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1. ABSTRACT 
  
          Apoptosis plays an important role in various 
cardiovascular diseases, and inhibition of cardiac apoptosis 
shows promise as a therapeutic strategy.  Caspase, a critical 
enzyme in the induction and execution of apoptosis, has 
been targeted to inhibit apoptosis.  However a newly 
recognized caspase-independent apoptosis pathway may 
also play an important role in cardiac apoptosis.  Yet the 
mechanism and the potential significance of caspase-
independent apoptosis in the heart remain poorly 
understood.  In this paper, we reviewed the literatures on 
the mechanism of caspase-independent apoptosis and its 
significance in cardiovascular diseases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  
 

Apoptosis is a highly regulated mechanism of 
cell death that plays a fundamental role in various 
physiological processes in the multi-cellular organism, 
from nematodes to humans (1).  It is implicated in a wide 
variety of acute pathological processes, such as myocardial 
infarction (MI), stroke, and sepsis, as well as chronic 
conditions, such as Alzheimer’s, Parkinson’s and 
Huntington’s disease. In the last decade, the basic 
mechanisms of apoptosis have been discovered in greater 
depth and the role of apoptosis in various disease processes 
has been increasingly elucidated.  In the heart, apoptosis 
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has been shown to play an important role in numerous 
pathologic processes, such as MI, reperfusion injury, 
development of heart failure, and various forms of 
cardiomyopathies (2, 3). The inhibition of apoptosis as a 
potential therapeutic strategy is also emerging in 
cardiovascular disease.  Currently, these inhibition 
strategies have mainly targeted a family of cysteine 
proteases called caspases, which are highly conserved 
throughout evolution from invertebrates to humans.  
However, there is accumulating evidence to suggest that 
caspase independent pathways play a significant role 
during cardiac cell death. In this review, we will examine 
the molecular mechanisms of cardiac apoptosis, focusing 
particularly on caspase-independent apoptosis and their 
potential significance in devising effective therapeutic 
strategies to treat cardiovascular diseases. 

 
3. APOPTOSIS IN CARDIOVASCULAR DISEASES  
 
              Heart disease is the leading cause of morbidity and 
mortality in the developed world. Over 2 million people in 
the U.S. suffer from congestive heart failure (CHF) with 
over 400,000 new cases diagnosed every year.  The most 
common cause of CHF in the U.S. is ischemic heart 
disease, which is the result of an acute or chronic lack of 
blood supply to the heart.  Animal and human studies have 
demonstrated that apoptosis is associated with acute phases 
after MI (2) as well as during reperfusion (4).  Since 
cardiomyocytes are terminally differentiated and have little 
potential for division, preventing cell death has important 
implications in the treatment of cardiovascular diseases.   
 
 In contrast to acute myocardial injury, the 
pathogenesis of chronic heart failure is characterized by the 
progressive loss of cardiomyocytes evolving over months 
to years.  Numerous studies involving human and animal 
models of heart failure suggest that apoptosis may be an 
important contributor to cardiomyocyte loss in the setting 
of heart failure (2).  However, there still is much 
controversy surrounding the significance of apoptosis in the 
development of heart failure. This stems largely from the 
very low prevalence of apoptosis associated with chronic 
heart failure (usually less than 1% TUNEL positive cells) 
(2), and whether apoptosis plays a pathogenic role or is an 
epiphenomenon associated with end-stage heart failure. 
However, because of the chronic nature of heart failure, 
even a very low level of cell death over months to years 
could be of potential significance to a heart composed of 
non-dividing cardiomyocytes. It remains to be convincingly 
proven that apoptosis (or autophagic cell death) contributes 
significantly to the progression and the development of 
clinical heart failure.   
 
4. OVERVIEW OF CASPASE-DEPENDENT 
APOPTOSIS 
 

Apoptosis is a tightly regulated cell deletion 
process that involves complex interactions among various 
pro- and anti-apoptotic molecules (2, 4, 5).  The apoptotic 
cascade consists of multiple steps that lead to DNA 
fragmentation. These include the involvement of 
mitochondrial factors, activation of upstream caspases 

followed by activation of downstream caspases; cleavage 
of various substrates, (i.e. PARP) and finally, DNA 
fragmentation. Among them, the activation of caspases is 
believed to be central to the regulation and execution of the 
apoptotic program. Caspases are group of cysteine 
proteases that play a critical role in initiating and executing 
apoptosis.  They are produced as zymogens, which are 
activated via cleavage of their prodomains, and cleave 
target proteins at specific aspartate residues (6). At least 14 
members of the caspase family have been described in 
mammalian cells thus far, and are grouped into two 
categories based on structure and function.  Initiator 
caspases, such as caspase-8 and caspse-9, contain a long, 
functionally important prodomain, and act upstream to 
initiate and regulate apoptosis.  Effector caspases, such as 
caspase-3, -6 and -7, are characterized by a short 
prodomain, and act downstream in the common pathway to 
carry out the final biochemical changes seen in apoptosis.  
Generally, effector caspases depend on initiator caspases 
for activation.   

 
        The mechanisms of caspase-dependent apoptosis 
have been reviewed by our group as well as several other 
investigators (3, 7-13). It is mediated either by 
mitochondria or by death receptors through the activation 
of caspase-9 or caspase-8, respectively (2, 4, 5, 14). The 
extrinsic pathway via the death receptor pathway is 
initiated by the binding of extracellular death proteins such 
as Fas L, TNF-alpha, TRAIL, to their cell surface 
receptors. Here, the final pathway involves activation of 
caspase 8/10 pathway, which cleaves procaspase 3, 
resulting in a proteolytic cascade. The intrinsic, or 
mitochondrial, pathway is induced by the mitochondria to 
release cytochrome c into the cytosol upon apoptotic 
stimulation (15).  An activation complex, the apoptosome, 
is formed with apoptotic protein activating factor-1 (Apaf-
1), cytochrome c, dATP, and caspase-9 (16, 17).  
Apoptosome formation results in the autoprocessing of 
caspase-9, as well as the activation of downstream 
caspases, such as caspase-3, to execute the final 
morphological and biochemical alterations (12, 16). Both 
pathways ultimately converge on a common downstream 
pathway, where the final morphological and biochemical 
alterations characteristic of apoptosis take place (15). 
Studies also suggest that the endoplasmic reticulum (ER) 
may play a crucial role in apoptosis. ER-localized pro- and 
anti-apoptotic Bcl-2 members have been implicated in the 
regulation of luminal Ca2+ levels and the expression of ER 
resident proteins, thereby strongly affecting apoptotic status 
of the cells. Caspase-12, found on the cytoplasmic face of 
the ER, is important for inducing apoptosis in response to 
prolonged ER stress (18). 
 

In mammalian systems, several caspase inhibitors 
have been identified.  Inhibitor of apoptosis proteins (IAPs) 
are prototypical inhibitors of caspases (19). However, 
deletion of x-linked IAP (xIAP) shows no obvious 
phenotypes in mice suggesting the presence of redundant 
IAP family members that compensate for the lack of xIAP 
(20). Inhibition by IAPs are antagonized by the 
mitochondrial protein Smac (second mitochondria-derived 
activator of caspase), which promotes cytochrome c-
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Figure 1. Schematic diagram of caspase independent apoptosis. Upon apoptotic insult, multiple organelles and factors are 
activated to initiate and execute apoptotic program via either caspase-dependent or caspase-independent mechanisms.  Schematic 
diagram highlights the factors that are mainly involved in caspase independent apoptosis. Arrows indicate stimulation of 
apoptosis.  Blocked arrows indicate inhibition of apoptosis.  
 
 dependent caspase activation (21).  Another important 
caspase inhibitor is apoptosis repressor with caspase 
recruitment domain (ARC), which interacts with upstream 
caspases, and has been shown to block caspases-2 and -8, 
as well as cytochrome c release (22). Interestingly, ARC is 
found in high levels in skeletal muscle and heart (23). In 
addition, our laboratory recently identified another 
antiapoptotic protein called HS-1 associated protein-1 
(HAX-1) as a new caspase-9 inhibitor (24).  We showed 
that it acts by directly interacting with pro-caspase-9 and 
preventing its processing. 
 
5. CASPASE-INDEPENDENT APOPTOSIS 
 

Although the activation of caspase is most likely 
a predominant mechanism inducing apoptosis, there is 
accumulating evidence demonstrating that apoptosis could 
be mediated by mechanisms that do not involve caspases 
(2, 7, 25-27). This pathway, termed caspase-independent 
apoptosis, is characterized by a large scale DNA 
fragmentation (~50 kbp) with an early chromatin 

condensation pattern (28, 29). (Figure 1) This is in contrast 
to caspase-dependent apoptosis that is characterized by an 
oligonucleosomal DNA fragmentation in multiples of ~200 
bp with an advanced chromatin condensation pattern. The 
potential importance of caspase-independent pathways in 
the heart is highlighted by the fact that cardiomyocytes 

contain high levels of endogenous caspase inhibitors, 
thereby making them relatively resistant to caspase-
dependent apoptosis (28, 30).  In fact, we, as well as other 
investigators, have previously reported that various 
caspase-independent factors, such as apoptosis inducing 
factor (AIF), endonuclease G (Endo G) and High 
temperature requirement protein A2 (HtrA2/Omi), could 
induce apoptosis without mediation of caspases in the 
heart. These factors normally reside in the mitochondrial 
intermembrane space.  However, in response to apoptotic 
stimuli, they are released from the mitochondria to the 
cytosol without concurrent caspase activation, translocate 
to the nucleus, and cause DNA fragmentation (31-33).  
 
5.1. Apoptosis inducing factor (AIF) 

AIF is an evolutionary flavoenzyme and 
oxidoreductase with homologues in yeast, flies and worms 
(28, 29, 34). It binds NAD and FAD, but the 
oxidoreductase activity is not required for apoptotic 
function. AIF is an NADH-oxidase produced as a 67-kDa 
protein containing an N-terminal mitochondrial localization 
signal sequence (28, 29, 34). In mitochondria, AIF is 
processed into a 57-kDa mature form.  It is then released 
into the cytosol upon apoptotic stimulation and may 
translocate into the nucleus and induce DNA fragmentation 
without caspase activation (28).  This notion is supported 
by the fact that microinjection of AIF into cells induced 
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apoptotic changes, such as chromatin condensation that 
could not be blocked by zVAD.fmk or the over-expression 
of Bcl-2 (28, 30, 35).  Furthermore, AIF can still trigger 
DNA fragmentation in Apaf-1 and caspase-9 deficient cells 
(31), which is probably mediated through direct activation 
of caspase-3 (36).  In the heart, AIF has been implicated in 
apoptosis induced by oxidative stress, ischemia-
reperfusion, and heart failure in vitro, as well as in vivo 
(37-39).  The mature form of AIF, cleaved by calpain, is 
released, together with cytochrome c, from the 
mitochondria to the cytosol in ischemic neonatal 
cardiomyocytes characterized by caspase-independent 
DNA degradation (40). We have recently demonstrated 
significant activation of caspase-independent apoptosis in 
the Dahl salt sensitive (DSS) rat model of heart failure (39). 

 
The mechanisms that regulate AIF release from 

the mitochondria are complex and controversial.  For 
example, AIF release may be regulated by either Bcl-2 
proteins-dependent or Bcl-2 proteins-independent 
mechanisms.  Several studies have shown that Bcl-2 over-
expression prevents both the release of AIF and cell death 
(41) (28).  Furthermore, over-expression of Bax, a pro-
apoptotic protein, triggers AIF release (42, 43), and the 
released AIF is blocked in Bax-deficient neurons upon 
apoptotic induction (28, 41).  In contrast, the Bcl-2-
independent mechanism of AIF release involves a 
poly(ADP-ribose) polymerase-1 (PARP-1), a highly 
conserved 116-kDa nuclear enzyme, involved in DNA 
repair (30). The NAD+ dependent nuclear DNA repair and 
ADP-ribosylating enzyme PARP-1 play a key role in the 
caspase independent form of cell death in myocardial 
infarction in a number of studies. PARP-1 has been shown 
to facilitate both the release of AIF from the mitochondria 
and AIF nuclear translocation without the mediation of Bcl-
2 proteins and caspase activation (30, 44).  In a murine 
model of heart failure, PARP inhibition attenuates the 
development of hypertrophy and the mitochondrial-to-
nuclear translocation of AIF (45). Other information 
suggests PARP-1 might directly or indirectly be involved in 
the regulation of AIF translocation under conditions of 
oxidative stress in myocytes (38). 
 

Despite its pro-apoptotic function, AIF has also 
been shown to possess an essential prosurvival function 
(46, 47).  Homozygous AIF knockout in a mouse is 
embryonically lethal (48), and AIF knockout embryonic 
stem (ES) cells exhibit a reduction in mitochondrial 
respiratory chain complex 1 activity (49).  Moreover, the 
Harlequin (Hq) mouse, which expresses 10-20% of normal 
AIF levels, exhibits neurodegeneration due to increased 
neuronal cell death (50).  Hq mice are prone to damage 
from ischemia-reperfusion injury and aortic banding-
induced heart failure.  Also, cardiomyocytes isolated from 
Hq mice are more prone to H2O2-induced cell death (51). In 
addition, Penninger and colleagues demonstrated that a 
mouse with cardiac and skeletal muscle-specific knockout 
of AIF develops severe dilated cardiomyopathy and 
skeletal atrophy accompanied by defective mitochondrial 
respiratory activity (52).  
 

 How, then, is AIF able to function as both a 
survival and a death-inducing factor?  The clarification of 
AIF’s dual roles was recently elegantly demonstrated using 
various AIF mutants.  Penninger and colleagues first 
generated a mouse with telencephalon (forebrain)-specific 
deletion of AIF (tel AIF-/-), which demonstrated defective 
cortical development and reduced neuronal survival due to 
defects in mitochondrial respiration.  This data suggested 
that AIF is required for neuronal cell survival and normal 
mitochondrial respiration in neurons (53). They then 
generated two AIF mutants, a mitochondrially anchored 
AIF (maAIF) mutant and AIF mutant that harbors a nuclear 
exclusion signal (neAIF).  Reconstitution of wild type AIF 
in neuronal cells cultured from tel AIF-/- mice resulted in 
robust DNA damage after apoptotic insult.  However, 
reconstitution of maAIF or neAIF mutants in these neurons 
failed to induce cell death. These findings suggest that 
during apoptotic stimulation, the proapoptotic function of 
AIF is recognized when AIF is released from mitochondria 
and translocates to the nucleus, where it promotes DNA 
damage.  This is highly reminiscent of cytochrome c, which 
plays a crucial role in oxidative phosphorylation under 
physiologic conditions, but when released from the 
mitochondrion in response to apoptotic stimulation, 
becomes a critical mediator of caspase-dependent 
apoptosis. It appears, therefore, that the precise function of 
AIF, like that of cytochrome c, critically depends on 
mitochondrial release and nuclear translocation. 
 
5.2. Other factors involved in caspase-independent 
apoptosis 

Other evidence of caspase-independent apoptosis 
is demonstrated in various studies of EndoG.  EndoG, a 
conserved nuclease, is involved in mitochondrial DNA 
replication with important roles in recombination and repair 
(54). Similar to AIF, EndoG translocates from the 
mitochondria to the nucleus during apoptosis and induces 
DNA fragmentation independent of caspases (55, 56). 
EndoG and truncated AIF become the essential mediators 
of apoptosis in a caspase-independent manner in ischemia 
induced cardiomyocytes (40).  Interestingly, EndoG null 
mice, however, do not have any obvious defects in 
development or in the regulation of apoptosis (57, 58). 

 
Furthermore, Omi/HtrA2, a mitochondrial serine 

protease with pro-apoptotic properties, may also contribute 
to caspase-independent apoptosis (59). One of the crucial 
substrates of HtrA2/Omi is the antiapoptotic protein HAX-
1 (bearing Bcl-2–homology BH1 and BH2 domains), which 
resides within the mitochondria, presumably in the outer 
membrane, and may be cleaved by HtrA2/Omi when it is 
still confined in the mitochondria. Other potential 
substrates of HtrA2/Omi are Ped/Pea-15 (an inhibitor of the 
DISC and of stress kinase) and IAPs, which function as 
endogenous caspase inhibitors (11). There is evidence that 
HtrA2/Omi also translocates from the mitochondria to the 
cytosol during ischemia/reperfusion, and a specific 
HtrA2/Omi inhibitor, ucf-101, has also been shown to 
attenuate apoptosis and decrease infarct size (60); this 
mechanism of action, however, is not as well defined.  
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Figure 2. Summary of factors that modulate autophagy in cardiomyocytes.  Arrows indicate factors which promote apoptosis.  
Blocked arrows indicate factors known to inhibit apoptosis.   
 

Other caspase-independent apoptotic mechanisms 
are also being recognized.  Cardiomyocyte death may be 
induced by hypoxia-acidosis through upregulation of 
Bnip3, which stimulates the opening of mitochondrial 
permeability transition pore (MPTP) releasing AIF, 
cytochrome c, and calcium, without activation of caspases. 
Bnip3 overexpression also causes extensive fragmentation 
of the mitochondrial network. Caspase independent 
pathways involving the PKC epsilon-JNK/p38 MAPK 
signaling pathway may be actuated by chemical hypoxia 
induced death in cardiomyocytes (61). In addition, the role 
of death domain receptor mediated cell death pathways and 
receptor interacting protein (RIP) kinase is being 
recognized as caspase independent cell death in 
cardiomyocytes. Presence of RIP1 prevents the interaction 
between adenosine nucleotide translocator (ANT) and 
cyclophilin D. The improper functioning of ANT leads to 
enhanced ROS production and diminished ATP production 
(56). Toll like receptor (TLR)  stimulated in presence of 
caspase inhibitors also stimulates caspase independent RIP-
mediated cell death.  
 
6. AUTOPHAGY  
 

Autophagy is a dynamic process involving the 
degradation of long lived proteins and is the only known 
major regulated mechanism for the disintegration and 
turnover of unnecessary organelles and cytoplasmic 
proteins. The term “autophagy” denotes a process of self-
canabilization through a lysosomal degradation pathway. 
Three basic types of autophagy are recognized in 
mammalian cells (62).  Macroautophagy, the universal 
form of autophagy, involves the sequestration of target 
materials into a double membrane enclosed vacuole, which 

then fuses with a lysosome.  Microautophagy occurs when 
the components of the cytoplasm directly enter a lysosome 
through invaginations of the limiting membrane. Lastly, 
chapereone mediated autophagy is when cytosolic proteins 
are selectively transported to lysosomes by chaperones 
such as heat shock protein cognate 73 (HSC73). The 
hallmark of autophagy is increased lysosomal activity with 
an increase of Beclin 1, Cathepsin B and D, beta-
hexosaminidase, HSC73 and light chain 3II (LC3II) (63).  

 
Autophagy is regulated by several factors that are 

predominately involved in mammalian target of rapamycin 
(mTOR) and protein kinase pathways. Genes upstream of 
TOR kinase encode proteins essential for autophagy (64). 
(Figure 2) In autophagy, cytoplasmic proteins or 
dysfunctional organelles are sequestrated in a double 
membrane bound vesicle, termed an autophagosome, and 
delivered to the liposome by fusion where it is then 
degraded. Numerous factors stimulate autophagy such as 
starvation and growth factor deprivation following acute 
ischemia. The process can be summarized in 4 stages a) 
induction of autophagy which involves TOR kinase, b) 
formation of autophagosome, which is controlled by 
PI3Kinase and phosphatases, c) autophagosome docking 
and fusion, and d) degradation by lysosomal proteases.  

 
In the heart, autophagy is observed during acute 

and chronic ischemia, heart failure, as well as aging. Recent 
findings suggest that autophagy is involved in heart failure 
caused by dilated cardiomyopathy, valvular heart disease, 
hypertensive heart disease and chronic ischemia (5, 63, 65, 
66). Kostin et al. (51), identified the role of ubiqitin 
proteasomal degradation cascade in a failing human heart. 
They suggested that a disturbed balance between a high rate  
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Table 1.  Summary of proteins involved in caspase-independent apoptosis 
Factor Stimulus Mode of death Mechanisms/Notes 
Beclin 1 I/R Autophagy Mediates Autophagy during reperfusion 
Urocortin I/R Autophagy and 

Caspase dependent  
Is a peptide released from viable cells and mediates through PKC epsilon 
activation 

ATG genes (> 20) Pressure overload Protective effects All steps of autophagy ,i.e. induction (atg 6), Formation of autophagosomes 
(Atg 8,Atg 12-5) 

BNIP3 I/R, Hypoxia CIA, autophagy Causes mitochondrial dysfunction and release of cytochrome c, AIF, calcium 
and MPTP opening 

RIP1 Kinase Death receptor, 
Toll like receptor 

Autophagy Decreased ANT and Cyclophilin D interaction,     Increased ROS 

Lysosomal cathepsin B, D Chronic ischemia Autophagy Increases proteolysis i.e. in the last step of autophagy where the contents of 
autophagolysosome and lysosomal transport proteins are degraded. 

HSC 73 Chronic ischemia Autophagy Involved in chaperone mediated autophagy. 
LC3 –LC3 I 
LC3 II 

Chronic ischemia Autophagy Mediate formation of autophagosomes. LC3 gets cleaved by Atg4 to LC3-I, 
which is activated by Atg 7, transferred to Atg 3, and finally conjugated to 
phosphatidyl ethanolamine and then recruited to autophagosomal membrane. 

AIF 
Endo G 
 

Cellular stress, Death 
receptors, BH3 only 
proteins 

CIA, 
autophagy 

Released from mitochondria and translocations to the nucleus 

HtrA2/Omi Ischemia reperfusion CIA, 
CDA 

Degradates xIAP.  
Inhibition by ucf-1. 

LAMP2 X linked Genetic 
deficiency 

Autophagy Involved in Rab7-mediated fusion of autophagosomes with lysosomes.  

Rab7  Autophagy Rab 7, a Rab GTPases mediates fusion of autophagososme with the lysosome 
to allow maturation of late autophagic vacuoles.  

GM-CSF  Exogenous 
administration of GM-
CSF 

Prevents Autophagy Mainly via anti-autophagic mechanism rather than anti –apoptosis or 
regeneration. There was downregulation of TNF-alpha, increased AKT 
signaling and Matrix mellaoproteases. 

Ubiquitin-fusion 
degradation system 1 
(UFD 1) 

Downregulation Autophagy Downregulation results in massive storage of ubiquitin protein complexes and 
autophagy 

CIA=caspase-independent apoptosis, CDA=caspase-dependent apoptosis, ANT = Adenine nucleotide translocator, 
Atg5=Autophagy related protein 5, AIF=Apoptosis inducing factor, GM-CSF= Granulocyte monocyte - colony stimulating 
factor, LAMP-2 = Lysosomal associated membrane protein 2, BNIP3 = Bcl-2 interacting protein, RIP1 = Receptor interacting 
protein, LAMP-2 = Lysosomal associated membrane protein 2, RAB7- Ras associated protein, PKC =Protein Kinase C, xIAP= x-
linked inhibitor of apoptosis proteins. 
 
of ubiquitination and inadequate degradation of 
ubiquitin/protein conjugates may contribute to autophagic 
cell death (67). In addition, autophagy has been associated 
with defects in the ubuquitin-proteasomal system in human 
hibernating myocardium (68). Hein et al. observed that 
autophagy is one of the important factors contributing to 
the progression of left ventricular systolic dysfunction in 
the progression of compensated hypertrophy in heart failure 
(65).  In Danon’s cardiomyopathy, cardiomyocytes include 
marked autophagic vacuoles in the cytoplasm, where 
dysfunction of autophagic process is suggested by 
deficiency of the lysosomal protein LAMP-2 (69).  
Interestingly, urocortin inhibits autophagy, which is 
mediated in part by inhibition of Beclin1 expression and 
activation of the PI3 kinase/Akt pathway (70). Urocortin is 
an endogenous cardiac peptide that protects 
cardiomyocytes from both necrotic and apoptotic cell death 
following exposure to ischemia/reperfusion injury in both 
in vitro and in vivo models.  Thus, the overlap between 
apoptotic and autophagic cell death pathways remains 
incompletely understood (71). 
 

There are studies, however, that suggest that 
autophagy is required for survival of cardiomyocyte under 
pathological conditions. Autophagy may limit the spread of 
proapototic factors such as AIF and cytochrome c from the 
mitochondria and could be a protective response to 
sublethal injury. In a study reported by Kuma et al., 
induction of autophagy is essential for survival of 
cardiomyocytes during neonatal starvation in vivo (72). In 

addition, autophagy triggered by ischemia could be a 
homeostatic mechanism, which could inhibit deleterious 
effects of chronic ischemia (63). Recently, Matsui and 
colleagues suggested that autophagy may serve primarily to 
maintain energy production during acute ischemia, but 
converts to clearing up damaged organelles during chronic 
ischemia or reperfusion (73). They demonstrated that 
ischemia stimulates autophagy through an AMPK-
dependent mechanism, whereas ischemia/reperfusion 

stimulates autophagy through a Beclin 1–dependent, but 

AMPK-independent, mechanism. Thus, a dual role of 
autophagy remains to be elucidated in some circumstances 
of cell death and survival.  

 
7.  CONCLUSIONS AND PERSPECTIVE  
 

Apoptosis is implicated in the pathogenesis of 
numerous cardiovascular diseases, and the inhibition of 
apoptosis promises to be an extraordinarily important target 
for therapeutic intervention (10, 74, 75). Although caspase 
inhibition has shown to reduce myocardial loss and 
improve cardiac function in various animal models (25, 
26), it has not had similar effectiveness in clinical settings. 
One important issue is that the caspase inhibition strategy is 
complicated by the activation of caspase-independent 
apoptosis pathways, which is accompanied by the release 
of AIF, EndoG, and Omi/HtrA2 from the mitochondria in 
the absence of caspase activation.  Thus, a better 
understanding of the regulation of the caspases and their 
relationship with caspase-independent pathways will be 
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needed to achieve more complete and effective anti-
apoptotic therapeutic strategies. Furthermore, addressing 
specific issues related to the heart will be crucial for a more 
targeted cardiac anti-apoptotic therapy. Is there a 
specialized molecular mechanism of apoptosis in the heart 
that is unique to terminally differentiated cardiomyocytes?  
Since the baseline level of apoptosis in the heart is 
extremely low, does the heart have a strong regulatory 
mechanism that resists apoptosis?  What is the significance 
of apoptosis in the progression of chronic heart failure? 
Would the supplementation of inhibitors to caspase 
independent pathways with caspase inhibitors lead to more 
effective treatment of cardiovascular diseases in clinical 
setting?  Definitive answers to these questions are still 
lacking, and more research is needed.  Further 
understanding of caspase-dependent and caspase-
independent mechanisms will potentially allow us to make 
a significant impact on how we treat various forms of 
cardiovascular disease in the future.  
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