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Irisin exerts a therapeutic effect against myocardial infarction
via promoting angiogenesis
Qiao Liao1,2,3, Shuang Qu1,2,3, Lu-xun Tang1,2,3, Liang-peng Li1,2,3, Duo-fen He1,2,3, Chun-yu Zeng1,2,3 and Wei Eric Wang1,2,3

Irisin, a myokine, is cleaved from the extracellular portion of fibronectin domain-containing 5 protein in skeletal muscle and
myocardium and secreted into circulation as a hormone during exercise. Irisin has been found to exert protective effects against
lung and heart injuries. However, whether irisin influences myocardial infarction (MI) remains unclear. In this study we investigated
the therapeutic effects of irisin in an acute MI model and its underlying mechanisms. Adult C57BL/6 mice were subjected to ligation
of the left anterior descending coronary artery and treated with irisin for 2 weeks after MI. Cardiac function was assessed using
echocardiography. We found that irisin administration significantly alleviated MI-induced cardiac dysfunction and ventricular
dilation at 4 weeks post-MI. Irisin significantly reduced infarct size and fibrosis in post-MI hearts. Irisin administration significantly
increased angiogenesis in the infarct border zone and decreased cardiomyocyte apoptosis, but did not influence cardiomyocyte
proliferation. In human umbilical vein endothelial cells (HUVEC), irisin significantly increased the phosphorylation of ERK, and
promoted the migration of HUVEC detected in wound-healing and transwell chamber migration assay. The effects of irisin were
blocked by the ERK inhibitor U0126. In conclusion, irisin improves cardiac function and reduces infarct size in post-MI mouse heart.
The therapeutic effect is associated with its pro-angiogenic function through activating ERK signaling pathway.
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INTRODUCTION
Acute myocardial infarction (MI) occurs as a result of insufficient
myocardial perfusion, leading to a massive, irreversible loss of
myocardial cells, which is a major threat to human health
worldwide [1]. Despite optimal treatments, including medication,
percutaneous coronary intervention and coronary artery bypass
grafting, MI develops to pathological cardiac remodeling and
heart failure. To combat this profile of progressive cardiac
deterioration after MI, new approaches have emerged with
emphasis on ameliorating fibrotic remodeling, increasing angio-
genesis and preserving or replacing cardiomyocytes [2].
Exercise training confers sustainable protection against

ischemia-reperfusion injury in animal models and has been
associated with improved survival following a heart attack in
humans [3]. Several myokines are produced by skeletal muscle,
and changes in myokine levels following MI were investigated.
Irisin, which is secreted by skeletal muscle and myocardium into
circulation during exercise, is proteolytically cleaved and secreted
as the hormone peptide from fibronectin domain-containing 5
(FNDC5) [4]. A negative correlation between serum irisin and the
severity of the MI was observed in exercise-trained rats [5].
However, the protective mechanisms are not known.
Irisin appears to be a multifunctional peptide involved in

cardiovascular disease [6, 7]. Irisin could protect against pressure
overload-induced cardiac hypertrophy by inducing protective

autophagy [6]. In addition, irisin protects cardiomyocytes against
hypoxia and reoxygenation injury and the heart against ischemia-
reperfusion (I/R) injury [7]. Irisin generated a protective effect
against myocardial I/R injury by suppressing the opening of the
mitochondrial permeability transition pore [8] through a SOD2-
dependent mitochondria mechanism [9]. The protective effects of
irisin have also been found in endothelial cells. Irisin significantly
alleviates endothelial dysfunction and decreases endothelial
apoptosis in diabetic mice by reducing oxidative stress [10, 11].
We previously reported that limb remote ischemic precondition-
ing (RIPC) releases irisin to protect against I/R injury to the lung
and that irisin facilitates RIPC-mediated lung protection [12]. RIPC
is also an effective means of protection against MI to hearts.
However, the therapeutic effect of irisin on MI remains unclear.
The present study therefore tested the hypothesis that adminis-
tration of recombinant irisin protects heart from MI injury and
ameliorates cardiac remodeling after MI.

MATERIALS AND METHODS
Mouse model of myocardial infarction
Adult C57/BL6 male mice (SPF Biotechnology, Beijing, China) were
subjected to MI by ligation of the left anterior descending (LAD)
coronary artery, as previously described [13]. In brief, 8-week-old
mice were anaesthetized with 5% isoflurane in an airtight
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chamber and placed in a supine position on a heating pad (37 °C).
Following tracheal intubation, mice were artificially ventilated
using a volume-controlled ventilator with 2.4% isoflurane. Follow-
ing skin incision, lateral thoracotomy at the third intercostal space
was performed by blunt dissection of the intercostal muscles. The
LAD artery was ligated using a 7–0 prolene suture. Subsequently,
thoracic wall incisions were sutured with 6.0 non-absorbable silk
sutures, and the wound was closed using Vetbond (3 M, MN) skin
adhesive. Mice were then warmed for several minutes until
recovery. After MI surgery, irisin (5 μg/g every day, Cat. No. 067–17,
Phoenix Pharmaceuticals, CA) [14] and U0126 (3 μg/g every day,
Cat. No. HY-12031, MedChemExpress, NJ) [15] were injected
intraperitoneally per day for 2 weeks. This study was approved by
the Research Council and Animal Care and Use Committee of
Daping Hospital, Third Military Medical University. All experiments
conformed to the guidelines of the American Association for the
Accreditation of Laboratory Animal Care.

Echocardiography
Cardiac function was evaluated by transthoracic echocardiogra-
phy (GE vivid 9 dimension, General Electric Company, Fairfield, CT)
following the methods we described previously [16]. Briefly, hearts
were viewed in the short-axis with M-mode by averaging results
from three consecutive heartbeats. Diastolic left ventricle internal
diameter (LVIDd) and systolic left ventricle internal diameter
(LVIDs) were measured to determine structural changes in cardiac
morphology. Fractional shortening (%FS) was calculated as (LVIDd
– LVIDs)/LVIDd × 100. Left ventricle ejection fraction (%EF) was
automatically calculated according to the Teicholz formula. All
echocardiography measurements were performed in a blind
manner.

Measurement of myocardial infarct size
The infarct size after injury for 4 weeks was defined by
phosphate-buffered 1% 2,3,5-triphenyltetrazolium chloride
(TTC) staining as previously described [17]. In brief, mice
were anesthetized and transcardially perfused of PBS followed
by 10 mL of 1% TTC (Cat. No. 362883, Sigma, St. Louis, MO) for
10 min. After transcardial TTC perfusion, the heart was cut into
five 1-mm thick transverse slices from the apex to the base
parallel to the atrioventricular groove. Then, the hearts of mice
were placed into 4% paraformaldehyde (PFA, Cat. No. E672002,
Sangon Biotech, Shanghai, China). The infarct size was deli-
neated and calculated using ImageJ software.

Histology
Mouse heart tissues were harvested and fixed in 4% PFA/PBS
solution overnight at room temperature and then processed for
paraffin sections. For analysis of cardiac regeneration and fibrotic
area following myocardial infarction procedure or drug injection,
paraffin sections were cut through the entire ventricle from apex
to base into serial sections at 0.5-mm intervals. After the dewaxing
procedure, Masson’s trichrome staining (Cat. No. G1345, Solarbio,
Beijing, China) was performed according to standard procedures.
Scar size was calculated relative to left ventricle size by ImageJ
software.

Apoptosis detection
To detect the effect of irisin on cardiomyocyte apoptosis, the
terminal deoxynucleotidyl transferase mediated dUTP nick-end
labeling (TUNEL) assay was performed at 2 days post-MI as we
previously described [17]. In brief, after the dewaxing procedure,
the sections were stained with anti-tropomyosin antibody (1:100,
Cat. No. T9283, Sigma), anti-cardiac troponin T antibody (1:100,
Cat. No. MA5-12960, Invitrogen, Thermo Fisher Scientific, MA) and
4',6-diamidino-2-phenylindole dihydrochloride (DAPI, Cat. No.
C0065, Solarbio). TUNEL assay was performed using the In Situ
Cell Death Detection Kit (Cat. No. 11684817910, Roche Applied Bio

Sciences, Switzerland) according to the manufacturer’s protocols.
The slices were observed with a fluorescence microscope (Nikon,
Tokyo, Japan). The percentage of apoptotic nuclei per section was
calculated by counting the number of TUNEL-staining cardiomyo-
cyte nuclei divided by the total number of DAPI-positive nuclei.
We also calculated the percentage of apoptosis in noncardiomyo-
cytes per section. The numbers of apoptotic nuclei were counted
in ten non-adjacent images of peri-infarction areas, and a total of
five sections per animal were analyzed.

Immunofluorescence analysis
Formalin-fixed hearts were processed, embedded in paraffin, and
cut into 5-mm thick sections. The sections were blocked with 5%
bovine serum albumin (BSA, Sangon Biotech) in PBS containing
0.1% Triton X-100 for 1 h at room temperature. The sections were
incubated with primary antibodies overnight at 4 °C, subsequently
washed thrice with PBS and incubated with corresponding
secondary antibodies conjugated to Alexa Fluor 488 or 555
(Invitrogen, Cat. No. A-11001, A-21422, A-21428, Thermo Fisher
Scientific, MA) for 2 h at 37 °C. The slides were mounted in anti-
fade mounting medium. The following primary antibodies were
used: anti-Ki67 antibody (1:100, Cat. No. D3B5, Cell Signaling
Technology, MA), anti-cardiac troponin T antibody (cTnT, 1:100,
Cat. No. MA5-12960, Invitrogen), anti-α-smooth muscle actin
antibody (anti-α-SMA, Cat. No. ab125884, 1:100, Abcam, Cam-
bridge, UK) and anti-CD31 antibody (1:100, Cat. No. ab28364,
Abcam). DAPI was used for nuclear staining. Angiogenesis was
detected by calculating the capillary density per field in the infarct
border zone, as we previously reported [18]. For the quantification
of the number of Ki67+ cardiomyocytes, the results acquired from
sections of the heart harvested from each animal with at least 5
different fields and positions for each section were averaged. In all
cell-counting experiments, fields of view were randomized to
reduce counting bias.

Capillary-like tube formation assay
Human umbilical vein endothelial cells (HUVECs) were purchased
from American Type Culture Collection. Cells were seeded at a
density of 5 × 103/cm2

flask DMEM (Gibco, Cat.No.10569044,
Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS, Cat. No.10099–141, Gibco) and 1% penicillin/
streptomycin (Cat. No. P1400, Solarbio). Cells were maintained at
37 °C in 5% CO2, and the media were refreshed every third day.
Cells were starved in DMEM containing 1% FBS for 24 h before
irisin treatment (200 ng/mL). Pictures of capillary-like tube
formation were obtained with a computer-assisted microscope.
HUVEC tube formation assays are used as a model for studying
endothelial tube formation in vitro [19].

Cell migration assay
A scratch wound migration assay was performed as previously
described [19]. In brief, HUVECs were seeded in a 6-well plate in
normal growth media for 48 h. Media were then changed to
DMEM containing 1% FBS for 24 h. For each well, two parallel
scratches were made within the cell layer using a sterile 100-µL
pipette tip, and then HUVECs were treated with irisin. The scratch
was visualized using a Nikon inverted microscope(Tokyo, Japan).
To calculate cell migration, HUVECs that migrated into the
wounded area from the border were photographed and measured
in each image to yield an average value for each condition
compared with the time zero point.
Cell migration was also analyzed using a transwell migration

assay [19]. In brief, cells were plated into the top well of
transwell migration chamber (Merck, Cat. No. MMA205, Darm-
stadt, Germany). After 24-h treatment with irisin, the nonmigrat-
ing cells were removed with a cotton swab, and the migrating
cells on the underside of membrane were stained with crystal
violet.
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Western blot analysis
Protein was extracted from HUVECs after treatment with irisin
(200 ng/mL), U0126 (10–5mol/L), irisin+ U0126, or PBS. Protein
was extracted from mouse heart post-MI after treatment with
irisin, U0126, irisin+ U0126 or PBS. Western blotting was
performed as previously reported [20]. Proteins from heart tissue
lysates containing 50 μg of protein were separated by SDS-PAGE
and electrophoretically transferred onto NC membranes (Bio-Rad,
CA). After treatment with blocking buffer, the blots were probed
with the anti-phospho ERK antibody (1:1000, Cat. No. 4370 S, Cell
Signaling Technology), anti-ERK antibody (1:1000, Cat. No. 4395 S,
Cell Signaling Technology) and β-actin antibody (1:600, Santa Cruz
Biotechnology, CA) at 4 °C overnight. Membranes were washed in
TBST and incubated with the appropriate secondary antibodies
(Li-Cor, IRDye 800CW, 1:10 000) for 2 h at room temperature.
Membranes were washed and visualized with an Odyssey Imaging
System.

Statistical analysis
Data are expressed as the means ± SEM. All data collected and
analyzed were assumed to be distributed normally. Comparison
within groups was made by repeated measures ANOVA (or paired
t test when only 2 groups were compared), and comparison
among groups (or t test when only 2 groups were compared)
was made by factorial ANOVA using the Holm–Sidak test. A value
of P < 0.05 was considered statistically significant.

RESULTS
Irisin improved cardiac function and reduced infarct size in post-
MI hearts
To determine if irisin regulates cardiac remodeling postischemia
injury, eight-week-old C57/BL6 mice were subjected to MI by
ligation of left anterior descending (LAD) coronary artery.
After MI injury, mice were injected with irisin [14] or PBS

Fig. 1 Irisin improved cardiac function and reduced infarct size in post-MI mice. a1 Representative images of M-mode echocardiographic
images at 28 days post-MI. a2–5 The left ventricle ejection fraction (EF), fractional shortening (FS), diastolic left ventricle internal diameter
(LVIDd) and systolic left ventricle internal diameter (LVIDs) after MI at 7, 14, and 28 days post-MI. b Representative images and quantification of
infarct size analyzed by TTC staining. n= 12, *P < 0.05 vs. control
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intraperitoneally per day for 2 weeks. Cardiac function was
evaluated by echocardiographic analysis at 7 days, 14 days and
28 days post-MI. The results showed that at day 7 and day 14,
irisin treatment moderately increased EF and FS and moderately
decreased LVIDd and LVIDs, but there were no significant
differences (Fig. 1a). However, at day 28 post-MI, irisin mice had
significantly improved LVFS and LVEF compared with control
mice (Fig. 1a). Meanwhile, irisin-treated mice had significantly
smaller LV chamber size than control mice, as indicated by the
significant reduction in LVIDd and LVIDs at day 28 post-MI
(Fig. 1a). Meanwhile, TTC staining revealed that irisin signifi-
cantly reduced infarct size compared with the control at day 28
post-MI (Fig. 1b). These data indicated that irisin could improve
cardiac function, limit ventricular dilation and reduce infarct size
in post-MI hearts.

Irisin decreased cardiomyocyte apoptosis and fibrosis in post-MI
hearts
Irisin has been previously reported to protect cells from apoptosis
[21] and promote cell proliferation [22, 23]. We next detected
fibrosis and cardiomyocyte proliferation in hearts. Cell apoptosis
was detected at 2 days post-MI with TUNEL staining. Cardiomyo-
cytes were indicated by cTnT staining. The data showed that irisin
treatment significantly reduced TUNEL-positive cells in both
cardiomyocytes and noncardiomyocytes. It suggested that irisin
preserved myocardium at least partially through repressing
cardiomyocyte apoptosis (Fig. 2a).
Masson’s trichrome staining was performed to determine

fibrosis at day 28 post-MI. The result showed that irisin
significantly decreased fibrosis in the peri-infarct border zone
compared with the control (Fig. 2b). Cardiomyocyte proliferation

Fig. 2 Irisin decreased cardiomyocyte apoptosis and fibrosis in post-MI hearts. a Representative images and quantification of apoptosis
indicator TUNEL-positive cardiomyocytes and noncardiomyocyte in heart tissue at 2 days post-MI. Cardiomyocytes were indicated with cTnT
staining, and nuclei were stained with DAPI, scale bar= 20 μm. A arrow indicates noncardiomyocyte; a triangle indicates cardiomyocyte.
b Representative images and quantification of fibrosis of infarct border zone at 4 weeks post-MI detected with Masson trichrome staining.
Scale bar= 50 μm. c Representative images and quantification of cardiomyocyte proliferation at 7 days post-MI, indicated by Ki67
immunostaining. n= 6. scale bar= 20 μm. *P < 0.05 vs. control
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was detected by immunofluorescent staining of the cell cycle
marker Ki67. The results showed that the rate of Ki67+

cardiomyocytes was comparable between the irisin- and PBS-
treated groups (Fig. 2c), indicating that irisin did not influence
cardiomyocyte proliferation in post-MI heart.

Irisin promoted angiogenesis in post-MI hearts
Previous studies have suggested that irisin induces angiogenesis
in HUVECs in vitro [24] and in zebrafish embryos in vivo [25].
Insufficient post-MI angiogenesis has been identified as a
nonnegligible event that precipitates heart failure progression.
On the other hand, boosted angiogenesis ameliorated cardiac
remodeling post-MI [26]. Therefore, we next detected angiogen-
esis and arteriogenesis in hearts with CD31 and α-SMA staining
analysis, which are widely used markers for angiogenesis
quantification. Heart tissues at 14 days post-MI were immunos-
tained, and the results showed that CD31 and α-SMA expression in
the border zone were increased in irisin-treated hearts (Fig. 3a, b).
In in vitro experiments, we also observed that irisin promoted

capillary-like tube formation of HUVECs (Fig. 3c). These data
indicated that irisin improves angiogenesis in heart post-MI.

Irisin stimulated angiogenesis through regulating the ERK signal
pathway
ERK signaling plays a critical role in angiogenesis in the post-MI
heart, which was also reported to regulate HUVEC proliferation [24].
We investigated whether the ERK signal pathway is involved in irisin-
induced angiogenesis. In HUVECs, we found that irisin increased the
phosphorylation levels of ERK, which was inhibited by U0126
(Fig. 4a). Adult mice were subjected to MI injury and then divided
into four groups: MI+ PBS, MI+U0126, MI+ irisin, and MI+ irisin+
U0126. Heart tissue was harvested at 7 days post-MI, and Western
blotting analysis was performed. The data showed that irisin
treatment increases ERK phosphorylation, which can be blocked
by the ERK inhibitor U0126 (Fig. 4b) in accordance with the in vitro
results. Endothelial cell migration is essential to angiogenesis [27]. In
transwell migration assays, irisin treatment significantly increased
HUVEC migration compared with the control, which was repressed

Fig. 3 Irisin promoted angiogenesis in post-MI hearts. a Representative angiogenesis images and quantification of α-SMA+ arterioles per FOV
(field of view) ratio in the infarct border zone with immunostaining of the smooth muscle cells, n= 6, scale bar= 50 μm. b Representative
angiogenesis images and quantification of CD 31+ capillary per FOV ratio in the infarct border zone with immunostaining of endothelial
marker CD31 n= 6, scale bar= 50 μm, *P < 0.05 vs. control. c Representative images of endothelial cell tube formation assay with HUVECs
in vitro. n= 3, scale bar= 100 μm, *P < 0.05 vs. control
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by U0126 (Fig. 4c). Meanwhile, the scratch wound healing assay also
demonstrated that HUVEC migration was significantly stimulated by
irisin, which was partially blocked by U0126 (Fig. 4d). These data
indicated that the irisin-induced angiogenesis might be dependent
on ERK signal pathway activation.

DISCUSSION
In the present study, we demonstrated that recombinant irisin
exerts a therapeutic effect on MI injury in mice through reducing
cardiomyocyte apoptosis and fibrosis and promoting angiogen-
esis in heart. The pro-angiogenic effect of irisin is associated with
the ERK signaling pathway.
Irisin is a type of polypeptide that contains 112 amino acids

and is mainly secreted by skeletal muscle during exercise [28].
Previous studies have found that irisin plays an important role in

metabolism, oxidative stresses and thermogenin expression in
different organs [11, 29]. Irisin drives the change of brown adipose
tissue into white adipose tissue; thus, irisin can largely
increase energy expenditure [29]. In liver, irisin is associated with
hepatic fibrogenesis and extracellular matrix deposition [30]. Our
previous study showed that irisin facilitates remote ischemic
preconditioning-mediated protective effects against pulmonary
I/R injury [12]. In hearts, we [31] and others [7] indicated that irisin
reduces myocardial apoptosis and preserves mitochondrial func-
tion during I/R injury. However, the therapeutic effect of irisin on
MI has yet to be determined. In the present study, the data
confirmed that irisin reduced cardiomyocyte apoptosis post-MI,
which is consistent with the findings of a previous study of I/R
injury [7]. Our previous study showed that irisin protects heart
against ischemia-reperfusion injury involving mitochondria-
dependent apoptosis [31]. Our data also showed that irisin

Fig. 4 The pro-angiogenic effect of irisin was associated with the ERK signaling pathway. a Representative images and quantification of
phosphorylated and total ERK protein expression in HUVEC analyzed by Western blotting. The ERK inhibitor U0126 was used to block ERK
phosphorylation, and β-actin was used as the internal control. n= 5. b Representative images and quantification of phosphorylated and total
ERK protein expression in MI mice analyzed by Western blotting. n= 5. c Representative images and quantification of HUVEC migration
detected by transwell migration assay. n= 3, scale bar= 100 μm. d Representative images and quantification of HUVEC migration detected by
scratch wound-healing assay. n= 3, scale bar= 100 μm. *P < 0.05 vs. control
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reduced noncardiomyocyte apoptosis and significantly promoted
angiogenesis and arteriogenesis, which also contributed to the
therapeutic effect of irisin against MI injury. Previous studies have
reported that irisin treatment decreases endothelial cell apoptosis
through the AMPK-PI3K-Akt-eNOS signaling pathway [10].
Angiogenesis plays an important role in saving ischemic

cardiomyocytes and promoting cardiac function [32]. However,
natural angiogenesis post-MI is insufficient, thus stimulating
angiogenesis is an important strategy for MI patients [33]. Several
interventions targeting angiogenesis, such as VEGF [34],
microRNA-210 [35], glycogen synthase kinase-3 inhibitor [36],
apelin [37], and low-intensity pulsed ultrasound [38], rescue
cardiac dysfunction post MI. Paracrine factors of mesenchymal
stem cells [39, 40] also ameliorate post-MI injury partially by
promoting angiogenesis. In the present study, we demonstrated
that irisin significantly induced angiogenesis, which is consistent
with previous studies that suggested that irisin could induce
capillary-like tube formation of HUVECs and angiogenesis in
zebrafish embryos [41]. However, the underlying mechanism of
irisin-induced angiogenesis was unclear. Angiogenesis is based on
endothelial cell proliferation and migration to form new vessels
through sprouting in the hypoxic or ischemic region [32].
Therefore, endothelial cell proliferation and migration is vital in
angiogenesis after MI [32, 39, 40]. The ERK signal pathway plays an
important role in endothelial proliferation and migration [42, 43].
ERK-MAPK signaling could promote endothelial cell survival and
sprouting during angiogenesis [42]. Interestingly, the ERK signal
pathway can also be activated by irisin. In our experiments, we
found that irisin induced HUVEC migration, which was dependent
on ERK activity. The underlying mechanism of how irisin regulates
ERK is currently unknown. Some studies have shown that irisin
directly binds to the cell membrane and phosphorylates ERK [28].
A recent study found that irisin bound to the αV/β5 integrin
receptor on osteocytes, thereby influencing osteocytic osteolysis
and bone remodeling [44]. Whether irisin regulates ERK through
some receptor and the involved signal transduction requires
further study.
In conclusion, we demonstrate that irisin is a myokine that

reduces infarct size and improves cardiac function in post-MI
hearts. The therapeutic effect is associated with its pro-angiogenic
effect, which likely occurs through an ERK-dependent pathway.
Administration of irisin represents potential therapeutic interven-
tion for MI injury.
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