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Irisin protects cardiomyocytes 
against hypoxia/reoxygenation 
injury via attenuating AMPK 
mediated endoplasmic reticulum 
stress
Rongchuan Yue1,2,3,6, Mingming Lv1,6, Meide Lan1,6, Zaiyong Zheng1, Xin Tan1, Xuemei Zhao1, 
Yulong Zhang5, Jun Pu1, Lei Xu1,4* & Houxiang Hu1,2*

Endoplasmic reticulum (ER) stress plays a central role in myocardial ischemia/reperfusion (I/R) injury. 
Irisin has been reported to have protective properties in ischemia disease. In this study, we aimed at 
investigating whether irisin could alleviate myocardial I/R injury by ER stress attenuation. The in vitro 
model of hypoxia/reoxygenation (H/R) was established, which resembles I/R in vivo. Cell viability 
and apoptosis were estimated. Expressions of cleaved caspase-3, cytochrome c, GRP78, pAMPK, 
CHOP, and eIF2α were assessed by western blot. Our results revealed that pre-treatment with irisin 
significantly decreased cytochrome c release from mitochondria and caspase-3 activation caused 
by H/R. Irsin also reduced apoptosis and increased cell viability. These effects were abolished by 
AMPK inhibitor compound C pre-treatment. Also, GRP78 and CHOP expressions were up-regulated 
in the H/R group compared to the control group; however, irisin attenuated their expression. The 
pAMPK level was significantly decreased compared to the control, and this effect could be partly 
reversed by metformin pre-treatment. These results suggest that ER stress is associated with cell 
viability decreasing and cardiomyocytes apoptosis induced by H/R. Irisin could efficiently protect 
cardiomyocytes from H/R-injury via attenuating ER stress and ER stress-induced apoptosis.

Cardiovascular disease is one of the most prevalent diseases in developed and developing countries, with high 
morbidity and mortality rates1. It has been demonstrated that cardiomyocyte apoptosis is involved in cardiac 
dysfunction and chronic heart diseases2,3, such as heart failure, ischemia/reperfusion injury, myocardial infarc-
tion, and dilated cardiomyopathy.

Ischemia/reperfusion-injury induced by coronary revascularization therapy has been a significant focus 
of medical research because of its long-term impact on cardiac dysfunction4,5. There is growing evidence that 
mitochondrial dysfunction plays an essential role in cell injury induced by myocardial ischemia/reperfusion and 
reactive oxygen species. The release of apoptosis-inducing factor (AIF), cytochrome c, and the decrease of mem-
brane ΔΨ are all mechanisms that lead to mitochondrial dysfunction and apoptotic cell death6–8. AMP-activated 
protein kinase (AMPK) is activated to protect cardiomyocytes from I/R injury via regulating mitochondrial 
function and endoplasmic reticulum homeostasis9,10.

Previous studies reported that endoplasmic reticulum (ER) stress-associated apoptosis is involved in I/R 
injury. Therefore, it is possible to alleviate I/R injury via attenuating ER stress11,12. For example, antioxidants, 
such as pineal secreted hormone melatonin and inartificial pigment lycopene can protect primary cultured 
neonatal cardiomyocytes against hypoxia/reoxygenation (H/R) injury by attenuating ER stress and maintaining 
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mitochondrial functions6,13,14. In addition, irisin has also been shown to reduce oxidative stresses and apoptosis 
in different models15,16.

Irisin, a type I membrane protein encoded by the FNDC5 (fibronectin domain-containing 5 protein) gene, 
participates in mitochondrial biogenesis and oxidative metabolism15,17. Recent evidence has indicated that iri-
sin could induce white adipose tissue’s browning, which could be used as a therapeutic tool for metabolic 
disorders18,19. Moreover, the systemic administration of irisin ameliorated atherosclerosis in an apoE (−/−) dia-
betic mouse model and protected against endothelial injury, indicating that irisin could benefit atherosclerotic 
vascular diseases20.

While irisin’s lipogenic effect may correlate with its chronic actions17,21–23, no study tests its acute effect on the 
heart. Therefore, we tested the hypothesis that irisin functions as a myokine to alleviate I/R injury by attenuating 
ER stress and ER stress-associated apoptosis.

Materials and methods
Cell culture.  Primary cultures of ventricular cardiomyocytes were prepared from neonatal C57BL/6 mice 
(Animal Center of the North Sichuan Medical College, Nanchong, China) according to the method in our previ-
ous study with few modifications6. After being disinfected with 70% ethanol, the neonatal mice were euthanized 
by decapitation; and the heart was quickly removed and placed in an ice-cold PBS buffer. The heart was washed 
with ice-cold PBS buffer 3 times and then cut into small pieces in dissociation buffer (containing 0.1% trypsin 
and 99.9% PBS). After, it was digested for 8 min. Next, the supernatant was transferred to a centrifuge tube, 
mixed with 2 ml fetal bovine serum, and preserved at 4  °C. The remaining tissue was digested in a solution 
containing 0.08% collagenase and 99.92% M199 medium (HyClone SH30253.01B). After digestion at 37 °C for 
30 min, the cell suspension was mixed with the supernatants, filtrated with a 200X screen, and centrifuged at 
300×g for 5 min. Next, after washing the precipitate with PBS buffer twice, the dissociated cells were replated in a 
culture flask at 37 °C for 1 h to enrich the culture’s cardiomyocytes. The cells were collected in a medium consist-
ing of M199 supplemented with 50 units/ml penicillin/streptomycin, 10% fetal bovine serum, and 0.1 mM Bro-
modeoxyuridine (BrdU). After 24 h, replace the BrdU-free DMEM medium. BrdU is commonly used to block 
the mitosis of non-myocyte cells in primary cardiomyocyte culture. Previous research indicated that BrdU could 
reduce glycogen which means it may have an impact on AMPK24.To made its influence less obvious, the control 
groups were settled set up and all groups were done under the same conditions in the experiment.

Hypoxia/reoxygenation treatment to cardiomyocytes.  The hypoxia/reoxygenation model was 
established according to our previously published method, with few modifications6,25,26. We started experiments 
after being cultured for 48–72 h and pretreated with different agents. For simulation of ischemia, the cardiomyo-
cyte medium was replaced with the DMEM without glucose and serum, which was flushed with a gas mixture 
(95% N2 and 5% CO2) for 15 min. The cardiomyocytes were incubated in a modular incubator chamber with 
a gas mixture of 95% N2 and 5% CO2 at 37 °C for 4 h. After hypoxia incubation, the cells were provided with a 
serum-free medium and then restored to 95% air and 5% CO2 to reoxygenation for 8 h.

Cell viability and lactate dehydrogenase (LDH) release assay.  Cell viability was assessed by using a 
Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, CK04) according to the manufacturer’s protocol27,28. About 
0.5 × 104 cells were seeded onto 96-well plates and then pretreated with different agents. Following hypoxia/reox-
ygenation exposure, 10 μl CCK-8 was added to each well. Then the cells were incubated at 37 °C for 1 h. After 
incubation, the OD value at 450 nm was determined using an Inf inite® 200 Microplate Reader (Tecan, M200).

Lactate dehydrogenase (LDH) release in the extracellular medium was detected using an LDH assay kit 
(Roche, Mannheim, Germany) according to the manufacturer’s instructions.

Quantitative real‑time PCR.  Total RNA was extracted from cultured cardiomyocytes with Trizol reagent 
(Invitrogen, Green Island, NY). Reverse transcription was performed with ReverTra Ace reverse transcriptase 
(Toyobo, Osaka, Japan) according to the manufacturer’s instructions. The transcript level of mRNA was deter-
mined with the Bio-Rad CFX96 Real-time PCR system-C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, 
CA, USA). Each real-time PCR (20 μl total volume) contained 1 μl of template DNA (100 mg) or cDNA, 10 μl Ex 
Taq, 1 μl of each of the forward and reverse primers, and 7 μl of sterile deionized water. The samples were dena-
tured by heating at 95 °C for 3 min, followed by 39 cycles of amplification and quantification (95 °C for 15 s and 
58 °C for 15 s, respectively) and by a final extension cycle (72 °C, 90 s). The primers used for amplification were 
(from 5’to 3’): CHOP-F: TAT​CTC​ATC​CCC​AGG​AAA​CG, CHOP-R:CTG​CTC​CTT​CTC​CTT​CAT​GC, Grp78-
F:TTC​AGC​CAA​TTA​TCA​GCA​AAC​TCT​, Grp78-R:TTT​TCT​GAT​GTA​TCC​TCT​TCA​CCA​GT, sXbp-1-F:CCT​
TGT​GGT​TGA​GCA​GAA​C, sXbp-1-R:CCT​GCA​CCT​GCT​GCG​GAC​, GAPDH-F:ACC​CCA​GTT​TAC​TCC​ATC​
CC, GAPDH-R:TGT​TCC​GGG​TGG​TTC​TGC​AG. The mRNA levels were quantified first against GAPDH levels 
in the same sample, then normalized to the control group, set up as onefold. These experiments were repeated 
six times.

Western blot analysis.  Neonatal mice cardiomyocytes were cultured at a cell density of 1.2 × 106 in 60-mm 
plastic culture dishes. Western blot analysis7,29 was performed on cultured cardiomyocytes from the different 
groups. After being washed twice with the ice-cold PBS, the cells were lysed at 4  °C for 10  min with RIPA 
buffer (Beyotime, Nanjing, China) containing a cocktail of protease inhibitors (Roche, USA), then centrifuged at 
20,000×g and 4 °C for 20 min. To analyze the mitochondrial and cytosol cytochrome c protein levels respectively, 
the mitochondrial extracts were isolated from the cultured cardiomyocytes using the Mitochondria Isolation Kit 
(Beyotime) according to our previous experiments8. COX IV was used as the loading control for mitochondrial 
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fractions and GAPDH was used as the loading control for cytosol fractions and total cellular. Next, protein con-
centration was determined using the BCA Protein Assay Kit (Beyotime, Nanjing, China), and all samples were 
boiled at 97 °C for 10 min to inactivate the proteins. After that, equal amounts of protein (50 µg/slot) were sepa-
rated on an 8–12%SDS-PAGE gel and transferred onto an NC membrane (Millipore, MA), which was blocked 
with 5% milk Tris-buffered saline-tween 20, incubated with primary antibodies (1:1000) at 97  °C overnight, 
and then second antibodies (1:1000) for 1 h. The following primary antibodies were used for the western blots: 
mouse anti-CHOP/GADD153 (CST, #2895), mouse monoclonal anti–cytochrome c (Abcam, ab60256), mouse 
anti-caspase-3 (Santa Cruz Biotechnology, sc-56053), Rabbit anti-cleaved caspase-3 (Cell Signaling Technology, 
#9661), Rabbit anti-COX IV (Cell Signaling Technology, #4844), Rabbit anti-AMPKα (Santa, SC-23792), Rab-
bit anti- Bip/GRP78 (Beyotime, AB310), Rabbit anti-Phospho-AMPKα (Thr172) (Cell Signaling Technology, 
#2535), mouse anti-eIF2α (Abcam, QB-5369), Rabbit anti-Phospho-eIF2α (Cell Signaling Technology, #9721), 
and anti-rabbit GAPDH (Cell Signaling Technology #5174). Densitometric analyses were performed using an 
Odyssey Infrared Imaging System (LI-COR).

Detection of apoptotic cardiomyocytes.  Terminal deoxynucleotidyl transferase dUTP nick-end labe-
ling (TUNEL) was used to detect the apoptotic cardiomyocytes according to our previous experiments by using 
an in situ cell death detection kit (Roche, USA)6,30,31. After being rinsed twice for ice PBS, the cardiomyocytes 
slides were fixed in 4% paraformaldehyde at room temperature for 30 min, followed by permeabilization with 
0.1% TritonX-100 in 0.1% sodium citrate for 10 min at room temperature. Then, a 50 μl TUNEL reaction mix-
ture was added to the sample and incubated in a humidified chamber for 60 min. DAPI was used to label nuclei. 
After cardiomyocytes were mounted in a mounting medium, apoptotic cells images were obtained using a Zeiss 
confocal laser scanning microscope (Carl Zeiss, LSM 510 Meta Confocal Laser Scanning Microscope).

Apoptosis was examined to determine the protective effect of irisin using a FITC-labeled Annexin V/pro-
pidium iodide (PI) Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ) following the manufacturer’s 
instructions. Briefly, adherent cardiomyocytes were enzymatically digested for 50 s with 0.25% trypsin and col-
lected together with floating dead cells. Cardiomyocytes were then incubated with Annexin V (1:20) for 3 min 
followed by PI for 15 min in the dark, at room temperature. The cells were subjected to flow cytometry on a 
BD FACS Calibur, and the data were analyzed using FlowJosoftware. Cells in the early stages of apoptosis were 
Annexin V positive, whereas cells that were both PI and Annexin V positive were in the later stages of apoptosis. 
Apoptotic cells were expressed as a percentage of the total number of cells.

Statistical analysis.  All experimental data are expressed as the mean ± standard error of the mean (SEM), 
and each experiment was performed a minimum of 3 times. Raw data were analyzed using GraphPad Prism 5.0 
software (GraphPad Software, Inc., San Diego, CA, USA). Data were also analyzed using a one-way analysis of 
variance(ANOVA). A two-tailed P < 0.05 was taken to indicate a statistically significant difference.

Ethics statement.  This study was performed strictly with the recommendations in the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal 
Ethical and Welfare Committee of North Sichuan Medical College. This study was approved by the Medical Eth-
ics Committee.

Result
The protective effects of irisin on H/R‑injury.  The percentage of survived cardiomyocytes was pro-
portional to the measured cell viability32. Here we evaluated the effect of irisin on cell viability to investigate 
its potential protective effect on cardiomyocytes undergoing H/R injury. For that, cardiomyocytes pretreated 
with irisin underwent H/R treatment. We found that pre-treatment with irisin could successfully attenuate the 
decrease in cell viability caused by the H/R treatment (Fig. 1A). Moreover, cell injury was quantified by measur-
ing the LDH levels in the extracellular medium. Irisin pre-treatment significantly reduced the LDH release in 
H/R-treated cardiomyocytes (Fig. 1B), demonstrating the protective effects of irisin against H/R-injury.

Irisin reduces H/R‑induced apoptosis of cultured cardiomyocytes.  We investigated the effect of iri-
sin on the H/R-induced apoptosis in cultured cardiomyocytes (Fig. 2A). More TUNEL positive cells (green) were 
observed in H/R-treated cultures (Fig. 2A1). Quantitative analysis also revealed that H/R increased TUNEL-
positive apoptotic cells compared to cells under regular conditions. The pre-treatment with irisin reduced the 
number of TUNEL-positive cells compared to the H/R group (Fig. 2A2). The Annexin V/PI analysis results with 
flow cytometry confirmed that irisin reduced H/R-induced apoptosis (Fig. 2B).

Irisin blocks the mitochondrial apoptotic pathway.  Mitochondrial dysfunction may initiate apopto-
sis by releasing pro-apoptotic factors, such as cytochrome c, from the mitochondrial intermembrane space into 
the cytoplasm to trigger apoptosis via a caspase-3-dependent pathway. Accordingly, changes in mitochondrial 
and cytosol cytochrome c were measured by immunoblotting. As shown in Fig. 3A, H/R treatment caused the 
release of cytochrome c from mitochondria, and irisin administration could reduce the release of cytochrome 
c from mitochondria to the cytosol. The effect of irisin in preventing apoptotic cell death was evident in the 
immunoblotting of caspase 3, a key enzyme involved in the execution of apoptosis. Cardiomyocytes with H/R 
treatment showed a significant increase in caspase-3 activity. In contrast, pre-treatment with irisin significantly 
inhibited the H/R-induced activation of caspase-3 (Fig. 3B), suggesting that the irisin-reduced H/R-induced 
apoptosis was mediated through the blockage of caspase-3-dependent cardiomyocytes apoptosis.
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H/R resulted in excessive ER stress and CHOP upregulation.  GRP78/BiP is a marker of ER stress. 
Excessive ER stress results in the over-expression of GRP78 and thus leads to upregulation of pJNK, Caspase-12, 
and CHOP, which could induce cell apoptosis33,34. In our experiment, H/R induced a significant upregulation 
of GRP78, and this effect could be attenuated by irisin pre-treatment (Fig. 4A). Consistently with this phenom-
enon, CHOP expression in the H/R group was significantly up-regulated compared to the control and irisin 
groups. On the other hand, irisin pre-treatment showed the ability to reduce CHOP expression induced by 
H/R (Fig.  4B). Meanwhile, we find that the level of spliced Xbp-1 mRNA in cardiomyocytes was increased 
in H/R-treated cells and irisin significantly reversed the increase(Fig. 4C). The phosphorylation level of eIF2α 
was increased in H/R-treated cardiomyocytes compared to the control group, whereas irisin ameliorated these 
changes(Fig. 4D).

Irisin blunted H/R induced apoptosis via an AMPK‑mediated pathway.  Notably, the percentage of 
TUNEL-positive cells to total cells in the H/R group increased significantly compared to the control group. The 
pre-treatment partly blunted apoptosis with either irisin or AMPK-activator metformin (Fig. 5A). Consistent 
with the change of the apoptotic index in different groups, the activity of caspase-3 in the H/R group signifi-
cantly increased compared to the control group, and this change was attenuated by either irisin or metformin 
pre-treatment (Fig. 5B). Similarly, cell viability in the H/R group significantly decreased compared to the control 
group, and this change was attenuated by either irisin or metformin pre-treatment (Fig. 5C). Moreover, LDH lev-
els of the extracellular medium in the H/R group significantly increased compared to the control group, and this 
change was attenuated by either irisin or metformin pre-treatment (Fig. 5D). The effect of irisin on the apoptotic 
index (Fig. 5A), caspase-3 activity (Fig. 5B), cell viability (Fig. 5C), and LDH release (Fig. 5D) in the H/R group 
was abolished by AMPK-inhibitor Compound-C pre-treatment.

H/R resulted in AMPK inactivation, and irisin showed similar effects on H/R cardiomyocytes as 
metformin.  As an energy metabolism-regulating kinase, AMPK is activated by either increasing its phos-
phorylation or by up-regulating the expression of total AMPK35. Expression of total AMPK and phosphorylated 
AMPK was detected using western blot (Fig. 6). In our experiment, there was an evident decrease in phospho-
rylated AMPK expression in the H/R group compared to the control group, and there was no difference in the 
expression of total AMPK between the different groups. Irisin had the same effect on increasing AMPK phos-
phorylation in cardiomyocytes exposure to H/R as AMPK activator metformin, and this phenomenon could be 
obliterated by AMPK-inhibitor Compound-C pre-treatment.

Irisin showed its protective effects against H/R injury‑induced ER stress in an AMPK‑depend-
ent manner.  To investigate whether AMPK associated signaling pathways were involved in irisin’s protec-
tive effects, cardiomyocytes were pretreated with AMPK inhibitor compound C before irisin pre-treatment and 
exposure to H/R. Then, we compared the expression of GRP78, CHOP, sXbp-1, and the phosphorylation of 
eIF2α between different groups to explore the underlying relationship among irisin, ER stress, and AMPK sign-
aling pathways. There was no difference in GRP78, CHOP, and sXbp-1 expression and eIF2α phosphorylation 
among groups not exposed to H/R. As depicted in Fig. 7A, irisin had the same effect as AMPK activator met-
formin in decreasing the GRP78 expression compared to the H/R group, and compound C pre-treatment could 
abrogate this protection. In line with the change of GRP78, CHOP expression was significantly up-regulated 
in the H/R group, irisin or metformin pre-treatment decreased CHOP expression levels compared to the H/R 
group (Fig. 7B). sXbp-1 expression was significantly up-regulated in the H/R group, irisin or metformin pre-
treatment decreased sXbp-1 expression levels compared to the H/R group (Fig. 7C). The phosphorylation of 
eIF2α was significantly up-regulated in the H/R group, irisin or metformin pre-treatment decreased eIF2α phos-

Figure 1.   Irisin attenuated H/R induced cell injury. Cell viability was determined by CCK-8 kit, pretreated 
with irisin(100 ng/ml) significantly alleviated cell viability decrease induced by H/R exposure (A). Irisin pre-
treatment also significantly alleviated the release of LDH induced by H/R exposure (B). *P < 0.05 versus control 
group, #P < 0.05 versus H/R group, n = 6.
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phorylation levels compared to the H/R group (Fig. 7D). Finally, we observed that compound C pre-treatment 
markedly blocked irisin’s effect on cardiomyocytes undergoing H/R.

Discussion
In the present study, by using a stimulated hypoxia/reoxygenation model, we verified that apoptosis was essen-
tial to H/R injury, and H/R injury-induced apoptosis was closely associated with ER stress. Moreover, we also 
demonstrated that ER stress was, at least partly, regulated by AMPK. We first showed that irisin protected 
cardiomyocytes from H/R injury via attenuating ER stress in an AMPK-dependent manner. Therefore, AMPK-
mediated ER stress might be a new target pathway for exploring pharmacological treatment for I/R-induced 
myocardium injury9,36,37.

Figure 2.   Irisin attenuated H/R-induced cardiomyocyte apoptosis. Representative images (A1) and 
quantification (A2) of cardiomyocytes in situ TUNEL assay. TUNEL-positive is green, and DAPI is blue. 
Scale bar: 200 mm. (B) Flow cytometry analysis of Annexin-V FITC and propidium iodide staining in 
cardiomyocytes. *P < 0.05 versus control group, #P < 0.05 versus H/R group, n = 6.
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Figure 3.   Irisin inhibited H/R-induced cytochrome c release and caspase-3 activation in cardiomyocytes. (A) 
Assessment of cytochrome c (Cyt c) in mitochondria and cytosol derived from cardiomyocytes subjected to 
H/R. COX IV: Cytochrome c oxidase subunit IV; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. (B) 
Caspase-3 activation in cardiomyocytes subjected to H/R. *P < 0.05 versus control group, #P < 0.05 versus H/R 
group, n = 6.

Figure 4.   H/R treatment resulted in excessive ER stress and CHOP upregulation. The GRP78, CHOP, sXbp-
1, and eIF2α expressions were assessed by PCR or Western blot analysis. (A) Effects of irisin on H/R induced 
GRP78 mRNA (A1) and protein (A2) expression. (B) Effects of irisin on H/R induced CHOP mRNA (B1) and 
protein (B2) expression. (C) Effects of irisin on H/R induced sXbp-1 mRNA expression. (D) Effects of irisin on 
H/R induced eIF2α phosphorylation. *P < 0.05 versus control group, #P < 0.05 versus H/R group, n = 6.
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ER stress is an innate adaptive mechanism existing in different species. Mild ER stress presents a protective 
effect against injury factors. In contrast, prolonged stress shows lethal damage to cells or organs33,38. In mild ER 
stress, GRP78 (GRP78, glucose-regulated protein 78) released its transducers, including IRE-1, PERK, ATF-6, and 
allow them to dimerize activation or move to other locations, then triggering the downstream signal pathways 
to hold ER homeostasis by decreasing the accumulating of unfolded proteins and promoting unfolded proteins 
to fold. There is a conversion from pro-surviving pathways to the pro-apoptotic pathways under severe injury in 
different degrees of stress39. ER stress-mediated intrinsic apoptosis pathways involve several proteins, including 
the transcription factor CHOP, phosphorylated JNK, and the ER-resident cysteine protease caspase-1233. Besides, 
ER stress-associated apoptosis is characterized by upregulation of CHOP, increased phosphorylated JNK, and 
cleaved caspase-1240. Each of them could activate the downstream pro-apoptotic signal transducers, leading to 
caspase-3 activation and terminal apoptosis.

In our experiment, we detected the expression of GRP78 and CHOP to investigate the influence of irisin on 
H/R-induced ER stress. Western blot revealed that H/R exposure induced upregulation of GRP78 compared to the 
control group, suggesting that H/R injury induces excessive ER stress. In addition, increased CHOP expression 
confirmed that H/R injury activated ER stress-mediated CHOP apoptotic signal. Studies demonstrated that ER 
stress-associated apoptosis is closely related to both H/R injury and CHOP is usually considered downstream of 
ER stress-induced apoptosis11,40,41. Furthermore, Runtao et al.42 showed that ischemia/reperfusion injury induces 
excessive ER stress and activates the downstream pro-apoptotic signal pathways. Therefore, ischemic post-
conditioning could protect the myocardium from I/R injury by attenuating ER stress-associated apoptosis. Here, 
we show for the first time that irisin could protect cardiomyocytes against H/R injury by attenuating ER stress.

As an energy metabolic kinase, AMPK activation significantly reduced the percentage of apoptotic cardio-
myocytes and the activity of the apoptotic effectors of ER stress in a cardioplegia-induced H/R injury model9. 

Figure 5.   Irisin blunted H/R induced apoptosis via an AMPK-mediated manner. To investigate the effect of 
the AMPK signal pathway in cardioprotection of irisin, the AMPK inhibitor compound C was used to pretreat 
cardiomyocytes(20 μM, 1 h) before irisin pre-treatment, and the AMPK activator metformin pretreats (2.5 mM, 
1 h) group was used to make a comparison of apoptosis (A), caspase-3 activities (B), cell viability (C), and LDH 
activity (D). *P < 0.05 versus control group, #P < 0.05 versus H/R group, $P < 0.05 versus Irisin + H/R group, n = 6.
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Figure 6.   H/R treatment led to AMPK inactivation, and irisin showed the same effects on H/R cardiomyocytes 
as metformin. AMPK activation was estimated by detecting the phosphorylated AMPK. Irisin attenuated the 
inactivating of AMPK induced by H/R exposure and compound C pretreat abolished this effect. *P < 0.05 versus 
control group, #P < 0.05 versus H/R group, $P < 0.05 versus Irisin + H/R group, n = 6. p-AMPK phosphorylated 
AMPK, t-AMPK total AMPK.

Figure 7.   Irisin showed its protective effects against H/R injury-induced ER stress in an AMPK-dependent 
manner. AMPK activator metformin showed the same effect as irisin in attenuating ER stress induced by H/R 
exposure. AMPK potent inhibitor compound C pre-treatment abolished cardioprotection of irisin on H/R 
cardiomyocytes. *P < 0.05 versus control group, #P < 0.05 versus H/R group, $P < 0.05 versus Irisin + H/R group, 
n = 6.
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Shintani et al.43 also found that nonfatal damage to cells could reduce the energy consumption and AMPK acti-
vation, which shows a protective effect on cell injury via increasing stress tolerance. Additionally, using a heart 
failure model in dogs, Sasaki and Asanuma44 discovered that metformin and another AMPK activator (AICAR) 
have equivalent effects of decreasing cardiomyocytes apoptosis and improving cardiac function in failing dog 
hearts. Interestingly, treatment with compound C inhibited the effects of metformin and AICAR, suggesting the 
primary role of AMPK activation in reducing apoptosis and preventing heart failure. Therefore, AMPK might be 
a new target for pharmacological potential in reducing cardiomyocyte H/R injury or myocardium I/R injury36. 
Although there is much evidence about the protective effect of AMPK activation, there was no research suggest-
ing that irisin could protect the myocardium by activating AMPK and attenuating ER stress.

AMPK activator metformin and AMPK inhibitor compound C was used in our experiment to investigate the 
possible role of AMPK in the cardioprotection by irisin. Our experiment testified that irisin has the same effect as 
metformin to activate AMPK and decrease the expression of GRP78 and CHOP in a stimulated H/R model. Our 
results showed that compared to the compound C pre-treatment group, irisin’s effects on H/R cardiomyocytes 
disappeared, suggesting that the cardioprotection of irisin was partly mediated by AMPK activation and AMPK 
might be an upstream regulator of ER stress and ER stress-associated apoptosis. The beneficial effects of irisin’s 
activation of AMPK-related pathways on cells have been widely explored. In the human placenta, irisin can 
induce trophoblast differentiation via AMPK activation and improve trophoblast functions45. In addition, irisin 
also protects against pressure overload-induced cardiac hypertrophy via activating AMPK-ULK1 signaling46. In 
diabetic mice, irisin attenuates myocardial ischemia/reperfusion injury through the AMPK pathway47. Similarly, 
in the setting of IR injury and hyperglycemia stress, irisin can increase the survival rate of cardiomyocytes by 
activating the AMPK pathway48. Our study suggests that AMPK was responsible for mitochondrial dysfunction-
induced energy metabolic disorders and involved in regulating ER stress signal pathway. However, whether irisin 
activates AMPK directly or through some intermediate receptor, has not yet been determined. Previous study has 
shown that irisin can downregulate ATP levels in HSMCs, triggering AMPK phosphorylation49. The majority of 
ATP is generated in mitochondria by oxidative phosphorylation. Uncoupling proteins on the mitochondria can 
release the coupling relationship between oxidation and phosphorylation in part of the normal respiratory chain, 
hindering the normal production of ATP. Studies have confirmed that interaction between irisin and UCP2(an 
uncoupling protein) allows for the prevention of IR-induced injury to the lung via improvement of mitochon-
drial function50. Besides, irisin can increase the ROS level in L6 cells, and using the ROS scavenger resulted in a 
decrease in AMPK phosphorylation51. Their research further demonstrated that calcium may play an upstream 
of ROS in irisin-mediated signaling. These results indicate that irisin increases AMPK phosphorylation through 
the Ca2+/ROS pathway in the skeletal muscles. It is worth noting that cardiac muscle exercise produces more irisin 
than skeletal muscle52. Importantly, the study revealed the presence of yet-to-be-identified irisin receptor(s) on 
the H9C2 cell membrane53. Through this receptor, irisin may activate several downstream signaling pathways, such 
as the PI3K-AKT pathway. Similarly, they found that irisin also can increase Ca2+ in cardiomyocytes. However, 
they did not verify the above experimental results of irisin in animal models.

Conclusion
In conclusion, our data revealed that ER stress plays an essential role in cell death during H/R and that AMPK 
activation is protective. Irisin has a potent effect in protecting cardiomyocytes from H/R injury by significantly 
attenuating excessive ER stress-induced apoptosis in an AMPK-mediated manner.

Data availability
All data generated or analyzed during this study are included in this published article.
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