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Autophagy is an intracellular phenomenon in which a cell digests its
own constituents. Autophagy is well conserved in nature from lower
eukaryotes to mammals and has been attributed to disparate physio-
logical events — including cell death, the mechanism of which is dif-
ferent from apoptosis. However, unlike in apoptosis, in which a
family of cysteine proteases (caspases) and a number of other regula-
tory proteins have been identified and characterized, the mechanism
of autophagic cell death remains unclear. In addition, the general
mechanisms by which autophagy is initiated and modulated are just
emerging, and several lines of evidence indicate that activated class I
phosphatidylinositol 3-kinase and mammalian target of rapamycin
(mTOR) inhibit autophagy, while class III phosphatidylinositol
3-kinase acts as a facilitator. Autophagy has been attributed to a

number of cardiac disorders, such as ischemic cardiomyopathy, car-
diac hypertrophy, hemochromatosis and myocardial aging. Induction
of ventricular hypertrophy is associated with decreased autophagy,
whereas it is enhanced during the regression of hypertrophy. Induction
of acute cardiotoxicity by the anticancer drug anthracycline is also
associated with massive cardiomyocyte loss due to autophagy (and
apoptosis). Myocyte loss due to autophagy has also been reported
during progression from compensated hypertrophy to heart failure in a
pressure-overloaded model. Although the depth and dimension of the
regulatory network that modulates autophagy in mammalian cells has
yet to emerge, existing evidence suggests that it is an integral part of
maintaining cellular metabolism, organelle homeostasis and redox
equilibrium. Thus, it is a likely possibility that autophagy plays a crucial
role in maintaining healthy myocytes in the myocardium.
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ustenance and propagation in every organism, whether it

be unicellular or multicellular, requires a well-coordinated
mechanism of cell proliferation and cell death. However, since
the mid 1960s, with the advent of sophisticated tools in cellu-
lar and molecular biology, cell proliferation has received pref-
erential attention, while the mechanisms of cell death and its
importance in tissue and organismal homeostasis have only
lately been appreciated (1). Certain cell types such as mature
blood cells and epithelial cells, among others, are periodically
derived from their progenitors, thus, their loss under certain
pathological conditions is less deleterious. However, certain
others, such as cardiac myocytes and neuronal cells, are largely
nonrenewable and cell death in those organs is lethal.
Therefore, an understanding of cell death in general, as well as
in the context of the myocardium (and the brain) in particular,
has been the subject of intense interest. Until the early 1970s,
cell death was primarily described by microscopic observations
and ‘necrosis’ was the common term used for all forms of cell
death. Thereafter, the term ‘apoptosis’, a biochemically defined
and genetically orchestrated phenomenon of cell death, was
established (1,2). However, the precise demarcation between
necrosis and apoptosis is still debated, and apoptotic cell death
with certain features of necrosis has also been documented
(3,4). Moreover, with the progress in our understanding of cell
death, it has also emerged that, depending on the mechanisms
of induction and execution, cell death can be of multiple types
(5). In this context, another form of cell death, named
autophagic cell death, has drawn considerable attention during
the past several years (1). The present review primarily describes
some recent developments in understanding autophagic cell

death, with specific reference to the myocardium. Of note,
autophagic cell death is only one among various consequences
of a cellular phenomena called autophagy.

AUTOPHAGY AND CELLULAR HOMEOSTASIS
Autophagy (in Greek, it means ‘to eat oneself’) is an intracellu-
lar event in which a cell digests its own constituents. The phe-
nomenon of autophagy is well conserved in nature and has been
documented in yeast, Caenorhabditis elegans, Drosophila and in
mammals (6-8). In lower eukaryotes, it is essentially involved in
recycling-salvaging of cellular constituents under starvation,
whereas in mammals, it has been attributed to disparate events
such as: nutritional stress in the liver, to ensure an adequate sup-
ply of amino acids (9); response to developmental cues (10); cell
differentiation (11); removal of excess organelles (12,13); oxida-
tive stress (14); intracellular accumulation of aberrant proteins
(15,16); protection against diseases such as cancer, muscular
disorders and neurodegeneration; progression of certain other
diseases such as Huntington, Alzheimer and Parkinson; and the
prevention of infection (17). In whole, it is thus expected that
induction of autophagy in mammalian cells is a highly evolved
and coordinated event whereupon multiple signal inputs are
integrated in a given cellular context followed by its execution.
Autophagy may also occur under normal conditions, to remove
long-lived proteins and excess organelles, and to maintain cellu-
lar homeostasis (12). Finally, autophagy has been attributed to
cell death, the mechanism of which is different from apoptosis
and, thus, it is called type II (while apoptosis is type I) pro-
grammed cell death. Overall, induction of autophagy and its
consequences are varied, especially in mammalian cells (18).
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MECHANISMS OF AUTOPHAGY

In a common form of autophagy (ie, macroautophagy), a dou-
ble membrane cytoplasmic vesicle, called the autophagosome,
engulfs cellular constituents, including organelles. Thereafter,
autophagosomes fuse with lysosomes, forming autolysosomes,
followed by lysis (19). Autophagosomes may also deliver the
sequestered cytoplasmic contents into a collecting vacuole
called the amphisome, which then delivers the cargo to a lyso-
some, where sequestered components are digested (20).
Although autophagy is largely a nonselective process, wherein
a bulk of the cytoplasmic contents is sequestered into the
autophagosome, under certain conditions it can be selective,
leading to the removal of injured mitochondria, endoplasmic
reticulum and excess peroxisome, among others (13). In another
form of autophagy, called microautophagy, cytosolic vesicles
bud into the lysosomal lumen by direct invagination followed
by the degradation of both cytoplasmic components and the
lysosomal membrane (21). In a third form of autophagy, called
chaperone-mediated autophagy, only selective proteins directly
cross the lysosomal membrane into the lumen, where they are
rapidly degraded (22). While the mechanisms of macro-
autophagy are well investigated, that of microautophagy and
chaperone-mediated autophagy are less understood. Autophagy
was first described in mammalian cells as a morphological phe-
nomenon in the mid 1960s (23). However, its mechanism and
relevance only recently emerged with the identification of a
family of over 20 genes named autophagy-related genes (ATG)
in yeast and their counterparts in mammals (8,24-28).
Additional genes are also likely to be involved, especially in
the early stages of autophagosome formation as well as its
fusion with the vacuoles at a later stage (29). Noticeably, in
yeast, ATG genes are involved in two other related but distinct
intracellular events named the cytoplasm-to-vacuole targeting
pathway and peroxisome degradation (pexophagy), thereby
indicating that autophagy has evolved from an ancestral cellu-
lar event common to these pathways (30).

The precise mechanisms by which autophagy is initiated
and modulated under various conditions are just emerging, and
several lines of evidence indicate critical roles for the target of
rapamycin (TOR) and phosphatidylinositol 3- (PI3) kinases.
TOR proteins are members of a family termed phosphatidyl-
inositol kinase-related kinases, which comprises a number of
signalling kinases, namely, ataxia telangiectasia mutated kinase
(ATM), ataxia telangiectasia- and Rad3-related kinase (ATR)
and DNA-dependent protein kinase. In addition, despite its
homology to lipid kinases, TOR is a serine/threonine protein
kinase (31). Mammalian TOR (mTOR) (approximately 280 kD)
consists of multiple regulatory and interacting domains (31,32).
Insulin and other progrowth, prosurvival factors bind to their
cognate receptors, resulting in the activation of the class I PI3-
protein kinase B pathway, which, in turn, phosphorylates the
tuberous sclerosis 1/2 complex. Phosphorylated tuberous
sclerosis 1/2 then degrades, releasing the small GTPase Rheb
(Ras homologue enriched in brain), which stimulates TOR
activity (33,34). Activated mTOR phosphorylates downstream
targets such as p70 S6 kinase 1 (S6K1) and eukaryotic transla-
tion initiation factor 4E binding protein 1 (4EBP1), increasing
protein synthesis (35). Studies performed with a number of
mammalian cells demonstrate that amino acid depletion
results in dephosphorylation of S6K1 and 4EBP1, whereas the
addition of amino acids rescues such effects (31). Inactivation
of mTOR by rapamycin induces autophagy, thereby assigning it
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an inhibitory role. Interestingly, it has recently been demon-
strated that S6K activity is also required for autophagy (36).
Because activated mTOR induces S6K, whereas it inhibits auto-
phagy, the role of S6K in autophagy is yet to be understood.
Furthermore, in Huntington disease, mTOR is sequestered in
polyglutamine aggregates, impairing its kinase activity and
leading to autophagy (37). Similarly, the inactivation of
mTOR by the activation of p53 (by etoposide treatment) also
induces autophagy (38). Autophagy is an ATP-dependent
process, and the depletion of ATP is likely to suppress it. In
addition, a fall in ATP level is concurrent with an increase in
the AMP to ATP ratio, resulting in the activation of AMP-
activated protein kinase. Accordingly, high levels of AMP and
activated AMP-activated protein kinase suppress autophagy
(38). Nevertheless, the induction of autophagy following
ATP depletion has also been reported (39). Accumulating
data suggest that PI3 kinase also plays a critical role in modu-
lating autophagy (40). Noticeably, while class III PI3 kinase
acts as a mediator of autophagy, class I PI3 kinase antagonizes
it. Among three mammalian PI3 kinases, class III kinase is the
most ancient, and is conserved from yeasts to humans (Vps34
and hVps34, respectively). Genetic studies in yeast have
shown that Vps34, its regulatory subunit Vps15, and two other
associated proteins, namely, Vps14 and Vps30/Atg6, are all
required for autophagy (41). 3-Methyladenine, an inhibitor of
class ITI PI3 kinase, inhibits autophagy in mammalian cells and
phosphatidylinositol-3-phosphate (PtdIns-3-P) can reverse
this effect (42). Beclin 1, the human orthologue of yeast
autophagy gene Apg6/Vps30, promotes autophagy in mam-
malian cells (8,42). Although Beclin 1 was initially identified
as an interacting partner of antiapoptotic protein Bcl-2, subse-
quent coimmunoprecipitation assays identified it as a partner
of mammalian class III PI3 kinase hVps34 (43). Overall, it
appears that class III PI3 kinase and its product PtdIns-3-P are
required for autophagy. Available evidence suggests that Vps34
regulates autophagy at an early phase of elongation but the
specific role of PtdIns-3-P in autophagy is yet to be understood
(44). Contrary to class III PI3 kinase, class I PI3 kinase inhibits
autophagy, presumably by the activation of Akt, which, in
turn, activates TOR as its downstream target. In agreement,
while autophagy is induced by PI3 phosphatase PTEN (phos-
phatase and tensin homologue), it is inhibited by insulin, an
inducer of class IA PI3 kinase/Akt and also by constitutively
active Akt (45,46). In addition to the above mentioned kinases,
monomeric G proteins (Rab7 and Rab24) and heterotrimeric
G proteins (Gi3) have also been attributed to autophagy. It
appears that while monomeric G proteins modulate the
recruitment of cytosolic proteins into autophagic vesicles, Gi3
and its associated proteins modulate the flow of membranes
from the exocytic pathway to autophagic pathways (47,48).
Although genetic analysis in yeast has significantly enhanced
our understanding of mechanisms of autophagy, the precise
details are still emerging, especially in mammalian cells
(Figure 1). Autophagy is initiated by the formation of a C-shaped
double membrane structure in the cytoplasm; thereafter, both
ends grow and finally close to form the autophagosome. The
source of the membrane structure of the autophagosome
remains a subject of intense debate (49). Two ubiquitin-
like conjugation systems, namely, Atgl2-Atg5 and Atg8-
phosphatidylethanolamine, are involved in the biogenesis of
the autophagic vesicles and a substantial number of Atg genes
are dedicated to their formation. They are also conserved in
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higher eukaryotes, thereby highlighting their critical role in
autophagy (50,51). The Atgl2-Atg5 conjugate noncovalently
binds another protein, Atgl6 (the mouse counterpart is
Atgl6L), forming a multimeric structure that associates with a
small crescent-shaped vesicle, initiating the formation of
autophagosomes while dissociating from the mature one (52).
Yeast Atg8 is a unique ubiquitin-like protein whose target of
modification is a phospholipid (ie, phosphatidylethanolamine)
(53). Three mammalian homologues of Atg8 (golgi-associated
ATPase enhancer of 16 kDa [GATE-16], gamma-aminobutyric
acid receptor-associated protein [GABARAP] and microtubule-
associated protein 1 light chain 3 beta [MAP1LC3]), have been
identified, which also conjugate with phospholipids and are
localized in the autophagosome (54). Furthermore, a number of
variants of MAPILC3 have recently been reported, which are
used as markers for autophagy (55). A third protein, Atgl, has
also been characterized as a regulator of autophagosome forma-
tion. However, unlike Atg8 and Atgl2-Atg5, Atgl it is likely
to be involved in the downstream events rather than in initia-
tion. Atgl is a serine/threonine protein kinase that interacts
with a number of proteins and presumably acts as a switch
between autophagy and vesicular trafficking (56). For exam-
ple, in nutrient-rich conditions, Atgl3 is hyperphosphorylated
(mTOR dependent) and, thus, does not interact with Atgl. In
conditions of starvation, Atgl3 is partially dephosphorylated
and interacts with Atgl, triggering autophagy (56,57). Another
protein, Atgl7, also interacts with Atgl, and plays a critical role
in determining the extent of autophagy induced by Atgl (58).
Nevertheless, the exact mechanisms that integrate the functions
of all ATGs are yet to be understood (56).

AUTOPHAGIC CELL DEATH
Despite a large number of studies that have observed
autophagy in dying cells, whether it is an independent mecha-
nism of cell death has been the subject of intense debate
(18,59). Because autophagy is induced under conditions such
as limited supply of nutrients and tropic factors, as well as dur-
ing cellular remodelling (eg, organ development) and the
removal of damaged organelles, it has been argued that
autophagy is primarily a process of limited destruction aimed
toward survival (60). Nevertheless, with the progress of our
understanding of the biochemical, cell biological, molecular
and the genetic basis of autophagy, it is becoming more and
more apparent that, at least under certain conditions,
autophagy may be directed toward programmed cell death,
which is different from apoptosis and, thus, termed type II pro-
grammed cell death (whereas apoptosis is type I) (18). While
the hallmarks of apoptosis are membrane blebbing, chromatin
condensation, and fragmentation of the nucleus and the
cytoplasm into apoptotic bodies, autophagic cell death is
characterized by cell shrinkage and the formation of multiple
autophagic vacuoles (18,61). Experimental evidence supporting
autophagy as an independent mechanism of cell death has come
from studies on mouse embryonic fibroblasts deficient in the
proapoptotic proteins Bcl2-associated X protein (Bax) and
BCL2-antagonist/killer 1 (Bak). These cells, when exposed to
certain cytotoxic agents (such as etoposide and staurosporine
[but not other agents such as tumour necrosis factor]), undergo
autophagy followed by cell death. Furthermore, suppression of
autophagy by 3-methyladenine or by silencing Atg5 and Atg6
prevents cell death, thereby demonstrating that autophagy is an
alternative but independent form of programmed cell death
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Figure 1) Various regulatory pathways involved in the modulation of
autophagy are shown. The inductive signals are shown by arrows,
whereas inhibitory signals are shown as lines with blocked termini. The
general stimulatory effect of rapamycin is shown by a broken arrow.
The general inductive signals stimulating autophagy are shown on the
top right, whereas those specific to the myocardium are shown in the
bottom right. 4E BP1 Eukaryotic translation initiation factor 4E bind-
ing protein 1; AMPK AMP-activated protein kinase; Atg Autophagy-
related genes; PI3K Phosphatidylinositol 3-kinase; Rheb Ras homologue
enriched in brain; S6K p70 S6 kinase; TSC 1/2 Tuberous sclerosis 1/2

(18,62). Autophagic cell death has also been documented in
Purkinje cells with the lurcher mutation in the delta 2 glutamate
receptor (63). However, unlike in apoptosis, where a family of
cysteine proteases (caspases) and a number of other regulatory
proteins (eg, cytochrome ¢, direct IAP binding protein with low
pl [DIABLQ], apoptosis inducing factor [AIF] and Bax) have
been identified and extensively characterized, the precise mech-
anism by which autophagic cell death is executed remains
unclear. Furthermore, while a number of studies have suggested
that autophagy and apoptosis are mechanistically intercon-
nected (64,65), a number of others have shown that autophagy
is a distinct form of cell death (66,67).

AUTOPHAGY IN THE MYOCARDIUM
Emerging evidence suggests that the myocardium has regener-
ative potential because cardiac myocytes can be replenished by
stem cells (68). However, natural replacement of cardiac
myocytes is a slow and ineffective process, and thus, myocytes
are largely nonrenewable (69,70). Therefore, the maintenance
of healthy myocytes and prevention of their loss under patho-
logical conditions has been a subject of intense therapeutic
interest. Interestingly, the incidence of autophagy was
described in the myocardium long before its implications were
known (71). With progress in our understanding of the impor-
tance of autophagy in cellular homeostasis, only recently has it
drawn sizable attention from cardiac biologists (72). Because
they are long-living cells, cardiac myocytes (and neurons) are
susceptible to age-related changes, which are further aggravated
by other related conditions such as hypertension and athero-
sclerosis. With aging, oxidized cross-linked proteinaceous
materials accumulate within the cells, and mitochondria and
lysosomes become severely affected (73,74). In aging cells,
mitochondria undergo structural alterations leading to
decreased efficiency, while lysosomes accumulate lipofuscin, a
brown, granular pigment that consists of cross-linked lipids
and proteins produced during lysosomal digestion (75). While
proliferating cells can remove those ‘biological wastes’ by cell
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division, cardiac myocytes cannot do so because they are ter-
minally differentiated, and they maintain cellular homeostasis
only by the activation of degrading pathways, namely,
macroautophagy, microautophagy and chaperone-mediated
autophagy (75). Thus, in essence, the accumulation of defec-
tive mitochondria and lysosomes in aged myocytes is a reflec-
tion of inefficient autophagy (73). In fact, the accumulation of
lipofuscin in the lysosomes is primarily due to sustained
autophagic activities in those long-living cells. Senescent
myocytes are characterized by the presence of giant mitochon-
dria arising due to oxidative damage followed by inefficient
mitochondrial DNA repair and inept autophagy (76,77).
Accumulating evidence also suggests that certain mutations in
the mitochondial DNA may accelerate their fission, resulting
in the replacement of normal mitochondria by the mutated
one, which is less efficient in energy metabolism, and thus, less
susceptible to oxidative damage and less vulnerable to
autophagy (78). In agreement with this, the treatment of cul-
tured cardiac myocytes with 3-methyladenosine, an inhibitor
of autophagy, results in the accumulation of small normal
mitochondria with a concomitant but moderate increase in the
giant forms, thereby indicating that autophagy is more effective
in removing small normal mitochondria (79). It is hypothesized
that autophagocytosis of large mitochondria requires more
energy, and thus, is less efficient (72). Inefficient mitochondr-
ial autophagy may also be due to decreased lysosomal activity
arising from the accumulation of lipofuscin with increasing
age. When lytic enzymes are directed toward lipofuscin-filled
lysosomes, they are trapped in it, thereby compromising their
autophagic potential (80). Taken together, inefficient or a
lack of autophagy plays a critical role in the development of
aging-related disorders in the myocardium, and any thera-
peutic intervention that enhances autophagy may contribute
toward increased cardiac performance (72). Such a proposi-
tion is corroborated by improvement in cardiac performance
under calorie restriction. Autophagy has also been attributed
to a number of other cardiac disorders such as ischemic car-
diomyopathy, cardiac hypertrophy and hemochromatosis.
The induction of ventricular hypertrophy (an anabolic
process induced by hypertension, aortic constriction and
adrenergic stress, among others) is associated with decreased
autophagy (81), whereas it is enhanced during the regression
of hypertrophy (82). Lysosomal storage disorders such as
Fabry, Pompe and Danon diseases are characterized by the
accumulation of undigested materials in the lysosomes due to
defects in genes encoding lysosomal enzymes and other pro-
teins. However, compared with the age-related accumulation
of lipofuscin, the accumulation in lysosomal storage diseases
is more extensive and has an early onset. One common
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