCs. These results revealed that
miR-548j-5p enhanced migration and tube formation in EPCs by targeting the eNOS signaling pathway.

There are some limitations in our studies such as in vitro and in vivo experiments not conducted with
control miRNAs. We also need more cases to con�rm the importance of miR-548j-5p in the future.

Conclusion
The present study demonstrated that miR-548j-5p contributes to angiogenesis by promoting migration
and tube formation in EPCs, which are associated with eNOS and SDF-1 expression. Up-regulation of
miR-548j-5p improved the neovascularization in hind-limb ischemic mice. Thus, miR-548j-5p may have
therapeutic potential for PAD. Further studies are needed to evaluate the therapeutic effects and to
examine the clinical implications of these �ndings.
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Figure 1

Expression of microRNAs in patients with PAD compared with the control group. Candidate miRNAs in the
PAD and the control group were analyzed. miR-548j-5p was signi�cantly decreased in patients with PAD
group compared to controls. (*P<0.05 vs. the control group).
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Figure 2

Effect of miR-548j-5p on human EPC tube formation. An in vitro angiogenesis assay for EPCs was
performed using ECMatrix gel. (A) Human EPCs transfected with miR-548j-5p antagomir exhibited
impaired tube formation compared with the negative control in vitro. (B) Human EPCs transfected with
miR-548j-5p mimic exhibited enhanced tube formation compared with the negative control in vitro. Data
are presented as the mean ± SEM. (*P<0.05 vs. the control, n=6 for each experiment).
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Figure 3

Effect of miR-548j-5p on human EPC migration. The migratory function of EPCs was evaluated using a
scratch injury model. (A) Human EPCs transfected with miR-548j-5p antagomir exhibited suppressed EPC
mobilization compared with the negative control in vitro. (B) Human EPCs transfected with miR-548j-5p
mimic exhibited enhanced EPC mobilization compared with the negative control in vitro. Data are
presented as the mean ± SEM. (*P<0.05 vs. the control, n=6 for each experiment).
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Figure 4

Effect of miR-548j-5p on blood vessel formation in vivo, assessed using a directed in vivo angiogenesis
assay. Representative images of angioreactors extirpated from nude mice 9 days after implantation. miR-
548j-5p enhanced blood vessel formation. Data are presented as the mean ± SEM. (*P<0.05 vs. the
control, n=6 for each experiment).
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Figure 5

Effect of miR-548j-5p on eNOS and SDF-1 production in EPCs. (A) Impaired expression of eNOS and SDF-
1 in EPCs was observed in EPCs transfected with miR-548j-5p antagomir compared with the scramble
control. (B) Enhanced expression of eNOS and SDF-1 was observed in EPCs transfected with miR-548j-5p
mimic compared with the negative control. Data are presented as the mean ± SEM. (*P<0.05 vs. the
control, n=6 for each experiment).
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Figure 6

Effect of miR-548j-5p on hind-limb perfusion. (A) Serial Doppler analysis of hind-limb perfusion before
and 3 weeks after hind-limb ischemia surgery in nude mice that received transplants of EPCs transfected
with miR-548j-5p mimic, miR-548j-5p antagomir, negative control or scramble control. The color scale
illustrates blood �ow variation from minimal (dark blue) to maximal (red) values. Arrows indicate the
ischemic limb after hind-limb ischemia surgery. (B) Quanti�cation analysis of perfusion recovery using
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the laser Doppler perfusion imaging ratio (ischemia/normal hind-limb) in the different groups. (C) Mice
were sacri�ced 3 weeks after surgery and capillaries in the ischemic muscles were visualized using anti-
CD31 immunostaining. Data are presented as the mean ± SEM. (*P<0.05 vs. 0 weeks, #P<0.05 vs. miR-
548j-5p antagomir, n=6 for each experiment).


