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Abstract

Both calpain activation and endoplasmic reticulum (ER) stress are implicated in ischemic heart 

injury. However, the role of calpain in ER stress remains largely elusive. This study investigated 

whether calpain activation causes ER stress, thereby mediating cardiomyocyte apoptosis in an in 

vitro model of hypoxia/re-oxygenation (H/R). In neonatal mouse cardiomyocytes and rat 

cardiomyocyte-like H9c2 cells, up-regulation of calpain-1 sufficiently induced ER stress, c-Jun N-

terminal protein kinase1/2 (JNK1/2) activation and apoptosis. Inhibition of ER stress or JNK1/2 

prevented apoptosis induced by calpain-1. In an in vitro model of H/R-induced injury in 

cardiomyocytes, H/R was induced by a 24-hour hypoxia followed by a 24-hour re-oxygenation. 

H/R activated calpain-1, induced ER stress and JNK1/2 activation, and triggered apoptosis. 

Inhibition of calpain and ER stress blocked JNK1/2 activation and prevented H/R-induced 

apoptosis. Furthermore, blockade of JNK1/2 signaling inhibited apoptosis following H/R. The role 

of calpain in ER stress was also demonstrated in an in vivo model of ischemia/reperfusion using 

transgenic mice over-expressing calpastatin. In summary, calpain-1 induces ER stress and JNK1/2 

activation, thereby mediating apoptosis in cardiomyocytes. Accordingly, inhibition of calpain 

prevents ER stress, JNK1/2 activation and apoptosis in H/R-induced cardiomyocytes. Thus, ER 

stress/JNK1/2 activation may represent an important mechanism linking calpain-1 to ischemic 

injury.
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1. Introduction

Ischemic heart disease is the leading cause of death in most industrialized nations as it 

causes serious complications such as myocardial infarction (MI). After MI, ischemia-

induced myocardial cell death is followed by a progressive remodeling of the heart [1–3], 

resulting in a severe state of compromised heart function known as heart failure. Heart 

failure is on the rise as a result of successes in treating acute MI, and up to 40–50% of 

people with heart failure die within five years of diagnosis [4]. Thus, limiting ischemic 

injury is extremely important in the prevention of adverse myocardial remodeling and the 

progression to heart failure.

Calpains are a family of calcium-dependent thiol-proteases [5]. In mammals, fifteen gene 

products of the calpain family have been reported. Among them, calpain-1 (μ-form) and 

calpain-2 (m-form) are ubiquitously expressed, and most extensively studied. Calpain-1 and 

calpain-2 are heterodimers, consisting of a distinct large 80-kDa catalytic subunit encoded 

by the genes capn1 and capn2, respectively, and a common small 28-kDa regulatory subunit 

encoded by capn4. They differ in their calcium requirements for activation (~50 μM for 

calpain-1 and ~1000 μM for calpain-2). Both calpain-1 and calpain-2 are tightly regulated by 

calpastatin, an endogenous inhibitor that specifically inhibits calpain, but not other cysteine 

proteases. Over-expression of calpastatin has been widely used to inhibit calpain in a variety 

of in vitro [6] and in vivo models [7,8]. Calpains participate in cardiac pathophysiology. In 

cultured cardiomyocytes, we and others demonstrated that calpain-1 is important in 

promoting cardiomyocyte apoptosis under various pathological conditions [9–11]. In 

response to hypoxia, calpain is activated and contributes to cardiomyocyte injury [12]. In 

animal models of ischemia/reperfusion or MI, both pharmacologic and genetic inhibitions of 

calpain reduce ischemic cardiac injury, attenuate myocardial remodeling and improve 

myocardial function [13–17]. Furthermore, transgenic over-expression of calpain-1 is 

sufficient to induce dilated cardiomyopathy and heart failure [7]. These previous studies 

support an important role of calpain in ischemic heart disease [18]. However, the 

mechanisms relating calpain activation to ischemic myocardial injury have not been fully 

addressed.

Endoplasmic reticulum (ER) stress is induced by the accumulation of unfold proteins, 

triggering the unfolded protein response which activates ER transmembrane sensors to 

initiate the adaptive responses [19]. These ER transmembrane sensors include protein 

kinase-like ER kinase (PERK), inositol-requiring kinase 1 (IRE1) and activating 

transcription factor 6 (ATF6), and their activation results in phosphorylation of eukaryotic 

translation initiation factor 2α (eIF2α), translation of transcription factor ATF4, XBP1 

splicing, and finally the induction of unfolded protein response related genes including 

chaperones GRP78 and GRP94, XBP1 and CHOP, etc. However, in the case of prolonged or 

overwhelming ER stress, apoptosis can be induced through CHOP, JNK1/2 and other 

pathways. Recent animal and human studies have revealed that ER stress-initiated apoptosis 

is implicated in the pathophysiology of various cardiovascular diseases, including ischemic 

heart disease and heart failure [20,21]. Thus, ER stress may represent an important 

therapeutic target for heart diseases [22]. While calpain activation was shown to correlate 
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with ER stress induction in the hypoxic heart [23], calpain has been reported to disturb Ca2+ 

homeostasis by targeting calcium regulatory proteins such as sarco/endoplasmic reticulum 

Ca2+-ATPase (SERCA) [24] and calcium channel proteins [25]. As such, they cause the 

release of ER Ca2+, which may impair protein processing and thereby promote ER stress 

[26]. Thus, it is possible that calpain may play a role in inducing ER stress in ischemic heart 

disease.

In this study, we examined whether calpain-1 activation is linked to the induction of ER 

stress in cardiomyocytes, and investigated whether inhibition of calpain prevents ER stress 

and reduces cardiomyocyte apoptosis in an in vitro model of hypoxia/re-oxygenation.

2. Materials and methods

2.1. Animals

This investigation conforms to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication, 8th Edition, 2011). All 

experimental procedures were approved by the Animal Use Subcommittee at the University 

of Western Ontario, Canada. Breeding pairs of C57BL/6 mice were purchased from the 

Jackson Laboratory. Transgenic mice with over-expression of calpastatin (Tg-CAST) were 

generously provided by Dr. Laurent Baud (the Institut National de la Santé et de la 

Recherche Médicale, Paris, France) through the European Mouse Mutant Archive. Mice 

with cardiomyocyte-specific disruption of capn4 (capn4-ko) were generated as described in 

our recent report [27]. All of the adult mice used in this study, including controls, were 

littermates of the same generation. A breeding program was implemented to produce 

neonates at our animal care facilities.

2.2. Ischemia/reperfusion (I/R) protocol

Animals were subjected to ischemia for 30 min followed by reperfusion for 3 h as we 

previously described [28,29].

2.3. Cell culture, adenoviral infection and siRNA transfection

The neonatal mouse cardiomyocytes were prepared and cultured according to methods we 

described previously [30].

The rat cardiomyocyte-like H9c2 cells were purchased from the American Type Culture 

Collection (ATCC) and cultured H9c2 cells were employed within 10 generations.

Cells were infected with adenoviral vectors containing human capn1 gene (Ad-capn1, 

SignaGen Laboratories), human capn2 gene (Ad-capn2), rat calpastatin gene (Ad-CAST), or 

beta-gal (Ad-gal, Vector Biolabs) as a control at a multiplicity of infection (MOI) of 100 

PFU/cell. Adenovirus-mediated gene transfer was implemented as previously described 

[10]. All experiments were performed after 24 h of adenoviral infection.

Cells were transfected with siRNA specific for capn1 and capn2 (Santa Cruz Biotechnology, 

Inc.) using TransMessenger Transfection Reagent (Qiagen) as we previously described [11]. 

A scrambled siRNA served as a control.
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2.4. Hypoxia/re-oxygenation (H/R)

Cardiomyocytes were subjected to a 24-hour period of hypoxia, followed by re-oxygenation 

for another 24 h. For the induction of hypoxia, we placed the culture dishes in a sealed 

chamber containing GENbag anaer (bioMérieux) for 24 h at 37 °C. Hypoxia was monitored 

using anear indicator (bioMérieux). The GENbag anaer rapidly reduces O2 concentration in 

chamber within 30 min. Re-oxygenation was achieved by changing culture media and 

returning cells to normal culture conditions. We found that after hypoxia for 3 h the O2 

concentration was below 0.1% while pH value in culture media was 7.2 (before hypoxia pH 

value was 7.4).

2.5. Calpain activity

Calpain activities were determined as described previously [6,10,11].

2.6. Western blot analysis

The protein levels of calpain-1, calpain-2, GRP78, CHOP, ATF6, phosphorylated PERK 

(pPERK), phosphorylated and total JNK1/2, SERCA2a and GAPDH were determined by 

western blot analysis as previously described [6,10,11,15].

2.7. Assessment of apoptosis

Caspase-3 activity was determined using a commercial caspase-3 activity assay kit as 

described in our recent report [11].

DNA fragmentation was measured using a Cellular DNA Fragmentation ELISA kit (Roche 

Applied Science, Canada) according to the manufacturer’s instructions.

2.8. Statistical analysis

All data were presented as mean ± SD. ANOVA followed by Newman–Keuls test was 

performed for multi-group comparisons. A value of P < 0.05 was considered statistically 

significant.

3. Results

3.1. Up-regulation of calpain-1 is sufficient to induce apoptosis, ER stress and JNK1/2 
activation in cardiomyocytes

We have recently demonstrated that calpain-1/2 expression and activities are increased in 

the heart after MI [15]. To examine whether up-regulation of calpain-1/2 is sufficient to 

induce apoptosis, we infected neonatal mouse cardiomyocytes and rat cardiomyocyte-like 

H9c2 cells with Ad-capn1, Ad-capn2 or Ad-gal as a control. Twenty-four hours later, 

infection with Ad-capn1 and Ad-capn2 significantly elevated the protein levels of calpain-1 

and calpain-2, respectively (Fig. 1A and B). Up-regulation of calpain-1 induced increases in 

caspase-3 activation and DNA fragmentation (Fig. 1C, D, G and H), indicative of apoptosis. 

This effect of calpain-1 was inhibited by co-incubation with calpain inhibitor-III (10 μM) 

(Fig. 1G and H), suggesting that apoptosis induced by up-regulation of calpain-1 is due to its 

enzymatic activity rather than its protein accumulation. In contrast, up-regulation of 

calpain-2 did not induce apoptosis in cardiomyocytes (Fig. 1C and D).
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To examine the induction of ER stress, we analyzed the protein levels of ER stress markers 

including GRP78, CHOP and pPERK. Up-regulation of calpain-1 increased the protein 

levels of CHOP, GRP78 and pPERK in neonatal mouse cardiomyocytes and H9c2 cells, 

which were significantly decreased by co-incubation with calpain inhibitor-III (10 μmol/L, 

Fig. 1E and I) or ER stress inhibitor, tauroursodeoxycholate (TAUR, 100 μmol/L, Fig. 1F 

and J). Calpain-1 also increased JNK1/2 phosphorylation in neonatal mouse cardiomyocytes 

and H9c2 cells, which was prevented by calpain inhibitor-III (Fig. 2A, D, F and H) or 

TAUR (Fig. 2B, E, G and I). Over-expression of calpain-1 dramatically reduced the protein 

levels of SERCA2a in both neonatal mouse cardiomyocytes (Fig. 2C). However, up-

regulation of calpain-2 did not induce ER stress and JNK1/2 activation (data not shown). 

Thus, these results provide direct evidence that calpain-1 sufficiently induces ER stress, 

which in turn activates JNK1/2 in cardiomyocytes. Since both neonatal mouse 

cardiomyocytes and H9c2 cells responded to up-regulation of calpain-1 in a similar way, we 

used cardiomyocyte-like H9c2 cells for most of the following studies.

3.2. Inhibition of ER stress and JNK1/2 prevents calpain-1-induced apoptosis in 
cardiomyocytes

It is well-known that ER stress promotes apoptosis. We reasoned that calpain-1-induced 

apoptosis is mediated through the induction of ER stress. To examine this hypothesis, we 

infected H9c2 cells with Ad-capn1 or Ad-gal, and then incubated them with TAUR (100 

μM). Inhibition of ER stress prevented caspase-3 activation and DNA fragmentation induced 

by calpain-1 up-regulation in H9c2 cells (Fig. 3A and B). This result supports our 

hypothesis that induction of ER stress represents an important mechanism by which 

calpain-1 induces apoptosis in cardiomyocytes.

Having shown that inhibition of ER stress prevents JNK1/2 activation, we hypothesized that 

JNK1/2 contributed to apoptosis induced by calpain-1 in cardiomyocytes. To address this 

hypothesis, we incubated H9c2 cells with JNK1/2 inhibitor SP600125 (10 μmol/L) after 

infection with Ad-capn1 or Ad-gal. SP600125 significantly attenuated caspase-3 activity and 

reduced DNA fragmentation in Ad-capn1 infected H9c2 cells (Fig. 3C and D). Taken 

together, these results support the view that calpain-induced apoptosis is mediated through 

the ER stress/JNK1/2 pathway in H9c2 cells.

3.3. Hypoxia/re-oxygenation (H/R) induces calpain-1 activation, ER stress and JNK1/2 
activation in cardiomyocytes

Both calpain activation and ER stress were induced in the ischemic heart [15,31]. To 

determine whether calpain activation plays a role in ER stress, we infected H9c2 cells with 

Ad-CAST or Ad-gal as a control, and then induced H/R on these cells. H/R induced 

calpain-1 activation as evidenced by increases in calpain enzymatic activity, active calpain-1 

fragment (75 kDa) and cleaved fragment of α-spectrin (140 kDa) (Fig. 4A–C). Calpain-1 

activation correlated with increases in the protein levels of CHOP, GRP78 and pPERK, 

indicative of ER stress (Fig. 5A and F), and JNK1/2 phosphorylation (Fig. 5B–D). These 

effects of H/R on ER stress and JNK1/2 activation were significantly attenuated by over-

expression of calpastatin (Fig. 5A–D), suggesting an important role of calpain in ER stress 

and JNK1/2 activation. However, H/R did not induce the proteolysis of ATF6 (data not 
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shown). To substantiate the role of calpain-1 in ER stress and apoptosis, we silenced 

calpain-1 and calpain-2 in H9c2 cells using their respective siRNA. Silencing calpain-1 

attenuated H/R-induced ER stress and apoptosis (Fig. 5E–H). In contrast, silencing calpain-2 

had no effects on ER stress and apoptosis (data not shown).

To reproduce the role of calpain in primary neonatal cardiomyocytes, we isolated and 

cultured neonatal cardiomyocytes from capn4-ko mice and their wild-type littermates. After 

hypoxia for 12 h followed by re-oxygenation for 6 h, apoptosis and ER stress were induced 

in wild-type cardiomyocytes; however, deletion of capn4 significantly reduced apoptosis 

and ER stress in capn4-ko cardiomyocytes following H/R (Fig. 6A–C). H/R also reduced the 

protein levels of SERCA2a (Fig. 6D).

To study whether ER stress induced JNK1/2 activation, we incubated H9c2 cells with 

TAUR (100 μmol/L), an inhibitor of ER stress or vehicle. After H/R, incubation with TAUR 

prevented ER stress and JNK1/2 phosphorylation (Fig. 7A–D). Thus, these results 

demonstrate that calpain-1 activation mediates H/R-induced ER stress and subsequent 

JNK1/2 signaling in cardiomyocytes.

3.4. Inhibition of calpain, ER stress and JNK1/2 prevents apoptosis induced by H/R

To investigate the role of calpain/ER stress/JNK1/2 signaling in apoptosis, we infected H9c2 

cells with Ad-CAST or Ad-gal, or incubated them with TAUR (100 μmol/L), JNK1/2 

inhibitor SP600125 (10 μmol/L) or vehicle. After H/R, apoptosis was determined. As shown 

in Fig. 8, H/R significantly increased caspase-3 activity and DNA fragmentation, whereas 

inhibition of calpain (Fig. 8A and B), ER stress (Fig. 8C and D) or JNK1/2 (Fig. 8E and F) 

prevented such effects. These results demonstrate that calpain, ER stress and JNK1/2 

mediate H/R-induced apoptosis in cardiomyocytes.

3.5. Role of calpain in ER stress in an in vivo model of I/R

To examine the role of calpain in ER stress in vivo, I/R protocol was performed in Tg-CAST 

mice and their wild-type littermates. I/R resulted in an increase in calpain activity (Fig. 9A) 

and induced ER stress in wild-type mice as determined by increases in GRP78, CHOP and 

phosphorylated JNK1/2; however, the induction of ER stress was significantly attenuated in 

Tg-CAST mice (Fig. 9B–F). These results confirm that calpain plays an important role in 

ER stress in a mouse model of I/R injury in vivo.

4. Discussion

The major findings of this study are that up-regulation of calpain-1 is sufficient to induce ER 

stress and apoptosis in cardiomyocytes, and that inhibition of calpain-1 prevents ER stress 

and apoptotic cell death in H/R-stimulated cardiomyocytes. Calpain-1/ER stress mediates 

JNK1/2 activation in H/R-stimulated cardiomyocytes. Furthermore, inhibition of ER stress 

and JNK1/2 abrogates calpain-1 or H/R-induced apoptosis. The role of calpain in ER stress 

is also demonstrated in a mouse model of I/R-injury. These findings describe a new 

mechanism connecting calpain-1 activation to ischemic injury in cardiomyocytes.
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Numerous studies have reported increases in calpain-1/2 expression and activities in 

cardiomyocytes following ischemia/re-oxygenation [32] that contribute to cardiomyocyte 

apoptosis [9–11]. The up-regulation of calpain has also been observed in ischemic hearts 

[15,17, 33]. Both pharmacological calpain inhibitors and genetic inhibition of calpain reduce 

acute myocardial injury and improve myocardial function in animal models of ischemia/

reperfusion and MI [13–17]. Our recent study demonstrated that cardiac-specific deletion of 

capn4 attenuates myocardial remodeling and heart failure in mice after MI [15]. These 

previous studies have indicated the pathophysiological significance of calpain activation in 

ischemic heart disease. The present study further confirms the detrimental role of calpain-1 

in ischemic cardiomyocytes in vitro. These data suggest that up-regulation of calpain-1 may 

directly contribute to the development of heart failure following ischemia/reperfusion. 

Indeed, cardiac-specific over-expression of calpain-1 was sufficient to induce heart failure in 

transgenic mice [7].

The mechanisms linking calpain activation to ischemic heart injury and subsequent heart 

failure are incompletely understood, but appear to be multifactorial. Studies using 

pharmacologic calpain inhibitors have suggested that the role of calpain in ischemic heart 

disease may be associated with impairments of Ca2+ handling proteins [24,25], cleavages of 

contractile proteins such as troponin-T and -I [12,34], disruption of Na+/K+-ATPase activity 

[33], and release of apoptosis inducing factor and subsequent apoptosis [35]. Calpain is also 

involved in the calcineurin/NFAT pathways in response to angiotensin-II [36], which 

contributes to myocardial hypertrophy and leads to heart failure after MI [37]. Recent 

studies using both calpain-1 transgenic and knockout mice have shown that calpain-1 

mediates proteolytic processing of PKCα in ischemic myocardium and releases a persistent 

and constitutively active free catalytic fragment, PKCα-CT. PKCα-CT localizes to nuclei 

and directly promotes nucleo-cytoplasmic shuttling of HDAC5, which induces expression of 

apoptosis and other deleterious genes, leading to heart failure [14,38]. More recently, using 

cardiac-specific capn4 knockout mice we have reported that up-regulation of calpain induces 

a reduction of iκB protein and subsequent NF-κB activation. The NF-κB signaling promotes 

the pro-inflammatory response and infiltration of inflammatory cells in infarcted 

myocardium, which contribute to myocardial remodeling and heart failure after MI [15]. In 

the present study, we provide new evidence in support of the view that calpain-1 induces ER 

stress in mediating ischemic injury in cardiomyocytes. First, up-regulation of calpain-1 is 

sufficient to induce ER stress and apoptosis in cardiomyocytes. Second, calpain-1 activation 

correlates with the induction of ER stress in H/R-stimulated cardiomyocytes. Third, 

inhibition of calpain prevents ER stress induced by H/R in cardiomyocytes and by I/R in 

hearts in vivo. Fourth, inhibition of ER stress protects cardiomyocytes against H/R- or 

calpain-1-induced apoptotic cell death. Furthermore, calpain-1 appeared to activate the 

PERK and IRE1 branches of the ER stress response in cardiomyocytes. Thus, ER stress may 

be an additional mechanism connecting calpain-1 to ischemic heart injury. It is worthwhile 

to mention that the present study took a combination of calpain-1/2 siRNA, capn4 knockout 

and calpastatin over-expression approaches to examine the role of calpain-1 in ER stress and 

apoptosis in H/R and I/R-induced injury in cardiomyocytes. The utilities of capn4 knockout 

and calpastatin over-expression provided convincing evidence in support of the involvement 

of calpain-1/2; however, these approaches could not identify which isoforms is important. 
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Direct knockdown of calpain-1/2 confirmed calpain-1 but not calpain-2 as a specific isoform 

to trigger ER stress in cardiomyocytes following H/R.

The role of calpain in ER stress has also been suggested in non-cardiomyocytes. For 

example, calpain-2 was involved in ER stress in SH-SY5Y cells in response to hypoxia [39] 

and in renal cell death following exposure to reactive chemical toxicants [40]. 

Pharmacological inhibition of calpain prevented ER stress in macrophages induced by 

Mycobacterium kansasii type strain [41]. However, in the present study up-regulation of 

calpain-2 was unable to induce ER stress in cardiomyocytes. Consistently, silencing 

calpain-2 did not inhibit ER stress and apoptosis induced by H/R in cardiomyocytes. Thus, 

calpain-2 is not involved in ER stress in cardiomyocytes following H/R. It is most likely that 

cardiomyocytes may respond differently from other cell types upon calpain-2 activation. 

Yet, what causes this discrepancy remains unknown.

The IRE1 branch of the ER stress response induces JNK1/2 activation [19]. Consistently, we 

show that inhibition of ER stress blocks JNK1/2 signaling in both calpain-1 and H/R-

stimulated cardiomyocytes. Importantly, we demonstrate that ER stress/JNK1/2 signaling 

mediates apoptosis in cardiomyocytes following H/R. Our observations support a model 

whereby calpain-1 activation induces ER stress, which in turn promotes JNK1/2 signaling, 

leading to apoptosis in cardiomyocytes suffering ischemic injury. Calpain-1 has also been 

shown to induce cleavage of caspase-12 [42], though whether caspase-12 activation is also 

operative downstream of calpain-1/ER stress signaling in ischemia-initiated apoptosis 

requires further investigation.

It is well-known that ischemia, oxidative stress and disturbance of calcium homeostasis 

usually occur in the heart under stresses, resulting in the accumulation of unfold proteins. 

ER stress has been demonstrated in the ischemic heart [31]; however, it is currently 

unknown how calpain-1 mediates ER stress in cardiomyocytes following H/R. The ER is the 

main organelle in which free Ca2+ is stored [43]. Disturbance of Ca2+ homeostasis in the ER 

lumen inhibits chaperone function and creates ER stress. The SERCA family resides in the 

sarcoplasmic reticulum (SR) within muscle cells. Its main function is the reuptake of Ca2+ 

from the cytosol into the ER/SR lumen [44]. Thus, inhibition of SERCA with thapsigargin 

blocks reuptake of Ca2+ from the cytoplasm, leading to ER stress [45]. Cardiomyocytes 

mainly express SERCA2a [44]. In is-chemic and failing hearts, the protein levels of 

SERCA2a are significantly reduced [46], which correlate with an increase in calpain 

activity. Early studies have suggested that SERCA2a may be a substrate of calpain-1 [24]. 

Thus, it is possible that up-regulation of calpain-1 activity may induce the proteolytic 

cleavage of SERCA2a and thereby block reuptake of Ca2+ from the cytoplasm, leading to 

ER stress. In fact, our data shows that both up-regulation of calpain-1 and H/R decrease the 

protein levels of SERCA2a in cardiomyocytes. However, we did not detect calpain-1 protein 

in isolated SR/ER from cardiomyocytes, which is consistent with a previous report in lung 

adenocarcinoma cells [47]. It is speculated that calpain-1 may cleave SERCA2a outside of 

SR/ER.
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5. Conclusions

This study demonstrates that calpain-1 induces ER stress and subsequent JNK1/2 activation, 

thereby mediating apoptosis in cardiomyocytes. Accordingly, inhibition of calpain prevents 

ER stress, JNK1/2 activation and apoptosis in cardiomyocytes following H/R and hearts 

after I/R. Thus, this study provides a new mechanism by which calpain-1 mediates ischemic 

injury in cardiomyocytes.
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Abbreviations

ER endoplasmic reticulum

H/R hypoxia/re-oxygenation

I/R ischemia/reperfusion

JNK1/2 c-Jun N-terminal protein kinase1/2

MI myocardial infarction

MOI multiplicity of infection

TAUR tauroursodeoxycholate

CI-III calpain inhibitor-III

CAST calpastatin

PERK protein kinase-like ER kinase

IRE1 inositol-requiring kinase 1

ATF6 activating transcription factor 6

eIF2α eukaryotic translation initiation factor 2α

ATF4 translation of transcription factor ATF4

XBP1 X-box binding protein1

CHOP the transcription factor C/EBP homologous protein

SERCA sarco/endoplasmic reticulum Ca2+-ATPase
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Fig. 1. 
Apoptosis and ER stress induced by infection with Ad-capn1. (A–F) Cultured neonatal 

mouse cardiomyocytes were infected with Ad-capn1, Ad-capn2 or Ad-gal as a control, and 

then incubated with calpain inhibitor-III (CI-III), TAUR or vehicle. Twenty-four hours later, 

western blot was performed to analyze capn1, capn2, CHOP and GAPDH proteins, and 

apoptosis was assessed by measuring caspase-3 activity and DNA fragmentation. (A) A 

representative western blot for capn1 protein from 3 different experiments. (B) A 

representative western blot for capn2 protein from 3 different experiments. (C) Caspase-3 

activity. (D) DNA fragmentation. (E and F) Representative western blots from 3 different 

experiments for CHOP and GAPDH proteins. (G and H) H9c2 cells were infected with Ad-

capn1 or Ad-gal as a control, and then incubated with CI-III, TAUR or vehicle. Twenty-four 

hours later, apoptosis was assessed by caspase-3 activity (G) and DNA fragmentation (H). (I 

and J) Representative western blots from 3 different experiments for GRP78, CHOP, 

pPERK and GAPDH. Data are mean ± SD from 3 different experiments. *P < 0.05 vs Ad-

gal or Ad-gal + Vehicle and #P < 0.05 vs Ad-capn1 + Vehicle.
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Fig. 2. 
Role of calpain-1 and ER stress in JNK1/2 activation. (A–C) Cultured neonatal mouse 

cardiomyocytes were infected with Ad-capn1, Ad-capn2 or Ad-gal as a control, and then 

incubated with calpain inhibitor-III (CI-III), TAUR or vehicle for 24 h. (A and B) 

Representative western blots for JNK1/2 and phosphorylated JNK1/2 from 3 different 

experiments. (C) Representative western blots for SERCA2a from 3 different cultures show 

that infection with Ad-capn1 decreases the protein levels of SERCA2a. (D–I) H9c2 cells 

were infected with Ad-capn1 or Ad-gal as a control, and then incubated with CI-III, TAUR 

or vehicle for 24 h. (D and E) Representative western blots from 3 different experiments for 

JNK1/2 and phosphorylated JNK1/2. (F and I) Quantification for the ratio of phosphorylated 

JNK1/2 over JNK1/2. Data are mean ± SD from 3 different experiments. *P < 0.05 vs Ad-

gal or Ad-gal + Vehicle and #P < 0.05 vs Ad-capn1 + Vehicle.
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Fig. 3. 
Effects of TAUR and SP600125 on apoptosis in H9c2 cells. H9c2 cells were infected with 

Ad-capn1 or Ad-gal as a control, and then incubated with TAUR, SP600125 or vehicle. 

Twenty-four hours later, apoptosis was assessed by caspase-3 activity (A and C) and DNA 

fragmentation (B and D). Data are mean ± SD from 3 different experiments. *P < 0.05 vs 

Ad-gal + Vehicle and #P < 0.05 vs Ad-capn1 + Vehicle.
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Fig. 4. 
Measurement of calpain activation in H9c2 cells following H/R. H9c2 cells were subjected 

to a 24-hour hypoxia followed by a 24-hour re-oxygenation. (A) Calpain enzymatic activity 

was measured in H9c2 cells. Data are mean ± SD from 3 different experiments. *P < 0.05. 

(B) is a representative western blot for a 75 kDa active fragment of calpain-1 and (C) for the 

cleavage of α-spectrin (140 kDa), a natural substrate of calpain-1.
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Fig. 5. 
(A–D) Role of calpain in ER stress and JNK1/2 activation following H/R. H9c2 cells were 

infected with Ad-CAST or Ad-gal, and then subjected to a 24-hour hypoxia followed by a 

24-hour re-oxygenation. (A) Representative western blots from 3 different experiments for 

GRP78, CHOP, pPERK and GAPDH. (B) Representative western blots from 3 different 

experiments for phosphorylated JNK1/2 and JNK1/2. (C and D) Quantification for the ratio 

of phosphorylated JNK1/2 over JNK1/2. Data are mean ± SD from 3 different experiments. 

*P < 0.05 vs Ad-gal + Sham and #P < 0.05 vs Ad-gal + H/R. (E–H) Effects of calpain-1 

knockdown on ER stress and apoptosis in H9c2 cells following H/R. H9c2 cells were 

transfected with siRNA for calpain-1 or control siRNA. Twenty-four hours after 

transfection, the cells were subjected to H/R. (E) Representative western blot for capn1 and 

GAPDH proteins from 3 different cultures. (F) Representative western blots for ER stress 

markers (GRP78, phosphorylated PERK (pPERK), CHOP, phosphorylated JNK1/2, and 

JNK1/2) from 3 different cultures show that silencing calpain-1 reduces H/R-induced ER 

stress. (G) Caspase-3 activity and (H) DNA fragmentation. Data are mean ± SD from 3 

different experiments. *P < 0.05 vs Sham + Control siRNA and #P < 0.05 vs H/R + Control 

siRNA.
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Fig. 6. 
ER stress and apoptosis in capn4-ko cardiomyocytes following H/R. Neonatal 

cardiomyocytes were isolated and cultured from capn4-ko mice and their littermates. 

Twenty-four hours after isolation, the cells were subjected to H/R (12-hour hypoxia 

followed by 6-hour re-oxygenation). Apoptosis was determined by caspase-3 activity (A) 

and DNA fragmentation (B). Data are mean ± SD from 3 different experiments. *P < 0.05 

vs Sham + WT and #P < 0.05 vs H/R + WT. (C) Representative western blots for ER stress 

markers from 3 different cultures show that deletion of capn4 attenuates ER stress in 

cardiomyocytes following H/R. (D) A representative western blot for SERCA2a from 3 

different cultures shows a reduction in SERCA2a protein after H/R.
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Fig. 7. 
Role of ER stress in JNK1/2 activation following H/R. H9c2 cells were incubated with 

TAUR or vehicle and then subjected to a 24-hour hypoxia followed by a 24-hour re-

oxygenation. (A) Representative western blots from 3 different experiments for GRP78, 

CHOP, pPERK and GAPDH. (B) Representative western blots from 3 different experiments 

for phosphorylated JNK1/2 and JNK1/2. (C and D) Quantification for the ratio of 

phosphorylated JNK1/2 over JNK1/2. Data are mean ± SD from 3 different experiments. *P 

< 0.05 vs Vehicle + Sham and #P < 0.05 vs Vehicle + H/R.
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Fig. 8. 
Determination of apoptosis in H9c2 cells after H/R. H9c2 cells were infected with Ad-

CAST or Ad-gal, or incubated with TAUR, SP600125 or vehicle, and then subjected to a 

24-hour hypoxia followed by a 24-hour re-oxygenation. Apoptosis was assessed by 

measuring caspase-3 activity (A, C, E) and DNA fragmentation (B, D, F). Data are mean ± 

SD from 3 different experiments. *P < 0.05 vs Sham + Ad-gal or Sham + Vehicle and #P < 

0.05 vs H/R + Ad-gal or H/R + Vehicle.
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Fig. 9. 
Effects of calpastatin over-expression on ER stress in an in vivo mouse model of ischemia/

reperfusion (I/R). Adult transgenic mice with calpastatin over-expression (Tg-CAST) and 

their wild-type littermates (WT) were subjected to an I/R procedure. (A) Calpain activity 

was measured in heart tissue lysates. Data are mean ± SD, n = 6. *P < 0.05 vs Sham. (B) 

Representative western blots for ER stress markers from 2 out of 6 hearts in each group. (C–

F) Quantifications for GRP78 (C), CHOP (D), phosphorylated JNK1/JNK1 (E) and 

phosphor-ylated JNK2/JNK2 (F). Data are mean ± SD, n = 6. *P < 0.05 vs Sham + WT 

and #P < 0.05 vs I/R + WT.
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