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Abstract

Aims—Loss of cardiac muscle by programmed cell death contributes to the progression of 

ischemic heart disease. Hypoxia, metabolite waste buildup and energy depletion are components 

of ischemia which may initiate caspase dependent and independent cell death pathways. Previous 

work from our laboratory has shown that combined hypoxia with acidosis, a hallmark of ischemia 

promotes cardiac myocyte injury with increasing severity as the pH declines. Hypoxia-acidosis 

was demonstrated to activate the pro-apoptotic Bcl-2 protein BNIP3 which initiated opening of the 

mitochondrial permeability transition pore and cell death in the absence of caspase activation. 

Because calpains are known to contribute to ischemic myocardial damage in some models, we 

hypothesized that they are intermediates in the BNIP3-mediated death caused by hypoxia-acidosis.

Main methods—Neonatal rat cardiac myocytes were subjected to hypoxia with and without 

acidosis and the contribution of calpains to hypoxia-acidosis cell death determined.

Key findings—Here we report that the death pathway activated by hypoxia-acidosis is driven by 

a combination of calcium-activated calpains and pro-death factors (DNases) secreted by the 

mitochondria. Cytochrome c accumulated in the cytoplasm during hypoxia-acidosis but caspase 

activity was repressed through a calpain-dependent process that prevents the cleavage of 

procaspase 3. Calpain inhibitors provide vigorous protection against hypoxia-acidosis-induced 

programmed death. Knockdown of BNIP3 with siRNA prevented calpain activation confirming a 

central role of BNIP3 in this pathway.

Significance—The results implicate BNIP3 and calpain as dependent components of cardiac 

myocyte death caused by hypoxia-acidosis.
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INTRODUCTION

Patient studies as well as results from animal models have confirmed that rates of apoptosis 

and necrosis are increased in the failing myocardium (1-4). Death of cardiac myocytes 

through both programmed and non-programmed pathways is a central feature of ischemic 

heart disease (reviewed in (5, 6)). The damage to the myocardium that ensues after 

ischemia-reperfusion is closely related to the duration and severity of the ischemic period, 

and infarction may continue to develop for days or weeks after ischemia. The relative 

contribution of necrosis and apoptosis to cell death during infarction is unclear (6, 7).

Hypoxia and acidosis are obligatory components of ischemia and the combination may 

provide a critical death signal (8, 9). Ischemic cardiac myocytes generate excess H+ through 

increased anaerobic metabolism, net hydrolysis of ATP, and CO2 retention (10). The excess 

protons are extruded from the myoplasm to the interstitial space by the combined action of 

three major ion-specific membrane transporters, including the Na+-H+ exchanger, the Na+-

HCO3- cotransporter, and the vacuolar proton ATPase (11). Increased activity of the Na+-H+ 

exchanger can cause Ca2+ overload because the elevated intracellular Na+ is subsequently 

exchanged for Ca2+ via reversal of the Na+-Ca2+ exchanger (12). Cytoplasmic Ca2+ 

overload is buffered by sequestration into both the mitochondria and sarcoplasmic 

reticulum.

Calpains comprise a family of Ca2+-dependent cysteine proteases that have been implicated 

in a variety of diseases including Alzheimer’s disease, diabetes mellitus, cancer, and 

ischemia (13-15). Although 15 calpain gene products have been reported only µ-calpain and 

m-calpain are ubiquitously expressed (reviewed in (16)). Inactive calpains exists as 

heterodimers composed of a large catalytic subunit and a common small regulatory subunit. 

Each calpain differs in its Ca2+ sensitivity, with µ-calpain and m-calpain being activated by 

micro- and millimolar concentrations of Ca2+ respectively. Phosphorylation or intracellular 

localization can lower the Ca2+ concentration required for activation in vivo. Calpains are 

normally cytoplasmic and present in inactive forms through binding to calpastatin, an 

endogenous inhibitor. Following activation by Ca2+ calpains selectively degrade 

intracellular proteins. In the heart calpain activation accompanies pressure-overload heart 

failure, myocardial ischemia, and may contribute to myocardial remodeling following 

ischemia/reperfusion injury (17-19).

We have previously reported that hypoxia induced the expression of the pro-apoptotic, Bcl-2 

family protein BNIP3, and acidosis promoted BNIP3 membrane translocation and activation 

of the death pathway (8). Antisense knock-down of BNIP3 or inhibitors of the mitochondrial 

permeability transition pore (MPTP) blocked the death pathway but caspase inhibitors did 

not (9). Therefore we hypothesized that caspases are not activated by hypoxia-acidosis but 

instead the death pathway is mediated by calpain activation. Here we confirm that caspases 
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are not activated by hypoxia-acidosis, rather the death pathway is dependent on the activity 

of calpains. Calpain activity increased in parallel with increasing acidosis, and calpain 

inhibitors or calcium channel blockers inhibited the death pathway. Caspase activity was 

actively suppressed by calpains during hypoxia-acidosis, and there was evidence of calpain-

mediated cleavage of procaspase 3. BNIP3 knock-down with siRNA reduced calpain 

activation suggesting a role for BNIP3 in this process.

METHODS

Reagents

Anti-caspase 3 antibody was from Cell Signaling. Antibodies for α-fodrin and actin were 

obtained from Chemicon International. Antibody specific for calpastatin was from Santa 

Cruz Biotechnology, Inc. Anti-COXIV antibody was from Molecular Probes. Anti-BNIP3 

was from Abcam. Anti-α-tubulin antibody, ALLN, PD150606, PD151746, BocD, Hoechst 

33258, and RU360 were from Calbiochem. BAPTA-AM, 5-(N-Ethyl-N-isopropyl) 

amiloride (EIPA), and Nifedipine were from Sigma. BHQ and KB-R7943 mesylate were 

from Tocris Cookson Inc. All inhibitors were dissolved in DMSO except for RU360 and 

Bcl-XL BH4 domain peptide (TAT-BH4) which were dissolved in water. The inhibitors 

were diluted in media at a concentration of 1:1000 or greater depending upon inhibitor 

concentration used. Vehicle treatment groups were exposed to the highest concentration of 

DMSO used in inhibitor treated samples.

Cardiac Myocyte Culture

All animal protocols were approved by the Animal Care and Use Committee of the 

University of Miami. Primary cultures of neonatal rat cardiac myocytes were prepared from 

Sprague-Dawley rats as previously described (8, 20). Using this protocol approximately ten 

60 mm cultures dishes or equivalent were prepared per litter. In total approximately 75 

litters were used. Rat pups were euthanized by decapitation. Briefly, enriched cultures of 

cardiac myocytes were obtained from 1-2 day old neonatal rats by stepwise trypsin 

dissociation, and plated at a density of 4 × 106 cells/60 mm dish, or on 2-well glass slides 

from Nalgene Nunc Int. at a density of 8 × 105 cells/cm2, in minimal essential medium 

(MEM) supplemented with 5% fetal calf serum, penicillin, streptomycin, and BrdU. After 

3-5 days, cells were rinsed three times in MEM and transferred to serum-free MEM 

supplemented with holo-transferrin, vitamin B12, and insulin. The final cultures contained 

>97% cardiac myocytes contracting at >200 beats per minute. Prior to hypoxia exposure, 

cells were placed in MEM with supplements and 2 g/L of glucose (8, 20).

Hypoxia

Details of our methods for exposing cells to hypoxia have been described previously (20). 

Acidosis was allowed to develop in the cultures through buildup of metabolic waste or in 

some cases by adjusting the pH with lactic and phosphoric acid (8). Oxygen was 

continuously monitored with an oxygen electrode inside the chamber and maintained at 

0.1%. Cultures were lysed under hypoxia using ice-cold deoxygenated buffers for analyses.
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Quantitative Analysis of Apoptotic Nuclei

Cells were examined for morphologic evidence of apoptosis or necrosis after staining with 

the fluorescent DNA-binding dyes Hoechst 33258 exactly as previously described (8, 21) . 

Cells were incubated with 2 μg/ml Hoechst 33258 for 15 min and visualized using a Zeiss 

Axiovert 200 inverted phase fluorescence microscope.

Analysis of DNA Fragmentation

Genomic DNA fragmentation (DNA ladders) was analyzed exactly as described previously 

(8, 21). Samples (8 µg) were subjected to electrophoresis in 2% agarose gels and imaged by 

ethidium bromide staining and digital photography.

Analysis of Caspase Activity

The enzymatic activity of caspases 3 and 9 were analyzed using caspase fluorometric assay 

from R&D Systems. Following incubation of cell lysates with the fluorometric substrate, 

levels of fluorescence were determined using a Victor 1420 Multi-label Counter.

Western Blot Analysis

Our procedures for Western blots have been described in detail elsewhere (8, 21). Equal 

amounts of protein were fractionated on 6-12% SDS-polyacrylamide gels and electroblotted 

to nitrocellulose (BioRad). Primary antibodies were incubated overnight at 4°C. Proteins 

were visualized by enhanced chemiluminescence (ECL), following incubation with 

horseradish peroxidase-conjugated secondary antibodies from Pierce Thermo Scientific.

Viability Assay

The end stage of the death pathway was analyzed using the LIVE/DEAD viability/

Cytotoxicity kit from Molecular Probes. Briefly, cardiac myocytes were incubated 

aerobically or under hypoxia with 2 μM Calcein-AM or with 4 μM ethidium homodimer 

(EthD-1) for 20 min and visualized by fluorescence microscopy. The polyanionic dye 

Calcein-AM is retained in living cells and produces an intense green fluorescence while 

EthD-1 only enters permeabilized membranes.

Subcellular Fractionation

Cell fractionation was performed as described previously (20). After mechanical disruption, 

cells and nuclei were separated by centrifugation at 120 × g for 10 min; supernatants were 

centrifuged at 10,000 × g for 30 min to remove the heavy (mitochondrial) membrane 

fraction with the supernatant representing the cytoplasmic fraction.

Mitochondrial Assays

Mitochondrial membrane potential and pore transition were determined using a JC-1 Kit 

from Cell Technology. Briefly, cardiac myocytes plated on Nunc glass slides were incubated 

with JC-1 under aerobic or hypoxic environments for 15 min. Cells were immediately 

visualized and photographed with a dual-bandpass filter that simultaneously detects 

fluorescein and rhodamine. JC-1 accumulates only in the mitochondria with intact 
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membrane potential and emits red fluorescence. In cells with collapsed mitochondrial 

membrane potential, JC-1 remains cytoplasmic and emits green fluorescence.

siRNA knockdown of BNIP3

BNIP3 protein expression was inhibited using rat specific BNIP3 siRNA from Dharmacon 

as previously described (22, 23). Cells were transfected with 10 nM BNIP3 or random 

sequence siRNA overnight using DharmaFECT transfection reagent. Using this protocol 

BNIP3 protein knock-down was greater the 95%.

Statistical analysis

All data are expressed as mean ± S.E.M. Statistical analysis was performed using Social 

Sciences Statistical Package (SPSS, Inc.). Statistical analysis between two groups was 

performed using the unpaired Student’s t-test. Statistical analysis between more than two 

groups was performed using a one-way ANOVA with Dunnett’s multiple comparison post 

hoc test. P < 0.05 was considered statistically significant.

RESULTS

Calpain but not caspase inhibitors block death by hypoxia-acidosis

We previously reported that broad-range caspase inhibitors ZVAD and BocD did not 

prevent cardiac myocyte death during exposure to hypoxia-acidosis (9). As a first step to 

determine whether calpains were involved, cardiac myocytes were treated under hypoxia 

with three calpain-selective inhibitors and programmed death was monitored by analysis of 

DNA fragmentation. As shown in Figure 1A the calpain 1 and 2 inhibitor, PD150606, and 

the calpain 1 inhibitor, PD151746, blocked DNA fragmentation in a dose-dependent 

manner. In Figure 1B we compared the effects of PD15606 and ALLN, a cysteinyl protease 

inhibitor and a competitive inhibitor of both calpains, with the broad range caspase inhibitor 

BocD. Both calpain inhibitors significantly blocked DNA fragmentation whereas the 

caspase inhibitor did not. Conversely caspase, but not calpain inhibitors blocked caspase-

dependent DNA fragmentation in aerobic cells driven by staurosporine (Figure 1B right 

panel).

The protection afforded by calpain inhibitors was confirmed using cell permeable and 

impermeable viability dyes, Calcein-AM and ethidium bromide (EthD-1), respectively. As 

shown in Figure 1A-C, long-term exposure to hypoxia-acidosis results in cleavage of 

genomic DNA predominantly into two fragments of ~ 250 and 500 bp. This coincides with a 

parallel enhancement of nuclear EthD-1 staining consistent with loss of membrane integrity 

and cell death (Figure 1C). These results are consistent with a previous report from this 

laboratory (9). Loss of membrane integrity indicated by intense EthD-1 staining was 

prevented by calpain, but not by caspase inhibition (Figure 1C). Similarly, hypoxia-acidotic 

cultures did not support Calcein-AM fluorescence in the absence of calpain inhibition 

(Figure 1D). The effects of calpain inhibitors were selective for the death pathway caused by 

hypoxia-acidosis because neither PD150606 nor ALLN blocked DNA fragmentation caused 

by hypoxia with concurrent energy depletion (Figure 1E). Under these conditions, glucose 

was depleted from the cultures within 12 h and cellular ATP decreased to < 20% within 24 h 
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(data not shown; see (8, 24)). In independent experiments, these results were supported by 

Hoechst stain quantification of condensed nuclei (data not shown). Therefore calpain 

inhibitors preserved the structural and genomic integrity of cardiac myocytes even under 

extreme hypoxia-acidosis. In confirmation of this we found that reoxygenation supported 

recovery of contractility after severe hypoxia-acidosis only when calpain inhibitors were 

present (data not shown).

Activation of Calpains by Hypoxia-Acidosis

To confirm a role for calpains in hypoxia-acidosis-induced cell death we examined the 

cleavage products of α-fodrin in cardiac myocytes after exposure to hypoxia with 

progressive acidosis (Figure 2A). All samples contained a prominent ~240 kDa band that 

represents native α-fodrin with minor bands at 160 and 120 kDa. Caspases cleave α-fodrin 

into 160 and 120 kDa products whereas calpains cleave α-fodrin initially into a 160 and 145 

kDa products and subsequently to 80-70 kDa. During exposure of cardiac myocytes to 

hypoxia-acidosis α-fodrin was cleaved into 160, 145, and 80 kDa products whereas 

staurosporine treatment generated only 160 and 120 kDa products (Figure 2A). α-fodrin 

cleavage during hypoxia-acidosis was prevented by calpain inhibitors PD150606 and 

PD151746 (Figure 2B). These results are consistent with activation of calpains but not 

caspases by hypoxia-acidosis. Calpains are normally sequestered as inactive complexes with 

calpastatin. During activation, calpains dissociate from calpastatin and calpastatin is 

degraded; therefore calpastatin levels are diagnostic of calpain activity. To confirm 

activation of calpains by hypoxia-acidosis, we analyzed the levels of calpastatin by western 

blot. As shown in Figure 2C and D, calpastatin levels and α-tubulin, a target of calpains, 

decreased during hypoxia-acidosis in parallel with α-fodrin cleavage which could be 

blocked by calpain inhibition. These results confirm that calpains are activated by hypoxia-

acidosis and contribute to caspase-independent death of cardiac myocytes.

Cytochrome c is released but caspases are not activated during hypoxia-acidosis

Hypoxia-acidosis promotes opening of the MPTP and the release of pro-apoptotic factors 

from the mitochondria that are blocked by MPTP inhibitors thereby conferring protection (9, 

20). This is predicted to support activation of caspase-dependent apoptosis. Cytochrome c 

release is required for caspase activation; therefore we measured cytoplasmic cytochrome c 

levels. As illustrated in Figure 3A and B, there is a significant accumulation of cytoplasmic 

cytochrome c which accompanies hypoxia-acidosis exposure. To determine whether the 

intrinsic pathway of apoptosis is activated as predicted, we measured the activities of 

caspases 3 and 9. As shown in Figure 3C, both caspases were activated in aerobic cells by 

staurosporine treatment, but not in cells exposed to hypoxia-acidosis. Therefore we 

addressed this apparent anomaly by determining whether hypoxia-acidosis precluded 

caspase activation. To determine this, caspase 3 activity was quantified during staurosporine 

treatment with simultaneous exposure to hypoxia and/or acidosis. As shown in Figures 3D 

and E, staurosporine-mediated caspase 3 activity was not influenced by either acidosis or 

hypoxia alone but it was abrogated by combined hypoxia-acidosis.
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Calpains block caspases during hypoxia-acidosis

Previous studies have demonstrated cross-talk between caspases and calpains (25). To 

determine whether calpains regulate caspases activity during hypoxia-acidosis, cardiac 

myocytes were pretreated with calpain inhibitors PD150606 and exposed to staurosporine 

and hypoxia-acidosis. As shown in Figure 3F, caspase 3 was activated by staurosporine only 

when calpains were inhibited with PD150606. To investigate the mechanism by which 

calpains suppress caspase 3 activation we analyzed the cleavage products of procaspase 3 in 

the presence and absence of staurosporine, PD150606, and hypoxia-acidosis (Figure 3G). 

Staurosporine treatment of aerobic or hypoxic cultures generated the predicted 17 kDa 

activated caspase 3 cleavage product that was unaffected by PD150606 treatment. In 

contrast staurosporine treatment did not generate a 17 kDa-cleavage product under 

conditions of hypoxia-acidosis, but rather a larger fragment of about 30 kDa was produced. 

When myocytes were pretreated with PD150606 before exposure to staurosporine and 

hypoxia-acidosis, the 30 kDa product was eliminated and the 17 kDa product reappeared 

confirming that hypoxia-acidosis inhibits processing of procaspase 3 in a calpain-dependent 

manner.

Role of the mitochondria

The dominant role of calpains over caspases in hypoxia-acidosis mediated cell death raises 

the question of the relevance of the MPTP and the mitochondrial membrane potential to this 

atypical apoptotic death pathway. We previously demonstrated that this pathway was 

blocked by antisense BNIP3 and MPTP inhibitors (9). Therefore we asked whether calpains 

provide signals for mitochondrial dysfunction. To test this we used JC-1 to monitor 

mitochondrial membrane potential during hypoxia-acidosis (Figure 4A and B). In aerobic 

myocytes JC-1 is accumulated in the mitochondria producing a punctate red fluorescence. 

This pattern was maintained in hypoxic-neutral cultures, but was lost in favor of a more 

punctate green fluorescence during hypoxia-acidosis indicating loss of membrane potential. 

The membrane potential was not preserved by calpain inhibition with PD150606, suggesting 

that calpain activation is downstream of mitochondrial dysfunction. Pre-treatment with 

TAT-BH4, a selective MPTP inhibitor peptide (26-28) prior to hypoxia-acidosis preserved 

the membrane potential and prevented DNA fragmentation (Figure 4C). These results 

indicate that MPTP opening is independent of calpain activation but is a required step in the 

hypoxia-acidosis cell death pathway.

Role of BNIP3 in calpain activation

We previously demonstrated that BNIP3 over-expression induces the opening of the MPTP 

under conditions of acidosis and that acidosis increases BNIP3 binding to membranes (9). 

Therefore we asked whether calpain activation during hypoxia-acidosis requires BNIP3. To 

test this we used a BNIP3-specific siRNA to knock-down BNIP3 expression, and examined 

the cleavage products of the calpain small subunit p30, and α-fodrin. As shown in Figure 

4D, both the calpain small subunit and α-fodrin cleavage products (145 kDa), both indicator 

of calpain activation, were blocked by BNIP3-specific siRNA but not by random sequence 

siRNA consistent with a role for BNIP3 in the mitochondria-dependent activation of calpain 

during exposure of cardiac myocytes to hypoxia-acidosis.
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Calcium is required for hypoxia-acidosis cell death

Because calpains require calcium for activity and because it has been demonstrated that 

BNIP3 alters endoplasmic reticulum and mitochondrial calcium levels (29), we investigated 

the possible intracellular source(s) of calcium using chelators and channel-selective 

inhibitors. Treatment of cells with BAPTA-AM (intracellular calcium chelator), BHQ (SR-

calcium channel blocker), or RU360 (mitochondrial calcium uptake inhibitor) prevented the 

calpain-mediated cleavage of α-fodrin and effectively blocked DNA fragmentation during 

hypoxia-acidosis (Figure 5 A, C, D, E). The increase levels of DNA fragmentation observed 

at the higher concentrations of BAPTA-AM and BHQ have been previously reported (30, 

31) and may be the result of ER calcium depletion leading to the activation of ER stress 

pathways. EPIA (Na+/H+ channel blocker), KB-R7943 (reverse mode Na+/Ca2+ blocker) 

and nifedipine (voltage-dependent Ca2+ channel blocker) also blocked α-fodrin cleavage 

and reduced DNA fragmentation although not as effectively as the former reagents (Figure 

5B, F, G, H). These results indicate that calcium is integral to this pathway and chelation of 

intracellular calcium or inhibition of calcium transport from the mitochondria or 

sarcoplasmic reticulum (SR) block calpain activation and DNA fragmentation. The results 

are also consistent with the known cross-talk between the mitochondria and SR (32) and the 

localization of BNIP3 to non-mitochondrial as well as mitochondrial sites (29). These results 

also indicate that Ca2+ release from the ER/SR may be more important in the activation of 

calpains then Ca2+ influx by plasma membrane mechanisms. Pre-treatment of myocytes 

with RU360 did not affect apoptosis caused by staurosporine (data not shown).

DISCUSSION

We describe a novel pathway of caspase-independent cardiac myocyte death that is caused 

by a combination of hypoxia and acidosis and driven by activated calpains. The pathway 

may be relevant to myocardial infarction caused by prolonged ischemia where hypoxia and 

acidosis are obligatory. These results support the pathway illustrated in Figure 6. We found 

that combined hypoxia and acidosis promoted a progressive pH-dependent fragmentation of 

genomic DNA and loss of sarcoplasmic membrane integrity that was prevented by calpain 

inhibitors, calcium blockers, MPTP inhibition, and knock down of BNIP3 by siRNA. The 

results are consistent with our previous report that hypoxia-acidosis promotes opening of the 

MPTP and BNIP3-dependent but caspase-independent death of cardiac myocytes. Our 

results further show that caspase 3 activation was prevented in a calpain-dependent manner 

during exposure to hypoxia-acidosis despite MPTP opening and release of pro-apoptotic 

mediators. The mechanism by which caspases are inhibited during hypoxia-acidosis 

involves calpain-dependent cleavage of procaspase 3 that prevents its activation. Procaspase 

3 cleavage was prevented and caspase 3 activated when cardiac myocytes were exposed to 

hypoxia-acidosis in the presence of calpain inhibitor. These results also support our previous 

report that cardiac myocyte loss caused by hypoxia-acidosis is caspase-independent but 

BNIP3, and MPTP-dependent (9). It seems probable that the decline in intracellular pH 

causes the reversal of plasma membrane Na+-Ca2+ exchangers resulting in increased 

cytoplasmic Ca2+ which is rapidly buffered by the mitochondria and SR. Concurrently, low 

pH stabilizes BNIP3 and in parallel may promote integration into the mitochondrial 

membranes where it causes opening of the MPTP and subsequent release of cytochrome c 
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and excessive Ca2+, an initiating step in both calpain and caspase activation (9, 22, 33, 34). 

Our results are consistent with a role for the endoplasmic reticulum which may release 

additional excessive calcium in a BNIP3-dependent manner. The results are also consistent 

with our previous reports that this death pathway involves the nuclear accumulation of 

multiple caspase-independent DNases (20). The death pathway is BNIP3-dependent and 

insensitive to pan-caspase inhibitors. We found no evidence for changes in abundance or 

intracellular localization of Bax, BAD or Bid (data not shown).

Calpains are a family of calcium-dependent serine proteases ubiquitously present, usually in 

an inactive form in the cell cytoplasm. Apoptotic stimuli that increase cytosolic Ca2+ are 

expected to simultaneously increase the activity of calpains. Sarcoplasmic Ca2+ levels 

increase during both the ischemic and reperfusion phases of myocardial ischemia, and are 

predicted to activate calpains (32, 35). Mitochondria and the SR are major intracellular 

storage sites for Ca2+. We found that calpain inhibitors blocked cell death but did not block 

MPTP opening; suggesting that MPTP opening precedes calpain activation. The death 

pathway was also blocked by inhibiting the SERCA2 pump with BHQ or the plasma 

membrane L-type Ca2+ channel with nifedipine. These results implicate multiple 

intracellular sources of calcium as well as accumulation from the extracellular compartment. 

Calcium can accumulate during ischemia by the combination of Na+/H+ and Na+/Ca2+ 

exchangers (36). Inhibition of the Na+/H+ exchanger with EPIA or the reverse mode of the 

Na+/Ca2+ channel by KB was protective but less so than the other channel inhibitors.

Inhibition of the MPTP with the TAT-BH4 peptide was highly protective suggesting a 

critical role of the mitochondrial pore in activating calpain and promoting the death 

pathway. Previous work from this and other groups indicate that BNIP3 targets 

mitochondrial and non-mitochondrial intracellular sites (9, 29, 37). Recently it was 

demonstrated that localization of BNIP3 to the endoplasmic reticulum (ER) initiates a Ca2+-

dependent, caspase-independent death pathway which could be blocked by inhibiting 

mitochondrial uptake of Ca2+ with RU360 (29). It was demonstrated that ER localized 

BNIP3 facilitates the release of Ca2+ from the ER which is subsequently taken up by the 

mitochondria thereby inducing mitochondrial dysfunction and caspase-independent cell 

death. As discussed above, an increase in Ca2+ influx during hypoxia-acidosis overloads the 

ER and the mitochondria thereby exacerbating possible ER to mitochondrial Ca2+ transport. 

BNIP3 appears to mediate Ca2+ release from the ER and mitochondria during hypoxia-

acidosis because knock-down of BNIP3 expression with siRNA also blocked calpain 

activation. The reversal of plasma membrane Ca2+ transporters during hypoxia-acidosis 

would result in enhanced mitochondrial and SR Ca2+ levels which may enhance calpain 

activation upon release by BNIP3. In a pressure overload model of heart failure, BNIP3 was 

demonstrated to induce ER to mitochondrial Ca2+ shuttling via VDAC oligomerization (38) 

and to increase the expression of the ER stress (p-eIF2a) and apoptotic (CHOP) markers. 

Therefore the protective effect of TAT-BH4, which blocks VDAC channels (26), in this 

study may also exert its protective effect through the inhibition of ER-mitochondrial Ca2+ 

shuttling in conjunction with regulating MPTP opening.

A role for intracellular acidosis in promoting cellular damage during myocardial ischemia 

has been recognized for some time (39, 40). Acidosis is an obligatory component of 
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ischemia and can promote cell death by activating acid-regulated DNases, promoting Ca2+ 

overload, and stimulating multiple protease and kinase pathways (11, 35). During 

experimental myocardial ischemia in rodents, the left ventricular pH drops to approximately 

6.5 within 10 min of ischemia and falls below 6.0 after 20-30 min (41, 42). Interestingly 

only the longer ischemic period that involves extreme low pH promotes infarction during 

reperfusion. Cardiac biopsies taken from pigs and humans after cross clamping undergo a 

pH-dependent programmed death that is most severe at pH below 6.0 (43). The low pH 

values observed in ischemic tissues described in these and other studies are well within the 

range for BNIP3 activation and initiation of this death pathway.

Death of cardiac myocytes contributes significantly to the progression of ischemic heart 

disease but the extent of death that is attributed to programmed pathways and the relative 

contributions of apoptosis, necrosis, and autophagic pathways are not clear. Olivetti et al (1) 

first described a dramatic increase (232-fold) of apoptosis in the hearts of patients with heart 

failure. They used multiple parameters including DNA strand breaks, DNA fragmentation 

and nuclear morphology. These results were generally supported by Narula et al. (44) and 

Seleste et al. (45) . Kajstura et al. demonstrated that apoptosis was the major form of cardiac 

myocyte loss during ischemia/reperfusion in rats as assessed by terminal deoxynucleotidyl 

transferase analysis and DNA laddering (7), but necrosis vastly exceeded apoptosis in hearts 

subjected to coronary constriction (2) . There has been ongoing debate over whether 

histological or fragmentation measurements including TUNEL and DNA ladders accurately 

reflect programmed death. The concept of necrosis as an unregulated chaotic event has also 

changed, and pathways expressing multiple markers of apoptosis, necrosis, and autophagic 

death have been described (46). The pathway activated by BNIP3 may best be described as 

an intrinsic pathway of programmed necrosis. Because it is caspase negative and only 

weakly TUNEL positive (20), this form of cell loss may have been overlooked in some 

previous analyses of ischemic tissues that leant heavily on such parameters. Our previous 

findings in human tissues, as well as the results from ischemic rat hearts suggest that BNIP3 

may contribute significantly to the loss of myocardium in patients with ischemic heart 

disease (22).
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Figure 1. 
Calpain inhibition reduces programed cell death in cardiac myocytes exposed to hypoxia-

acidosis. (A) Cardiac myocytes were exposed to hypoxia-acidosis (HX-Acid) in the 

presence of increasing concentrations of the calpain I and II inhibitor, PD150606, or the 

calpain I inhibitor, PD151746. Cells were harvested at 48 h (final pH 5.5-6.0) and DNA 

fragmentation determined (n = 3). In (B), myocytes were exposed to hypoxia as in (A) and 

treated with the calpain inhibitors ALLN, PD150606, or with the caspase inhibitor BocD 

(100 μM). In parallel, aerobic myocytes were treated with 100 μM ALLN, PD150606 or 

BocD and exposed to staurosporine (1 µM) to induce caspase dependent cell death (n = 3). 

In (C), EthD-1 staining was determined in cardiac myocytes treated with 100 μM 

PD150606, or BocD and exposed to hypoxia-acidosis for 48 h (pH < 6.0). Nuclei were 

visualized by Hoechst 33342 staining. EthD-1 fluorescents quantitation is shown to the right 

(n = 4). The effects of calpain inhibition on the viability dye, Calcein-AM, staining is shown 

in (D) with Calcein-AM quantitation shown below (n = 4). Both concentrations of 

PD150606 were protective; similar results were observed using PD151746 (not shown). To 

determine if calpains are activated during energy depletion, cardiac myocytes were treated 

with 100 μM ALLN (AL) or PD150606 (PD) under hypoxia in media containing 0.25 g/L 

glucose and DNA fragmentation determined (E) (n = 3 ). Results are mean ± S.E.M., (* p < 

0.05 compared to aerobic controls, # p < 0.05 compared to HA), Vehicle (V)
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Figure 2. 
Time course of calpain activation during hypoxia-acidosis. Cardiac myocytes were exposed 

to hypoxia-acidosis for the times indicated or to staurosporine (1 μM) for 8 h. Western blots 

were probed for the calpain substrates α-fodrin (A) (n = 5) and calpastatin (C) (n = 4). 

Arrow indicates calpain specific α-fodrin cleavage. The effect of calpain inhibition on 

calpain activation was determined in cardiac myocytes exposed to hypoxia-acidosis. Calpain 

activity was determined by α-fodrin, and calpastatin cleavage (B and D) (n = 4). Vehicle 

(V).
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Figure 3. 
Caspase activation is inhibited by calpains during hypoxia-acidosis. (A) Cardiac myocytes 

were subjected to hypoxia or hypoxia with progressive acidosis and the cytoplasmic 

cytochrome c protein levels determined. VDAC was used to determine the purity of the 

cytoplasmic fraction. Quantitation of cytoplasmic cytochrome c is shown in (B) (n = 5). 

Caspase 9 and 3 activities in cardiac myocytes exposed to hypoxia-acidosis or 1 μM 

staurosporine is shown in (C) (n = 4). In (D), the effect of hypoxia, acidosis, and hypoxia-

acidosis on caspase 3 activity was determine in cardiac myocytes after 8 h exposure to 1 μM 

staurosporine in neutral, acidic (pH 6.5), or hypoxia-acidic cultures as indicated (n = 4). In 

(E), cardiac myocytes were exposed to hypoxic-acidosis with and without 1 μM 

staurosporine for 8 h at progressively lower pH and caspase 3 activity determined (n = 4). In 

(F), staurosporine (1 μM) induced caspase 3 activity was determined in cardiac myocytes 

subjected to aerobic incubation, hypoxia-acidosis, or hypoxia-acidosis with 100 μM 

PD150606 (n = 4). Western blot analysis of caspase 3 protein activation is shown in (G). 

Inactivated procaspase 3 migrates at 35 kDa, activated caspase 3 migrates at 17 kDa, and a 

30 kDa product (arrow) was observed only under hypoxia-acidosis. The 30 kDa product 

disappeared with PD150606 (100 μM) treatment (n = 3). Results are mean ± S.E.M., ( # p < 

0.05 compared to aerobic controls; * p<0.05 compared to vehicle controls).
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Figure 4. 
Calpain activation is dependent upon BNIP3 following mitochondrial dysfunction. (A) 

Mitochondrial membrane potential was determined by JC-1 staining in cardiac myocytes 

treated with 100 µM PD150606 or 50 nM TAT-BH4 peptide following 24 h hypoxia or 

hypoxia-acidosis (pH 6.0) exposure. The red punctate staining indicates intact mitochondrial 

membrane potential were as predominantly green staining indicates collapsed mitochondrial 

membrane potential. JC1 quantitation is shown in (B) (n = 8). The effects of TAT-BH4-

peptide on DNA fragmentation is shown in (C) (n = 3). In (D), BNIP3 protein was knocked-

down using BNIP3 specific siRNA and the autolytic degradation product of the small 

calpain subunit p30 (arrow) and the 145 kDa α-fodrin specific calpain cleavage product 

(arrow) determined. Parallel plates were treated with random sequence siRNA controls 

which did not affect BNIP3 expression or calpain activation (n = 3). Results are mean ± 

S.E.M., (* p<0.05 compared to aerobic controls).
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Figure 5. 
Effect of calcium modulators on calpain activation. Hypoxic cardiac myocytes were 

pretreated with 1 or 5 μM of BAPTA-AM, or BHQ or with 5 or 10 μM RU360 in (A), 10 

and 20 μM of EIPA, 1 and 2 μM KB-R743 (KB), or 10 and 20 μM of nifedipine (NIFED) in 

(B) for 1.5 h then subjected to hypoxia-acidosis (pH <6.0) for 5.5 h. Western blots were 

probed for α-fodrin and α-tubulin as indicators of calpain activity. Arrow represents the 145 

kDa calpain specific cleavage product. The effect of calcium modulators on DNA 

fragmentation is shown in C-H. All results are representative of three separate experiments.
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Figure 6. 
Pathway of hypoxia-acidosis mediated cell death in cardiac myocytes. BNIP3 protein is 

expressed by hypoxia but accumulates and induces mitochondrial dysfunction as the pH 

declines. Calcium release from both the mitochondria and sarcoplasmic reticulum activates 

calpains which leads to caspase inactivation and protease and DNase activation and cell 

death. Broken lines indicate where the death pathway can be inhibited. SR is sarcoplasmic 

reticulum.

Graham et al. Page 19

Life Sci. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


