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Abstract

Irisin, a newly identified hormone, is critical to modulating body metabolism, thermogenesis and
reducing oxidative stresses. However, whether irisin protects the heart against myocardial ischemia
and reperfusion (I/R) injury remains unknown. In this study, we determine the effect of irisin on
myocardial I/R injury in the Langendorff perfused heart and cultured myocytes. Adult C57/BL6
mice were treated with irisin (100mg/kg) or vehicle for 30 minutes to elicit preconditioning. The
isolated hearts were subjected to 30 min ischemia followed by 30 min reperfusion. Left ventricular
function was measured and infarction size were determined using by tetrazolium staining. Western
blot was employed to determine myocardial SOD-1, active-caspase 3, annexin V, p38 and
phospho-p38. HI9c2 cardiomyoblasts were exposed to hypoxia and reoxygenation for assessment
of the effects of irisin on mitochondrial respiration and mitochondrial permeability transition pore
(mPTP). Irisin treatment produced remarkable improvements in ventricular functional recovery, as
evident by the increase in RPP and attenuation in LVEDP. As compared to the vehicle treatment,
irisin resulted in a marked reduction of myocardial infarct size. Notably, irisin treatment increased
SOD-1 and p38 phosphorylation, but suppressed levels of active-caspase 3, cleaved PARP, and
annexin V. In cardiomyoblasts exposed to hypoxia/reoxygenation, irisin treatment significantly
attenuated hypoxia/reoxygenation (H/R), as indicated by the reduction of lactate dehydrogenase
(LDH) leakage and apoptotic cardiomyocytes. Furthermore, irisin treatments suppressed the
opening of mPTP, mitochondrial swelling, and protected mitochondria function. Our results
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indicate that irisin serves as a novel approach to eliciting cardioprotection, which is associated
with the improvement of mitochondrial function.
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Introduction

Irisin is a recently identified proliferator-activated receptor-gamma coactivator-1la
(PGCvy-1a)-dependent myokine, secreted by skeletal muscle and myocardium into
circulation during exercise as a cleavage product of the extracellular portion of type |
membrane protein fibronectin type I11 domain containing 5 (FNDC5) (Bostrém P et al.,
2012). It was initially discovered as a kind of hormone responsible for the beneficial effects
of exercise on the browning of white adipose tissues and increases in energy expenditure
(Bostrém P et al., 2012). It has also been demonstrated to reduce oxidative stresses and
apoptosis in different models (Zhu D et al., 2015; Park MJ et al.,2015). Recent evidence has
indicated that irisin could induce the browning of white adipose tissue, which could be used
as a therapeutic tool for metabolic disorders and cardiovascular diseases (Jeremic N et al.,
2016). In an apoE(—/-) diabetic mice model, the systemic administration of irisin protected
against endothelial injury and ameliorated atherosclerosis, indicating that irisin could be
therapeutic for atherosclerotic vascular diseases in diabetes (Lu J et al., 2015). Additionally,
decreased serum and vitreous irisin concentrations were found in type 2 diabetes mellitus
patients (Hu W et al., 2016).

Irisin was demonstrated to be expressed abundantly in the muscle, heart (Li X et al., 2015).
It was reported that irisin modulated the neurons in controlling the cardiac vagal tone
through central cardiovascular regulation (Brailoiu E et al., 2015). Nevertheless, the
significance and functional role of irisin in the modulation of myocardial ischemia and
reperfusion injury are not clear. It is critical to define whether irisin could generate a
protective effect against myocardial ischemia and reperfusion injury, which could be
developed as a novel strategy in the treatment of cardiovascular disease and other
pathological disorders. Furthermore, whether specific signaling pathway and mitochondrial
function are involved in irisin-induced cardioprotective effects remain unknown. Therefore,
in this study, we employed an isovolumetrically perfused heart, a well-established
myocardial ischemia and reperfusion model, and /n vitro hypoxia/reoxygenation cell culture
model to determine 1) whether irisin treatment could increase the resistance of the heart
against I/R injury by improving post-ischemic functional recovery and reducing infarct size
in ex vivo perfused heart; 2) whether irisin-induced protective effects are associated with a
unique signaling pathway; 3) whether the irisin-induced protective effect is closely
associated with the preservation of mitochondrial function in cardiomyoblasts exposed to
hypoxia/reoxygenation. These results suggest that irisin generated a protective effect against
myocardial ischemic injury as demonstrated by the improvement of post-ischemic
ventricular function and reduction of infarct size, which were associated with the
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suppression of the opening of mPTP, mitochondrial swelling, and protected mitochondria
function.

Materials and Methods

Animals and cell culture

Two-month old C57/BL6 mice were obtained from Jackson Laboratory (Bar Harbor,
Maine). All animal experiments were conducted under a protocol approved by the
Institutional Animal Care and Use Committee of Institute, which conforms to the Guide for
the Care and Use of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). H9C2 cardiomyoblasts were purchased from
American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C in a humidified
atmosphere of 5% CO,.

Reagents and antibodies

Irisin was purchased from Cayman Chemical (Michigan, USA). All chemicals for the heart
perfusion and mitochondria isolation were purchased from Sigma-Aldrich (St. Louis, MO).
The MitoCapture mitochondrial apoptosis detection kit was obtained from BioVision
(Tokyo, Japan). Active-caspase 3 and cleaved PARP polyclonal rabbit antibodies were
obtained from Abcam (MA, USA). Irisin primary antibody was purchased from Cayman
Chemical (Michigan, USA). Primary antibodies including polyclonal rabbit -actin,
polyclonal rabbit p38, polyclonal rabbit phosphor-p38, Erk, phosphorylated Erk and
polyclonal rabbit superoxide dismutase (SOD-1) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Langendorff isolated heart perfusion

The methodologies of Langendorff perfused system and ventricular function detection have
been described previously (Zhao TC et al., 2013). Briefly, mice were anesthetized with an
intraperitoneal injection (i.p.) of pentobarbital sodium (120 mg/kg). The hearts were excised
and arrested in ice-cold Krebs-Henseleit buffer (K-H), then cannulated via the ascending
aorta for retrograde perfusion in the Langendorff system, which was aerated with 95%
0,:5% CO» to maintain a pH value of 7.4 at 37°C, with a constant perfusion pressure of 55
mmHg. A water-filled latex balloon, attached to the tip of polyethylene tubing, was then
inflated sufficiently to provide a left ventricular end-diastolic pressure (LVEDP) of about 10
mmHg. Myocardial function was measured including left ventricular systolic pressure
(LVSP), dp/dt max, dp/dt min, heart rate (HR), and coronary flow (CF). Left ventricular
developed pressure (LVDP) was calculated by subtracting LVEDP from peak systolic
pressure. Rate pressure product (RPP), an index of cardiac work, was calculated by
multiplying LVDP with HR.

Measurement of Myocardial Infarction

The infarction size was measured with a modification as previously described with 10%
triphenyltetrazolium chloride staining (Zhao TC and Kukreja RC 2003). The infarct size was
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calculated and presented as the percentage of risk area, defined as the sum of total
ventricular area minus cavities.

Experimental protocol for myocardial I/R injury

Mice were randomized into three experimental groups as shown in Figure 1. Mice were
randomly divided into 3 groups as follows (8-9 per group): 1) Control group: mice did not
receive treatment with either vehicle or irisin, the hearts were isolated and perfused for 70
min in K-H buffer; 2) I/R group mice received an intraperitoneal (i.p.) injection of 0.1 ml
vehicle (saline). 30 minutes later, hearts were subjected to 10 minutes of equilibration and
30 minutes ischemia followed by 30 minutes reperfusion; 3) Irisin +1/R group: Mice
received an i.p. injection of irisin (100mg/kg) to elicit pharmacological preconditioning, then
hearts were subjected to I/R as above.

Another subset of animals including I/R were treated with or without irisin solely for the
purpose of measuring active-caspase-3, SOD-1, phosphorylated-p38, and Erk signaling
pathways. Animals were treated with irisin as described above, and cardiac tissues were
collected after 30 min following treatments.

Hypoxia/reoxygenation (H/R) protocol in vitro H9c2 cardiomyoblasts

The protocol of cardiomyaoblasts exposed to hypoxia/reoxygenation was described as before
(Ju J et al., 2015). Briefly, cultured H9c2 cardiomyoblasts were pretreated with or without
irisin (10ng/ml) for 2 h, cells were subjected to either normoxia or hypoxia in a hypoxic
chamber (1% O,, 5% CO, and 94% N) for 2 h followed by 1 h of reoxygenation. Cell
viability, death, apoptosis and mitochondrial functions were examined using the methods
described afterwards.

Lactate dehydrogenase (LDH) leakage detection

Supernatants from H9c2 cardiomyoblast culture medium were collected to detect LDH
leakage, which was described in the previous section (Zhao TC et al., 2010). The release of
LDH was determined using a commercially available kit (Roche), as per the manufacturer’s
protocol with a modification (Tantini B et al., 2006).

Immunochemical staining

Immunostaining was performed as described in detail in our previous studies (Tseng A et al.,
2010; Zhang L et al 2012). H9c2 cardiomyoblasts were fixed via 4% paraformaldehyde and
then blocked with the incubation of polyclonal anti-active caspase 3 antibody (Abcam,
Cambridge, MA), which was followed by goat anti-rabbit Alexa Fluor 555 secondary
antibody (Life Technologies). The percentage of apoptotic positive cells was determined in
five randomly chosen fields and was normalized with the total number of stained nuclei by
DAPI.

Western blot

The methods and details for protein preparations and immunoblotting were carried out as
before (Zhang L et al., 2012). In brief, the blots were incubated with their respective
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polyclonal antibodies, including p38 polyclonal, phospho-p38 polyclonal, Erk ployclonal,
phosphor-Erk polyclonal, SOD-1 polyclonal, active-caspase 3 polyclonal, irisin polyclonal
and B-actin monoclonal antibodies at a dilution concentration of 1:1,000, then visualized by
anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibody (1:2,000),
and finally developed with ECL chemiluminescence detection reagent (Amersham
Pharmacia Biotech).

Real time polymerase chain reaction (PCR)

Total myocardial RNA was extracted from different groups with Trizol reagent (Life
Technologies, Grand Island, NY). cDNA was synthesized from 5 ug of total RNA. The
reverse transcribed cDNA (5 pL) was amplified to a final volume of 50 uL by PCR under
standard conditions. Real-time PCR experiments were performed on a master cycler
realplex4 (Eppendorf North America) system using gPCR Kit master mix (Kapabiosystems,
Boston, USA). Irisin: Forward: GAACAAAGATGAGGTGACCA; Reverse:
ACCACAACAATGATCAGCA. GAPDH was used as the internal control. Three hearts in
each group were utilized to determine mRNA content.

Mitochondrial membrane potential

A reduction in mitochondrial membrane potential is an early indicator of apoptosis induction
(Yoon JC et al., 2014). MitoCapture apoptosis was detected using MitoCapture
mitochondrial apoptosis kit according to protocols provided by the manufacturer (DeNicola
M et al., 2014; Takai N et al., 2008). Briefly, after the cardiomyoblasts were treated with
H/R described above, the cells were incubated in 1 ml of incubation buffer containing 1 pl of
MitoCapture for 20 min at 37°C in an incubator. The fluorescent signals were measured with
a microscope. The red fluorescent signals were excited at 530 nm and detected at 630 nm,
and the green fluorescence was excited at 488 nm and detected at 530 nm.

Mitochondrial permeability transition pore (mPTP)

mPTP opening was measured by using the method described previously (DeNicola M et al.,
2014; Bernardi P et al., 1999). In brief, the cells were washed with Hanks’ balanced salt
solution-10 mM HEPES (pH 7.2) before staining with 1 pmol/l calcein-AM (Molecular
Probes) in the presence of 8 mmol/l cobalt chloride (CoCl,) at room temperature for 20 min
in darkness. CoCl, was added to quench the cytoplasmic signal so that only the fluorescence
mitochondria were captured. Change in fluorescence intensity is an index of mPTP opening,
and integrated optical density was obtained from three to four independent experiments.

Measurement of mitochondrial swelling

Mitochondrial isolation was carried out with the modification as described as previously
(Kristal BS et al, 1996). At the end of experiments, cells were collected, washed with PBS
buffer, and placed in ice-cold buffer (250 mM mannitol, 75 mM sucrose, 100 uM EDTA, and
10 mM HEPES, pH 7.4) supplemented with 500 uM EGTA. Following homogenization, cell
extracts were centrifuged at 1000 x g for 10 min. Then, cell supernatants were removed and
centrifuged at 10,000 x g for 15 min. Pellets were washed twice in buffer as above
supplemented with 0.5% fatty acid free bovine serum albumin and re-spun at 10,000 rpm.
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Following the final wash, mitochondria were re-suspended in buffer ice cold buffer as
described above. Mitochondrial swelling was induced by 50 uM of clacium, where the light-
scattering of 65 g of mitochondria in a 1-mL volume was measured at 540 nm for 6 min
(Lam CK et al., 2015).

Statistical analysis

Results

All data are expressed as mean£SEM. Differences among groups were analyzed by one-way
analysis of variance (ANOVA), followed by Bonferroni correction. A p<0.05 was considered
to be of statistical significance.

Ventricular function in the baseline

As shown in Table 1, the baseline cardiac function parameters, including LVSP, LVDP,
LVEDP, rate pressure product (RPP), dp/dt max, dp/dt min, heart rate (HR) and coronary
flow (CF), exhibited no significant differences between control, I/R and Irisin+I/R group
before I/R.

Irisin Improves Post-Ischemic Ventricular Functional Recovery

As shown in Figures 2A and B, following reperfusion, post-ischemic myocardial function
exhibits a gradual recovery in different treatments. However, during the course of
reperfusion, irisin treatment demonstrates a better recovery of LVDP, LVEDP, RPP, dP/dt
max, and dP/dt min as compared to I/R group. At the end of reperfusion, as shown in
Figures 2A and 2B and Supplemental Figures 1A and B, LVDP was 65.3+3.5 mmHg in the
I/R group, which was significantly improved as compared with the irisin treatment group
(91£7.6 mmHg, p<0.001). In addition, irisin treatment also induced an improvement in
LVSP (from 83+4.7mmHg to 100.4+5.0 mmHg, p<0.05) and RPP (from
22.6+1.7x103mmHg/s to 29.8+2.7x103mm Hg/s, p<0.05). The post-ischemic LVEDP (in
mmHg) was decreased from 17.7+2.2 in the vehicle group to 9.3+2.4 in irisin treatment
group (p<0.001). Likewise, a significant improvement was observed in dp/dt max recovery
(from 1930+94.0 mmHg/sx1073 in I/R to 2465+203.4 mmHg/sx1073in irisin treatment,
p<0.001). There were no significant differences in heart rate between the groups and but
there was a better coronary flow recovery following irisin treatment (Figure 2B).
Representative images of myocardial functions were shown in Figure 2C. Taken together,
the post-ischemic recovery of ventricular function was significantly improved by irisin
treatment (Figure 2, Supplemental Figures 1C & D).

Irisin reduces infarction size of hearts after I/R

Myocardial infarct size, an index of irreversible myocardial injury, was assessed. As shown
in Figure 3A, irisin-treated mice demonstrated a significantly larger area of viable tissue in
the post-ischemic heart (brick red color) compared with the vehicle-treated controls, which
had much larger gray and white areas. As shown in Figure 3B, the infarct size was reduced
from 48.85%=2.28% in the I/R group to 36.04%=+3.13% (p<0.05) in the irisin group. There
was no difference in risk area between the groups.
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Irisin treatment reduces myocardial apoptosis and oxidative stress

As shown in Figures 4 A and B, a significant decrease in active-caspase 3 was observed in
the irisin group as compared with the I/R group. Furthermore, as shown in Figures 4 A and
C, cleaved PARP was elevated following I/R, but irisin treatment attenuated the cleaved
PARP content. In addition, as shown in Figure 4D, the western blot showed decreased
Annexin V and an increased SOD-1 levels following irisin treatment compared to I/R
control mice. Likewise, as shown in Supplemental Figures 2A and B, I/R increased annexin
V positive nuclei as compared to the control, whereas irisin treatment significantly reduced
annexin V positive-nuclei in myocardial sections. These results indicate that irisin treatment
suppressed myocardial apoptosis and oxidative stress. We have previously shown that
preconditioning could elicit p38 phosphorylation (Zhao TC et al., 2007). As shown in Figure
4 E, phosphorylated p38 was expressed at relatively low levels in the vehicle-treated mice.
However, irisin treatment significantly promoted the expression of phosphorylated-p38. In
contrast, as shown in Figure 4F, irisin resulted in the reduction of phosphorylated Erk1/2. In
addition, as shown in Figure 4G and H, irisin mRNA and protein levels in the myocardium
significantly increased after I/R stress, suggesting that irisin increased in response to I/R
injury.

Irisin reduced cell cytotoxicity in H9c2 cardiomyoblasts exposed to hypo xia/
reoxygenation

The effects of irisin in hypoxia/reoxygenation was examined by measuring the release of the
cytosolic LDH enzyme to indicate cell death by necrosis (Bernuzzi F et al., 2009; Sarddo VA
et al., 2009). The measurement was carried out in cells subjected to 2h hypoxia and followed
by 1h normoxia (Figure 5A). As shown in Figure 5B, LDH release increased from 21.8% to
37.4% after oxidative stress (p<0.01). LDH leakage was significantly reduced to 29.2% in
the irisin-treated hypoxia/reoxygenation group (p<0.05 vs. control H/R).

As shown in Figure 6 A and B, active-caspase 3 was highly exhibited in cardiomyoblasts
exposed to hypoxia/reoxygenation injury, which increased from 4.8%z=x1.4% in normoxia to
79.8%=5.1% with hypoxia/reoxygenation (p<0.001). Notably, the percent of apoptotic cells
was reduced to 26.3%+4.0% by irisin treatment as compared to control hypoxia/
reoxygenation (p<0.001), suggesting that irisin protected the cells against apoptosis induced
by hypoxia/reoxygenation, which supports the results observed in I/R hearts.

Irisin protects H9c?2 cells from hypoxia/reoxygenation induced mitochondrial damage

Modification of the mitochondrial membrane potential (MTP) is an early event in the
induction of apoptosis. As shown in Figure 7A, H9c2 cardiomyoblasts lost the red
fluorescent signals in cells exposed to hypoxia/reoxygenation. However, hypoxia/
reoxygenation-elicited MTP loss was significantly prevented by irisin treatment, indicating
that irisin-induced cellular protection is highly related to the maintenance of MTP.

Irisin inhibited the mPTP opening

The mitochondrial permeability transition pore (mPTP) plays a critical role in the
pathogenesis of myocardial ischemia/reperfusion injury (Weiss JN et al 2003; Suleiman MS
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et al., 2001). Inhibition of the mPTP opening at early reperfusion was shown to protect the
heart from reperfusion (Halestrap AP et al., 2004; Argaud L et al 2005). As shown in Figure
7B-C, mitochondrial green fluorescence signals were significantly lost in cells exposed to
hypoxia/reoxygenation injury, which was improved by irisin treatment. Furthermore, as
shown in Figure 7D, the effects of irisin on mitochondrial integrity were also evidenced
upon calcium loading, a situation that induced the opening of the mitochondrial permeability
transition pore, resulting in failures of osmotic pressure control, water fluxes and
mitochondrial swelling. Upon calcium loading, hypoxia and reoxygenation caused a loss of
light scattered by the mitochondrial member structure. However, irisin treatment
demonstrated resistance under an identical condition and significantly reduced the
magnitude of mitochondrial swelling.

Discussion

Salient findings and perspectives

To the best of our knowledge, this study is the first demonstration that irisin protected the
heart against ischemia and reperfusion injury by improving post-ischemic ventricular
functional recovery as well as a reduction of infarct size. The protective effects of irisin were
also associated with the attenuation of active caspase-3, cleaved PARP, which then increased
SOD-1 and p38 phosphorylation. Furthermore, irisin increased the resistance of
cardiomyaoblasts exposed to hypoxia/reoxygenation, which was closely related to
suppression of mitochondrial apoptosis, inhibition of mitochondrial PTP, and suppression of
mitochondrial swelling. Taken together, irisin plays a critical role in protecting the heart
against ischemia and reperfusion injury, attenuating of apoptosis, and improving
mitochondrial function.

Irisin is a recently identified hormone, which is produced by the proteolytic processing of a
transmembrane receptor, fibronectin domain-containing protein 5 (FNDC5) (Huh JY et al.,
2012; Polyzos SA et al.,2013), highly expressed in skeletal muscle, pericardium, heart, and
brain (Wrann CD et al., 2013). It contains a 209-residue protein with an N-terminal 29-
residue signal sequence, followed by the irisin or putative fibronectin 11 (FNIII) 2 domain, a
linking peptide, a transmembrane domain, and a 39-residue cytoplasmic segment (Raschke S
et al., 2013; Ferrer-Martinez A et al., 2002), which functions as a myokine by binding to an
unknown receptor (Schumacher MA et al., 2013).

Evidence has indicated the significant effects of irisin on the body metabolism and
thermogenesis (Bostrom P et al., 2012; Spiegelman BM and Banting Lecture, 2013; Rachid
TL et al 2015). The beneficial effects of irisin on metabolism syndromes include not only
the driving of the browning of white adipose tissue and then increasing the energy
expenditure, but also include suppressing inflammation and oxidative stress induced by, for
example, high circulation of glucose and obesity (Zhu D et al., 2015; Dulian K et al., 2015;
Polyzos SA et al., 2015; Lu J et al., 2015). Although irisin was recently identified as an
important molecule in attenuating metabolic disorders, its functional role in modulating
cardiac ischemia and reperfusion has not been defined recently. Identification of irisin in
regulation of myocardial I/R injury using this model will also provide new insight to
understanding its protective function of irisin in other organs. An increased level of irisin in
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response to I/R indicates the potential importance of irisin for modulation of I/R.
Pretreatment of irisin attenuated myocardial infarct size and improved post-ischemic
functional recovery, indicating that irisin produces a cardioprotective effect. It was reported
that the pacing protocol was utilized in the isovolumetric heart to determine cardiac function
(Taylor PB and Cerny FJ, 1976). In this observation, we used a well-established approach to
evaluate myocardial function as described previously, which is considered to exclude the
potential role of preconditioning effect by pacing (Zhao TC et al, 2001). Irisin induced the
reductions of active caspase-3, cleaved PARP, and annexin V in this study, which indicates
that anti-apoptosis plays an essential role for irisin-induced protection. Additionally, it is
known that protective effects against myocardial I/R injury are associated with increased
anti-oxidant function (Tamura Y et al., 1988). An increase in SOD-1 following irisin-
treatment suggests that the increased anti-oxidant role is responsible for the function of
irisin-elicited protection.

We and others previously reported that the reduced rate of mitochondrial respiration capacity
contributes to impairment of mitochondrial function and cardiac function (DeNicola M, et
al., 2014; Boudina S et al., 2005). Earlier observations demonstrated that hypoxia triggers
mitochondrial perturbations and cell deaths of cardiomyocytes (Baetz D et al., 2005). The
present study shows that cardiomyablasts exhibited increased mPTP, mitochondrial
swelling, and mitochondrial apoptosis in response to hypoxia/reoxygenation, which was
reduced by Irisin treatment. In line with this observation, our previous report also indicates
the protective effects of inhibiting mPTP and suppressing mitochondrial apoptosis in the
stimulation of glucagon-like peptide-1 receptor-induced protective effects in cardiomyocytes
(DeNicola M, et al., 2014). This suggests that modulation of mitochondrial function is
critical for irisin-generated cellular protective effects. Although our studies demonstrated
that irisin attenuated cell death under hypoxia, we did not estimate the effect of irisin on cell
necrosis, which is a limitation and holds merit for future investigations.

MAPK plays an important role in the transmission of signals from cell surface receptors and
the environment (Bozkurt B et al., 1998; Rose BA 2010). Activation of p38 is associated
with cardiac protection (Baines CP et al., 1999; Mackay K and Mochly-Rosen D, 1999;
Carini R et al., 2001; Han J et al., 1994; Zhao TC et al., 2001). p38 activation triggered
delayed cardioprotection in ischemic hearts under pharmacologic preconditioning (Zhao TC
et al., 2001; Zhao TC et al., 2001). In this study, we have found that irisin treatment
increased p38 phosphorylation in the myocardium, which is in agreement with an
observation in which irisin upregulated uncoupling protein-1 through phosphorylation of the
p38 (Zhang Y et al., 2014). Likewise, it was also demonstrated that irisin modulated glucose
uptake in skeletal muscle through the MAPK/p38 pathway (Lee HJ et al, 2015). However,
Erk phosphorylation was attenuated in the irisin treated group, indicating that the cardiac
protective effects of irisin against I/R injured hearts is related to the activation of p38, but
not Erk phosphorylation. It is not clear whether the effect of irisin on Erk phosphorylation is
also related to the difference in animal models. It is also interesting to utilize the genetic
approach to define the cause and effect relationship of these kinase with irisin-induced
protection in the future.
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In conclusion, this study has demonstrated that irisin protects the heart against ischemia and
reperfusion injury, as indicated by an improvement in post-ischemic ventricular function,
increase in recovery of coronary effluent, and reduction of infarct size. Ischemia stimulates
the increase in transcriptional and protein levels of irisin in the myocardium. Furthermore,
irisin decreased apoptotic proteins including active caspase 3, cleaved PARP, and annexin V
and elicited increases in p38 phosphorylation and SOD-1 in the post-ischemic myocardium.
Furthermore, irisin increased the resistance of cardiomyoblasts exposed to hypoxia and
reoxygenation, which is closely associated with the attenuation of mPTP opening,
mitochondrial swelling, and mitochondrial apoptosis. Taken together, our results
demonstrate that irisin acts as a novel approach to inducing protection against ischemic
injury, which holds promise in developing a new therapeutic strategy in cardiac protection.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The diagram showing the experimental protocol of myocardial ischemia and
reperfusion

I/R: ischemia/reperfusion
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Figure 2. The effects of irisin on ventricular function in post-ischemic hearts
(A)—(B) The effects of irisin on ventricular function in LVSP, LVDP, LVDEP, LV dP/dt max,

LV dP/dt min, RPP, CF, and HR during ischemia and reperfusion. Values represent as mean
+SE (N=8-9 per group). *P<0.05, ** P<0.01, ***P<0.001 vs control I/R. (C) Representative
left ventricular pressure records in experimental hearts subjected to I/R.
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Figure 3. Irisin treatment reduced myocardial infarct size

\{9

A: Representative sections of hearts demonstrating reduction of post-ischemic infarct size 30
min after treatment with irisin. Viable areas are stained brick red, whereas infarcted areas are
gray or white. B: Irisin treatment reduced myocardial infarct size in post-ischemic heart.
There is a significant decrease in the infracted area after irisin treatment. Values represent

means£SE. **P<0.01 (n=4-5 per group).
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Figure 4. The effects of irisin on cellular signaling in myocardium
A; The Irisin reduced active-caspase 3 in post-ischemic heart; B: The bar graph shows the

densitometric scanning results of active caspase-3 (n=3 per group); C: The bar graph shows
the densitometric scanning results of cleaved PARP (n=3 per group); D: Irisin attenuated the
contents of Annexin V in post-ischemic heart; and: Irisin increased the contents of SOD-1
in post-ischemic myocardium; E: Irisin increased p38 phosphorylation in post-ischemic
myocardium. F: The effects of irisin on phosphorylated Erk in the post-ischemic
myocardium; G and H: Irisin mMRNA and protein levels increased in response to myocardial
ischemia and reperfusion injury. The methods are described in Methods and Materials in the
text.
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Figure 5. Irisin reduced the release of LDH in H9c2 cardiomyoblasts exposed to hypoxia/

reoxygenation

A: The in vitro experimental protocol of hypoxia/reoxygenation in H9c2 cardiomyoblasts.
The detailed methods are described in the text. B: Irisin treatment attenuated LDH leakage
in H9c2 cardiomyoblasts exposed to hypoxia/reoxygenation. Values represent means=SE (n
= 3/group). *P<0.05, **P<0.01 vs control hypoxia/reoxygenation. N: Normoxia; H:

Hypoxia.
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Figure 6. Irisin treatment reduced the active caspase-3-positive nuclei in cardiomyoblasts
exposed to H/R

A: Representative images showing the apoptotic H9c2 cardiomyoblasts: active caspase-3-
positive nuclei in red (white arrows); nuclei were stained in blue (DAPI). B: Quantification
of active caspase-3-positive nuclei between groups. Values represent means£SE (n=3/
group). ***P<0.001 vs control hypoxia/reoxygenation. Scale bar: 100um.
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Figure 7. Effects of irisin on mitochondrial membrane depolarization and mitochondrial
permeability transition pore (mPTP) opening in cardiomyoblasts exposed to hypoxia/
reoxygenation

A: Irisin attenuated the mitochondrial damages in H9c2 cardiomyoblasts exposed to
hypoxia/reoxygenation. Cardiomyoblast mitochondrial damage was assessed by examining
mitochondrial membrane depolarization. The MitoCapture dye accumulates in the
mitochondria under the condition of normoxia, emitting a red signal. In apoptotic cells, the
MitoCapture diffuses into the cytoplasm and emits a green signal. B: Onset of mPTP is
demonstrated by loss of green fluorescence signal from mitochondria. Detailed methods for
measurement of mPTP was described in materials and methods. Scale bar: 100 um. C:
Quantitation analysis of mPTP in H9c2 cardiomyoblasts exposed to hypoxia/reoxygenation.
The results represent 3—4 independent experiments counting 150-200 cells/condition. Values
represent means+SE (n=3-4/group). *P<0.05, ***P<0.001. D: Quantitative analysis of
mitochondrial swelling in different treatments. Values represent means+SE (n=3/group). N:
Normoxia; H; hypoxia; R: reoxygenation; ***P<0.001.
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