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Background-—Irisin is a newly discovered myokine that has been considered a promising candidate for the treatment of
cardiovascular disease through improving endothelial function. However, little is known about the role of irisin in the progression of
atherosclerosis.

Methods and Results-—We used a carotid partial ligation model of apolipoprotein E–deficient mice fed on a high-cholesterol diet to
test the anti-atherosclerosis effect of irisin. Irisin treatment significantly suppressed carotid neointima formation. It was associated
with increased endothelial cell proliferation. In addition, irisin promoted human umbilical vein endothelial cell survival via
upregulating microRNA126-5p expression through the ERK signaling pathway. Inhibition of microRNA126-5p using the
microRNA126-5p inhibitor abolished the prosurvival effect. The same results were demonstrated in vivo as the expression of
microRNA126-5p noticeably increased in ligated carotid artery after irisin treatment. Furthermore, in vivo blockade of
microRNA126-5p expression using the antagomir abolished the inhibitory effects of irisin on neointima formation, lesional lipid
deposition, macrophage area, and the pro-proliferation effects on endothelial cells.

Conclusions-—Taken together, our study demonstrates that irisin significantly reduces atherosclerosis in apolipoprotein
E–deficient mice via promoting endothelial cell proliferation through microRNA126-5p, which may have a direct therapeutic effect
on atherosclerotic diseases. ( J Am Heart Assoc. 2016;5:e004031 doi: 10.1161/JAHA.116.004031)
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A therosclerosis, the primary cause of cardiovascular
diseases, remains a leading cause of morbidity and

mortality worldwide.1–3 Endothelial cells (ECs) function as a
selectively permeable barrier between circulating blood and
surrounding tissues, therefore their integrity is critical for the

maintenance of blood vessel homeostasis.1,4 Endothelial
dysfunction has been implicated as an early step in the
pathogenesis of atherosclerosis.5

Endothelial integrity can be maintained through replace-
ment of damaged ECs with proliferating, healthy ECs.6

Therefore, improving endothelial function is critical for the
prevention and treatment of atherosclerosis. Irisin, a newly
discovered myokine, is mainly secreted by skeletal muscle as
a cleavage product of fibronectin type III domain-containing
protein 5.7 Irisin activates profound changes in the subcuta-
neous adipose tissue, stimulating browning and uncoupling
protein 1 expression.8,9 The presence of human irisin in blood
was demonstrated by a recent study using quantitative mass
spectrometry.10 It has been reported that serum irisin levels
are significantly lower in patients with obesity, insulin
resistance, type 2 diabetes mellitus, and metabolic syn-
drome.8,11–13 Intriguingly, a growing number of studies have
shown that irisin improves endothelial function in patients
with type 2 diabetes and obese patients.14–18 In addition, we
have demonstrated that irisin can promote human umbilical
vein endothelial cell (HUVEC) proliferation and angiogenesis
via the ERK signaling pathway.19,20 However, whether irisin
can effectively promote endothelial proliferation in
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atherosclerosis, and its underlying mechanisms, remains
unknown. MicroRNA (miRNA)s are endogenous, single-
stranded, small noncoding RNA molecules of �19 to 22
nucleotides.21 Recent studies have reported that miRNAs can
regulate the expression of molecules involved in vascular
inflammation, tone, and remodeling, thus inducing endothelial
dysfunction.22,23 miRNAs can also mediate proliferation,
migration, angiogenesis, and senescence of ECs.16,24–27

These studies suggest that miRNAs may be involved in
atherogenesis by modulating endothelial functions.

In the present study, we explored the effect of irisin on
endothelial proliferation and atherosclerosis formation in the
mouse carotid partial ligation model. In vitro, we investigated
the expression profiles of miRNAs, which may participate in
irisin-induced EC proliferation. Our results demonstrated that
irisin can prevent the formation of atherosclerosis by
promoting endothelial proliferation through microRNA126-5p
(miR126-5p).

Methods

Expression and Purification of Human Irisin
The expression and purification of irisin were performed as
previously described.9,28 Briefly, human irisin cDNA (360 bp)
was designed, synthesized (Life Technologies), and cloned
into the EcoR1/Xba1 sites of the pPICZaA plasmid. The
linearized pPICZaA-irisin plasmid was transformed into Pichia
pastoris X-33 according to the manufacturer’s instructions
(PichiaEasycomp Transformation Kit; Invitrogen). Yeast culture
was used for the production of human irisin protein as
previously described.9 The r-irisin protein in the culture
supernatant was purified and used in this study.

Mouse Model
Male apolipoprotein E (apoE)–deficient mice (6–8 weeks old)
purchased from Vital River Laboratory Animal Technology Co.,
Ltd (China) were fed a high-cholesterol diet containing 21% fat
and 0.15% cholesterol. For the neointima study, male apoE-
deficient mice (6–8 weeks old) were anesthetized by
intraperitoneal (IP) injection of pentobarbital sodium
(50 mg/kg, Nembutal sodium solution; Wuhan Entai Technol-
ogy, Wuhan, China). Partial ligation of the left common carotid
artery was carried out as previously described.29 Briefly, a
ventral midline incision (4–5 mm) was made in the neck. The
left carotid artery was exposed by blunt dissection. Three of
four caudal branches of the left carotid artery, the left external
artery, internal carotid artery, and occipital artery were ligated
with a 6–0 silk suture, while the superior thyroid artery was
left intact. Twenty-four hours after partial ligation, the mice
were treated daily with purified irisin (0.5 lg/g body weight)

by IP injection for 4 weeks. In the control group, the partial
ligated mice were given normal saline (NS) in the same
manner. After the treatment, mice were anesthetized with
pentobarbital sodium and the segment of the left carotid
artery just proximal to the ligation was excised. All animal
experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Shandong University of
Laboratory Animals Care and Use Committee.

miR126-5p Antagomir Treatment
Fifty lL F-127 pluronic gel (20%, p2443, Sigma) containing
0.1 mg antagomir against miR126-5p (miR126-5p antagomir,
RiboBio, Guangzhou, China) or control (miR126-5p antagomir
control, RiboBio) was applied to the adventitia around ligated
artery segments.

Histological Examination
The harvested carotid arteries were fixed in 4% paraformalde-
hyde and then embedded in paraffin. Five cross sections (5-
lm thickness) per block were cut at 100-lm intervals and
stained with hematoxylin-eosin. Images were captured using a
Nikon eclipse Ti microscope and analyzed using Image Pro
Plus software (version 6.0; Media Cybernetics). The neointima
area was defined as the area between the luminal surface and
internal elastic lamina. The medial area was defined by the
internal elastic lamina and external elastic lamina. The N/M
ratio was expressed as the ratio of the neointima area to
media area.

Immunostaining
Immunohistofluorescence was performed using primary anti-
bodies for CD31 (1:100, ab24590, Abcam), Ki67 (1:200,
ab15580, Abcam), and a-smooth muscle actin (a-SMA, 1:100,
A5228, sigma) on paraffin-embedded sections. Fluorescently
labeled secondary antibodies (Invitrogen) were used for
visualization. Immunohistochemical staining was performed
using GTVisionTM III Detection System/Mo&Rb (GK500705,
Gene Tech). Paraffin-embedded sections were stained with
primary antibodies for CD68 (1:200, ab955, Sigma). After
washing, sections were incubated with horseradish peroxi-
dase–conjugated secondary antibodies. Immunocomplexes
were then detected using diaminobenzidine tetrahydrochlo-
ride dehydrate substrate. For quantification of lipid content,
serial frozen sections (10-lm thickness) were first stained
with Oil Red O and then counterstained with hematoxylin.
Images were captured using a Nikon Eclipse Ti fluorescent
microscope, and the stained area was measured using Image
Pro Plus software.
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TUNEL Staining
Apoptotic cells in partial ligated carotid arteries were detected
by terminal deoxynucleotidyl transferase–mediated dUTP nick
end labeling (TUNEL) using a kit (R&D Systems) as previously
described according to the manufacturer’s instructions.28

After TUNEL labeling, sections were counterstained with 40-6-
diamidino-2-phenylindole (DAPI) to detect nuclei.

Cell Culture
The primary culture of HUVECs was performed as previously
described.19 Briefly, HUVECs were isolated from human
umbilical cord using 300 units/mL collagenase II (Sigma-
Aldrich). Cells were cultured in Medium 199 (Invitrogen) that
was supplemented with 10% (v/v) fetal bovine serum
(Invitrogen), 10 ng/mL EGF (Peprotech), and 10 ng/mL bFGF
(Peprotech) in a humidified atmosphere of 5% CO2 at 37°C.
Passages between 3 and 7 were used in this study. All
experiments were carried out with the same batch of HUVECs,
which were from a single donor.

The study protocol conformed to the ethical guidelines of the
1975 Declaration of Helsinki with the approval of the Institu-
tional Medical Ethics Committee of Qilu Hospital, Shandong
University. The donor has provided written informed consent.

Quantitative Real-Time PCR
To detect mRNA expression levels, total RNA was extracted
using TRIzol reagent (Invitrogen) following the standard proto-
col, and the cDNA was synthesized using the SuperScript III
First-Strand Synthesis System (Invitrogen Corp., Carlsbad, CA).
Quantitative real-time polymerase chain reaction (qRT-PCR)
was carried out in triplicate with SYBR Green Master Mix
(Applied Biosystems) using the Bio-Rad CFX96 Real-Time
System (Bio-Rad, Hercules, CA). The 2�DDCt method was used
to calculate the relative expression of genes using beta-actin
RNA as an internal control. The primers for delta-like 1 homolog
(Dlk1) are 50-TCGGCCACAGCACCTATGG-30 (forward) and 50-
CAGCCGTCGGTGCAAATGC-30 (reverse); for MMP7 are 50-
ATGTGGAGTGCCAGATGTTGC-30 (forward) and 50-AGCAGTTCC
CCATACAACTTTC-30 (reverse); for ADAM9 are 50-CCCCCAAA
TTGTGAGACTAAAG-30 (forward) and 50-TCCGTCCCTCAATG
CAGTAT-30 (reverse); for stromal-derived factor-1 a (SDF-1a)
are 50-AGAATTCATGAACGCCAAGG-30 (forward) and 50-
AGGATCCTCACATCTTGAACC-30 (reverse); and for b-actin are
50-ATCATGTTTGAGACCTTCAACA-30 (forward) and 50-CAT
CTCTTGCTCGAAGTCCA-30 (reverse).

miRNA Microarray Analysis
HUVEC miRNA expression was assessed following stimulation
for 12 hours with or without 20 nmol/L irisin using Exiqon

miRCURY LNA arrays. Briefly, total RNA was harvested using
TRIzol (Invitrogen) and the miRNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions. After RNA
quantity measurement using the NanoDrop 1000 (Thermo
Fisher Scientific), the samples were labeled using the
miRCURY Hy3/Hy5 Power labeling kit (Exiqon) and hybridized
on the miRCURY LNA array (Exiqon, version 18.0). The slides
were scanned using the Axon GenePix 4000B microarray
scanner. Scanned images were then imported into GenePix
Pro 6.0 software (Axon) for grid alignment and data extrac-
tion. Finally, hierarchical clustering was performed to show
distinguishable miRNA expression profiling among samples.
Array results were validated by qRT-PCR.

miRNA qRT-PCR
miRNAs were prepared with an All-in-One TM miRNA qRT-PCR
Detection Kit (GeneCopoeia) according to the manufacturer’s
instructions. Briefly, total RNA was extracted using TRIzol
(Invitrogen) following the standard protocol and the extracted
RNA was reverse-transcribed in the presence of poly(A)
polymerase with an oligo(dT) adaptor. Then qRT-PCR was
carried out with SYBR green detection with a forward primer
for the mature micoRNA sequence and a universal adaptor
reverse primer. RNU6 was used as an endogenous control.
miRNA primers and the RNU6 primer were purchased from
GeneCopoeia.

miRNA Inhibitor and siRNA Transfection
The miR126-5p inhibitor and its negative control, and the Dlk1
silencing RNA (siRNA) and its negative control were obtained
from RiboBio (Guangzhou, China). Transfection was conducted
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The final concentration of
miR126-5p inhibitor and Dlk1 siRNA were 100 nmol/L. Cells
were incubated with transfection complexes for 4 to 6 hours
before the medium was changed.

BrdU Incorporation Assay
HUVECs grown on coverslips were incubated with BrdU
(10 lmol/mL, B5002, Sigma-Aldrich, St. Louis, MO) and irisin
or PBS for 24 hours before fixation in 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100. After permeabi-
lization, cells were denatured with 2 mol/L HCl for 60 min-
utes at room temperature followed by neutralization with
0.1 mol/L sodium borate (pH 8.5) for 10 minutes. After
washing and blocking with goat serum, cells were incubated
with rabbit anti-Brdu (1:500, ab152095, Abcam) antibodies
overnight at 4°C. Cells were visualized with Alexa Fluor 488
conjugated goat anti-rabbit IgG (Invitrogen) for 1 hour at room
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temperature. Finally, the cells were photographed using a
confocal microscope and images were analyzed using Volocity
software (PerkinElmer). Total cells were quantified by coun-
terstaining with blue fluorescent DAPI.

CCK-8 Assay
HUVECs were seeded in 96-well plates with 5000 cells/well.
Cell proliferation was assayed using the Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Gaithersburg, MD)
according to the manufacturer’s protocol. Briefly, the CCK-8
solution was added to the culture medium after stimulation,
and the cultures were then incubated for 2 hours at 37°C in
humidified 95% air and 5% CO2. The absorbance at 450 nm
was determined using a Microplate Reader (Bio-Rad, Hercules,
CA). For each group, 6 duplicate wells were detected per
experiment.

Western Blot
HUVECs were lysed in RIPA buffer (150 mmol/L NaCl,
50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) containing 1 mmol/L
Na3VO4, 5 mmol/L NaF, and protease inhibitor cocktail
(Roche). The supernatant was removed and the protein
concentration was determined using the BCA protein assay kit
(Pierce, Rockford, IL). Equal amount of proteins from cell
lysates were separated using 12% SDS-PAGE gels. After
electrophoresis, proteins were transferred onto PVDF mem-
branes. After blocking with 5% fat-free milk for 1 hour,
proteins were detected using the appropriate primary anti-
bodies, respectively, against Dlk1 (1:1000, ab21682, Abcam),
ERK1/2 (1:1000, 4695S, Cell Signaling), phospho-ERK1/2
(Thr202/Tyr204) (1:1000, 9101S, Cell Signaling), eNOS
(1:1000, 9572, Cell Signaling), phospho-eNOS (Ser1177)
(1:1000, 9571, Cell Signaling), or GAPDH (1:1000, sc-
25778, Santa Cruz). After incubation with a horseradish
peroxidase–conjugated secondary antibody (1:5000, Santa
Cruz) at room temperature for 1 hour, the immune complexes
were detected using the ECL method. Densitometric analysis
was performed using Alpha Imager 2200.

Apoptosis Analysis
Apoptotic cells were determined by using an Annexin V-FITC
apoptosis detection kit (BD Biosciences-US) according to the
manufacturer’s instructions as previously described.28 Briefly,
HUVECs were seeded into 6-well plates and incubated with or
without 20 nmol/L irisin, 100 nmol/L miR126-5p inhibitor,
and 80 lg/mL oxidized low-density lipoprotein (ox-LDL;
Yiyuan Biotechnologies, Guangzhou, China) for 24 hours.
After incubation, cells were washed twice with cold PBS and

then resuspended. Subsequently, cells were incubated for
15 minutes at room temperature in the dark in 100 lL
binding buffer containing 5 lL Annexin V-FITC and 5 lL PI.
Cellular fluorescence was analyzed by the BD accuriC6 flow
cytometer using FlowJo software.

Statistical Analysis
All experiments were performed at least three times. Data are
expressed as mean�SEM. Statistical comparisons were made
between two groups using Student t test and between
multiple groups by ANOVA followed by Student-Newman-
Keuls post hoc test. P values <0.05 were considered
statistically significant. The Shapiro-Wilk test was used to
determine whether the data met criteria for normal distribu-
tion. Data with a Shapiro-Wilk test P value >0.05 was
considered to fit a normal distribution.

Results

Irisin Inhibits Neointima Formation in apoE-
Deficient Mice After Carotid Artery Partial
Ligation
Irisin significantly reduced the neointima formation in apoE-
deficient mice after carotid artery partial ligation for
4 weeks (1.91�0.17 lm29104 in irisin-treated mice versus
3.93�0.28 lm29104 in NS-treated mice) (Figure 1A and
1B). The ratio of neointima to media was also decreased in
the irisin treatment group (1.04�0.16) compared with the
NS group (2.03�0.21) (Figure 1C). To determine the
contribution of irisin to EC proliferation, we detected the
Ki67-positive ECs in partially ligated carotid artery samples.
We found that irisin significantly increased EC proliferation
in luminal ECs of partially ligated carotid arteries
(7.96�1.28% in irisin-treated mice versus 3.07�0.45% in
NS-treated mice) (Figure 1D). These results suggested that
irisin probably inhibits neointima formation by promoting EC
proliferation.

Irisin Promotes HUVEC Proliferation
We tested the role of irisin on HUVEC proliferation by using
the BrdU incorporation assay. The results showed that the
proportion of BrdU-positive cells in the irisin-treated
(20 nmol/L) group (69.30�2.54%) was significantly higher
than in the control group (42.02�2.35%) (Figure 2A and 2B).
Then we used the CCK-8 assay to evaluate cell viability.
Following irisin treatment for 24 hours, the HUVEC viability
was 1.26-fold (126.7�4.1%) higher than in the control group
(Figure 2C), demonstrating that irisin can effectively promote
HUVEC proliferation.
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miR126-5p Expression Was Upregulated by Irisin
Treatment in ECs

To further investigate the mechanism by which irisin promotes
HUVEC proliferation, the miRNA expression profile of HUVECs
was assessed following stimulation with 20 nmol/L irisin for
12 hours using Exiqon miRCURY LNA arrays. One hundred
fourteen miRNAs were upregulated ≥2-fold and 84 miRNAs
were markedly downregulated in irisin-treated HUVECs. Partial
results of the miRNA array are shown in Figure 3A. Among the
affected miRNAs, we selected 8 miRNAs that were reported to
play roles in endothelial function for further investigation. To
confirm the findings of the miRNA profile, the expression of

these 8 upregulated miRNAs was measured using qRT-PCR. In
agreement with the microarray data, 6 upregulated miRNAs
were validated (Figure 3B). miR126-5p is of particular interest
among all the validated miRNAs because it had the highest
expression level in irisin-treated HUVECs compared with the
controls. To further validate the elevation of miR126-5p in the
irisin-treated HUVECs, time-dependent changes in miR126-5p
levels fromHUVECs after treatment with 20 nmol/L irisin for 2,
6, 12, and 24 hours were determined. The results showed that
miR126-5p expressionwas significantly upregulated inHUVECs
after treatment with irisin for 12 and 24 hours and had peak
expression at 12 hours (Figure 3C). The results indicate that
irisin can increase the expression of miR126-5p in vitro.

Figure 1. Influence of irisin treatment on neointima formation and endothelial cells (EC) proliferation in apolipoprotein E (ApoE)–deficient
mice. ApoE–deficient mice were treated with or without irisin for 28 days after carotid artery partial ligation (n=5). (A) Cross-sections of carotid
arteries were identified with hematoxylin-eosin staining. Scale bar indicates 100 lm. (B) Quantification of the neointima areas of the partially
ligated carotid arteries is shown. (C) Degree of neointima formation 28 days after carotid ligation was calculated according to the neointima
area to media area (N/M) ratio. (D) EC proliferation after partial ligation of the carotid artery was assessed by double immunofluorescence
staining for Ki67 and CD31. Representative images of Ki67 staining show proliferating cells (stained in green) in the endothelium. The nuclei
were stained blue with 40-6-diamidino-2-phenylindole (DAPI). CD31 (stained in red) was used as an endothelial marker. Arrows indicate
Ki67+CD31+ cells. Scale bar indicates 50 lm. The data are expressed as mean�SEM. *P<0.05 vs control.
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Irisin-Mediated Promotion of Endothelial
Proliferation Was Abolished by Inhibition of
miR126-5p
To further explore the role of miR126-5p in irisin-induced
HUVEC proliferation, the miR126-5p inhibitor was added to
the cultured HUVECs. qRT-PCR showed the successful
inhibition of cellular miR126-5p by the miR126-5p inhibitor
as compared with the negative control (Figure S1A). Using the
BrdU incorporation assay, it was demonstrated that inhibition
of miR126-5p reduced HUVEC proliferation activity following
irisin treatment (Figure 4A and 4B). Similar results were also
obtained using the CCK-8 assay (Figure 4C). These results
suggest that miR126-5p mediates the effects of irisin on
HUVEC proliferation.

Activation of Phospho-ERK Mediates Irisin-
Induced miR126-5p Expression
We have demonstrated that ERK phosphorylation was
involved in irisin-induced HUVEC proliferation.19 Next, ERK
inhibitor U0126 and the miR126-5p inhibitor were used to

confirm the association between ERK phosphorylation and
miR126-5p induction after irisin treatment. As shown in
Figure 5A, phosphorylated ERK was significantly increased

Figure 2. Irisin promotes human umbilical vein endothelial cell
(HUVEC) proliferation in vitro. (A) Effect of irisin on HUVEC
proliferation was measured by using the BrdU incorporation assay.
Scale bar indicates 80 lm. (B) Proliferation was assessed by the
ratio of the average number of BrdU-positive cells to total cells in
10 random high-magnification fields. (C) Vitality of HUVECs was
measured using the CCK8 assay. The data are expressed as the
mean�SE of three independent experiments. *P<0.05 vs control.

Figure 3. Irisin upregulated the microRNA126-5p (miR126-
5p) expression in human umbilical vein endothelial cells
(HUVECs). (A) Heat map presentation of the expression profile
of microRNAs in irisin-treated and control HUVECs. “Red”
indicates high relative expression, and “green” indicates low
relative expression. (B) Microarray results were validated by
quantitative real-time polymerase chain reaction (qRT-PCR) in
HUVECs. (C) Time-dependent effects of irisin on relative
miR126-5p expression were tested using qRT-PCR. The data
are expressed as the mean�SEM of three independent
experiments. *P<0.05 vs control.
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after treatment with irisin and was abolished by pretreat-
ment with U0126 for 30 minutes. Correspondingly, irisin-
induced miR126-5p expression was downregulated after
pretreatment with U0126 for 30 minutes (Figure 5B).
Furthermore, to test whether the ERK phosphorylation
was induced by miR126-5p expression after irisin treat-
ment, cells were transfected with the miR126-5p inhibitor.
The results showed that the miR126-5p inhibitor did not
affect irisin-induced ERK phosphorylation (Figure 5C).
These data imply that irisin may induce miR126-5p
through the ERK signaling pathway. In addition, it is
demonstrated that irisin improved endothelial function by
activating eNOS phosphorylation.17 Therefore, we used
the miR126-5p inhibitor to test whether miR126-5p
mediates irisin-induced phosphorylation of eNOS. Incuba-
tion of the HUVECs with irisin enhanced eNOS phospho-
rylation, while the miR126-5p inhibitor did not affect this
phenomenon (Figure 5D).

Dlk1 is the Target Gene of miR-126-5p in Irisin-
Treated HUVECs

It has been reported that Dlk1, SDF-1a, MMP7, and ADAM9,
which are associated with cell proliferation, are direct targets
of miR126-5p.25,30,31 To investigate the target genes of irisin-
induced miR126-5p, we detected the change of mRNA levels
of these genes. As demonstrated in Figure 6A, Dlk1 was
significantly decreased after irisin treatment, whereas the
others were unaffected. Furthermore, Western blot analysis
was used to investigate the effect of irisin on Dlk1 protein
expression. Dlk1 protein expression was significantly reduced
in HUVECs treated with irisin for 24 hours. However, Dlk1
expression was restored by the miR126-5p inhibitor after the
HUVECs were treated with irisin for 24 hours (Figure 6B).
Next, we confirmed targeting of Dlk1 by miR-126-5p and
studied the effect of Dlk1 on irisin-induced HUVEC prolifer-
ation. As shown in Figure 6C, cellular Dlk1 protein levels were

Figure 4. MicroRNA126-5p (miR126-5p) mediates the irisin-induced endothelial proliferation. Human
umbilical vein endothelial cells (HUVECs) were transfected with the miR126-5p inhibitor or negative control
for 6 hours followed by irisin treatment. (A) The HUVEC proliferation was measured using the BrdU
incorporation assay. Scale bar indicates 80 lm. (B) Proliferation was assessed by the ratio of the average
number of BrdU-positive cells to total cells in 10 random high-magnification fields. (C) The effect of the
miR126-5p inhibitor on irisin-induced HUVEC viability was measured using the CCK8 assay. The data are
expressed as the mean�SEM of three independent experiments. *P<0.05 vs control. #P<0.05 vs the irisin-
treated group.
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successfully repressed by Dlk1 siRNA. Similar to irisin,
treatment of the cells with Dlk1 siRNA increased HUVEC
viability compared with the control group. As expected,
silencing of Dlk1 restored the inhibitory effect of the miR126-
5p inhibitor on irisin-induced HUVEC proliferation (Figure 6D).
Taken together, these results suggest that Dlk1 was involved
in the irisin-induced pro-proliferation effect, which was
controlled by miR126-5p.

Inhibition of miR126-5p Abrogates Irisin-
Mediated Inhibition of Neointima Formation and
Pro-Proliferation of ECs in apoE-Deficient Mice
After Carotid Artery Partial Ligation
To determine the role of miR126-5p on the anti-athero-
sclerosis effect of irisin, a miR126-5p antagomir was used
to block the miR126-5p expression in the partial ligated
carotid artery mouse model. qRT-PCR showed the success-
ful inhibition of miR126-5p by the miR126-5p antagomir as
compared with the negative control (Figure S1B). Based on
findings in the cell culture model, we measured the
miR126-5p level in carotid arteries of apoE-deficient mice
using qRT-PCR. Consistent with the results from the cell
culture model, the miR126-5p level in carotid arteries of
apoE-deficient mice after treatment with irisin for 4 weeks
was 2.78-fold higher than in the control group. Treatment
of mice with the miR126-5p antagomir caused reduction of
the irisin-induced miR126-5p expression in the carotid
artery (Figure 7A). The inhibitory effect of irisin on neoin-
tima formation was abrogated by miR126-5p antagomir
treatment (Figure 7B through 7D). Similar results were
observed using immunofluorescent staining, which demon-
strated that blocking miR126-5p expression abrogated
irisin-mediated EC proliferation. When miR126-5p expres-
sion was downregulated by the miR126-5p antagomir
(2.55�0.60%), the proliferation of ECs decreased signifi-
cantly in the partial ligated carotid artery, as compared with
irisin treatment (8.40�1.55%) (Figure 8).

Furthermore, we have previously demonstrated that irisin
inhibited EC apoptosis both in vitro and in vivo.19,28 In addition
to proliferation, miRNAs can also mediate apoptosis of ECs.24

Therefore, the role of miR126-5p in the inhibitory effect of irisin
on EC apoptosis was explored in this study. TUNEL staining
showed that irisin treatment decreased the cell apoptotic rate
on the luminal side of the atherosclerotic lesions. The miR126-
5p antagomir abolished the inhibitory effect of irisin (Fig-
ure S2A). To confirm this effect, Annexin V/PI staining was
used to measure ox-LDL–induced ECs dysfunction in vitro. Flow
cytometry results demonstrated that the miR126-5p antagomir
attenuated the inhibitory effect of irisin on 80 lg/mL ox-LDL–
induced HUVEC apoptosis (Figure S2B and S2C). These results

imply that miR126-5p may participate in the inhibitory effect of
irisin on EC apoptosis.

Effect of Irisin on Carotid Plaque Composition in
Mice
Next, we analyzed the effect of irisin treatment on atheroscle-
rotic composition and the role of miR126-5p by quantification
of macrophage, lipid, and smooth muscle cell (SMC) content.
As shown in Figure 9A and 9D, the CD68 positive macro-
phage area was reduced after irisin treatment. Interestingly,
the miR126-5p antagomir abolished the inhibitory effect of

Figure 5. Irisin promotes ERK activation, which is required for
microRNA126-5p (miR126-5p) expression. (A) Human umbilical
vein endothelial cells (HUVECs) were pretreated with U0126 or
untreated for 30 minutes and then incubated with irisin for
24 hours. ERK phosphorylation was determined by Western blot.
Total ERK was used as a loading control. (B) Expression levels of
miR126-5p in HUVECs after pretreatment with U0126 for 30 min-
utes were tested using quantitative real-time polymerase chain
reaction. (C) HUVECs were transfected with the miR126-5p
inhibitor or negative control for 6 hours followed by irisin
treatment. ERK phosphorylation was determined by Western blot.
Total ERK was used as a loading control. (D) eNOS phosphorylation
was determined by Western blot. Total eNOS was used as a loading
control. The data are expressed as the mean�SE of three
independent experiments. *P<0.05 vs control. #P<0.05 vs the
irisin-treated group.
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irisin on macrophage infiltration. Moreover, the lipid content
tended to be decreased in irisin-treated mice, and the
miR126-5p antagomir abolished this effect (Figure 9B and
9E). However, the lesional SMC area was not significantly
different in all 3 groups (Figure 9C and 9F).

Discussion

The current study demonstrates that irisin can suppress
neointima formation in the carotid partial ligation model of
apoE-deficient mice by promoting EC proliferation.

Figure 6. Dlk1 is the target gene of microRNA126-5p (miR126-5p) in irisin-treated human umbilical vein
endothelial cells (HUVECs). (A) Expression levels of Dlk1, stromal-derived factor-1a (SDF-1a), MMP7, and
ADAM9 mRNA in HUVECs were determined by real-time polymerase chain reaction and normalized to b-
actin as indicated. (B) Western blotting analysis of Dlk1 expression levels in HUVECs. GAPDH was used as
a loading control. (C) Western blots analysis of Dlk1 in HUVECs cotransfected with Dlk1 siRNA or negative
control. (D) HUVECs were pretransfected with the miR126-5p inhibitor or Dlk1 siRNA before being treated
with irisin, or left untreated. Vitality of HUVECs was measured using the CCK8 assay. The data are
expressed as the mean�SE of three independent experiments. *P<0.05 vs control. #P<0.05 vs the irisin-
treated group.
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Furthermore, we have shown the involvement of miR126-5p in
the pro-proliferation effect of irisin on HUVECs.

Various risk factors can induce EC injury and apoptosis,
leading to endothelial dysfunction.32,33 Endothelial dysfunction
is the initial step in the development of atherosclerosis.1,34,35

ECs with adequate survival and proliferation capacities are
essential for the maintenance of endothelial integrity and
repair of endothelial damage. Irisin, a newly discovered
myokine, is released by skeletal muscle after exercise.
Numerous scholars have conducted studies on the role of
irisin and have demonstrated that irisin has potential thera-
peutic applications for metabolic disturbances.11–13 Recently,
many researchers have focused attention on the relationship
between circulating irisin level and cardiovascular disease,
such as vascular endothelial function.14 Based on the results
we previously demonstrated,19,20 we presumed that irisin may
have a protective effect on the development of atherosclerosis.

In this study, we used the carotid partial ligation model, which
has been extensively used in studies of vascular remodeling, to
evaluate our hypothesis. The carotid partial ligation model was
previously described as a model of disturbed blood flow that
causes endothelial dysfunction and accelerated atherosclero-
sis.36 Our findings show that irisin treatment for 4 weeks after
carotid ligation decreased the severity of the neointima
formation and rescued EC proliferation. This suggests that
irisin improves vascular remodeling induced by carotid partial
ligation, at least in part, by promoting the proliferation of
vascular ECs.

Recently, miRNAs have been reported to be involved in EC
functions. In the present study, using a miRNA array, we found
that irisin treatment upregulated the expression of miR126-5p
in HUVECs and miR126-5p may play a crucial role in irisin-
induced EC proliferation. In the previous study, we have
demonstrated that irisin can promote HUVEC proliferation by

Figure 7. Inhibition of microRNA126-5p (miR126-5p) abolished irisin-mediated inhibition of neointima
formation. The miR126-5p antagomir was applied to the adventitia around ligated artery segments during
surgery (n=5). (A) miR126-5p expression in carotid arteries of apolipoprotein E (ApoE)–deficient mice were
tested using quantitative polymerase chain reaction. (B) The effect of the miR126-5p antagomir on the
irisin-induced inhibition of neointima formation was analyzed by hematoxylin-eosin staining. Scale bar
indicates 100 lm. (C) Quantification of the neointima areas of the partially ligated carotid arteries is shown.
(D) Degree of neointima formation 28 days after carotid ligation was calculated according to the neointima
area to the media area (N/M) ratio. The data are expressed as mean�SE. *P<0.05 vs control. #P<0.05 vs
the irisin-treated group.
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activating the ERK signaling pathway. Therefore, ERK inhibitor
U0126 was used to clarify the relationship between ERK and
miR126-5p. We showed that the induction of miR126-5p was
associated with the activation of ERK signaling. Furthermore,
our findings indicate that irisin may promote HUVEC prolif-
eration through miR126-5p by suppressing Dlk1. Dlk1, also
known as preadipocyte factor-1, inhibits angiogenesis by
inhibiting EC proliferation, which has been attributed to its
inhibitory effect on NOTCH1 activation.37 Pretreatment with
the miR126-5p inhibitor significantly attenuated endothelial
protection by irisin and restored the protein levels of Dlk1.
Those results are consistent with the previous report, which
showed that Dlk1 is a direct target of miR-126-5p.25 miR126-
5p is processed from the precursor miRNA pre-miR-126,
which is expressed in ECs and gives rise to two mature
strands, the guide strand miR126-3p and the passenger
strand miR126-5p. miR126-5p is expressed in various mouse
and human tissues, and is among the most abundant miRNA
in blood vessel ECs.26,38 miR126-5p was reported to control
EC activation and leucocyte trafficking.38 In addition, we also
explored the effect of irisin on EC apoptosis. The results imply

that irisin can inhibit ligation-induced EC apoptosis in vivo and
ox-LDL–induced HUVEC apoptosis in vitro through miR126-
5p. Further studies are needed to confirm these findings and
to better determine the underlying molecular mechanisms.

miRNAs are involved in a great variety of processes, which
are linked to cardiovascular diseases39 and atherosclerosis.40

Our findings clearly indicate that the expression of miR126-5p
was significantly increased in carotid arteries of apoE-
deficient mice treated with irisin for 4 weeks. Moreover,
miR126-5p inhibition abolished the inhibitory effects of irisin
on neointima formation and the pro-proliferation effects on
ECs in the carotid partial ligation mouse model. It suggests
that the inhibitory effects of irisin on neointima formation by
promoting EC proliferation may be through the upregulation of
miR126-5p, which is in agreement with our in vitro data.
Subsequently, we needed to explore the specific mechanisms
for how reduced endothelial dysfunction reduces the intimal
thickening induced by ligation. As expected, both lipid content
and CD68-positive macrophage area are decreased in irisin-
treated mice, and inhibiting miR126-5p abolished this
inhibitory effect of irisin. Interestingly, the study by Zhang

Figure 8. Inhibition of microRNA126-5p (miR126-5p) abolished irisin-mediated pro-proliferation of endothelial cells (ECs) in vivo. The effect of
the miR126-5p antagomir on the irisin-induced EC proliferation was analyzed by double immunofluorescence staining for Ki67 and CD31.
Representative images of Ki67 staining show proliferating cells (stained in green) in the endothelium. The nuclei were stained blue with 40-6-
diamidino-2-phenylindole (DAPI). CD31 (stained in red) was used as an endothelial marker. Arrows indicate Ki67+CD31+ cells. Scale bar
indicates 50 lm. The data are expressed as mean�SE. *P<0.05 vs control. #P<0.05 vs the irisin-treated group.
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et al30 has demonstrated that the ectopic expression of
miR126-5p in breast tumor cells represses inflammatory
monocyte recruitment into the tumor mass. However, neither

irisin nor the miR126-5p antagomir was associated with the
SMC content. Thus, our data suggest that irisin may reduce
ligation-induced intimal thickening through protection of

Figure 9. Irisin and the microRNA126-5p (miR126-5p) antagomir influenced plaque composition in vivo.
(A) Representative pictures for CD68-positive plaque area and corresponding quantification. (B)
Representative pictures for lipid content and corresponding quantification. (C) Representative pictures
for a-smooth muscle actin (SMA)–positive (green) and nuclei (blue) plaque area and corresponding
quantification. Scale bar indicates 50 lm. (D–F) Quantification of positive staining areas for Oil Red O (D),
CD68 (E), and a-SMA (F). The data are expressed as mean�SE. *P<0.05 vs control. #P<0.05 vs the irisin-
treated group.
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endothelial dysfunction and also by inhibiting the recruitment
of monocytes and the deposition of lipid.

Conclusions
We reported that irisin is an anti-atherogenic myokine, which
specifically promotes EC proliferation by upregulating
miR126-5p. This finding indicates that irisin treatment could
serve as a potential therapeutic strategy to protect against
atherosclerosis development.
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SUPPLEMENTAL MATERIAL 

  



Figure S1. 

 

 

Figure S1. miR126-5p levels after transfection of the miR126-5p inhibitor in vitro 

and the miR126-5p antagomir in vivo. (A) HUVECs were transfected as indicated. 

At 24 h post transfection, cellular RNAs were isolated for detection of miR126-5p 

using qRT-PCR. (B) The miR126-5p antagomir was applied to the partial ligated 

carotid artery for 4 weeks, and RNAs were isolated for detection of miR126-5p 

using qRT-PCR. The data were normalized to that of negative control samples. The 

data were expressed as the mean ± SEM of three independent experiments. *P < 

0.05 vs. control. 



Figure S2. 

 

 

Figure S2. miR126-5p mediated the inhibitory effect of irisin on ox-LDL induced 

EC apoptosis. (A) Sections from the mice carotid arteries were labeled by TUNEL 

to detect apoptotic cells and counterstained with DAPI to detect nuclei. Scale bar 



indicates 50 μm. (B) HUVECs were transfected with the miR126-5p inhibitor or 

negative control for 6h followed by irisin and/or ox-LDL treatment. Apoptosis of 

HUVECs was detected by using flow cytometry. (C) The apoptotic rate was 

determined by calculating the ratio of Annexin-V-positive and Annexin-V/PI-

double positive cells to total cells. The data were expressed as the mean ± SEM of 

three independent experiments. *P < 0.05 vs. control, # P < 0.05 vs. ox-LDL -

treated group. 

 


