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The Role of Autophagy in Mediating Cell Survival and Death
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ABSTRACT

Autophagy is a major mechanism for degrading long-lived cytosolic proteins and the only known pathway
for degrading organelles. Autophagy is activated by many forms of stress, including nutrient and energy star-
vation, oxidative stress, mitochondrial dysfunction, endoplasmic reticulum stress, and infections. Although au-
tophagy recycles amino acids and fatty acids to produce energy and removes damaged organelles, thereby
playing an essential role in cell survival, inappropriate activation of autophagy leads to cell death. In the heart,
activation of autophagy can be observed in response to nutrient starvation, ischemia/reperfusion, and heart
failure. In this review, the signaling mechanism and the functional significance of autophagy during myocar-
dial ischemia and reperfusion are discussed. Antioxid. Redox Signal. 9, 1373-1381.

INTRODUCTION

ISCHEMIC HEART DISEASE is one of the most prevalent health
problems in the western world. In the setting of myocardial
ischemia, an important therapeutic goal is to restore the coro-
nary blood flow rapidly and to minimize the size of myocar-
dial infarction. However, the process of reperfusion itself could
increase oxidative stress and subsequent cell death of heart cells,
collectively termed ischemia/reperfusion (I/R) injury, which ne-
cessitates the development of novel cardioprotective strategies.

Autophagy is a major mechanism for degrading long-lived
cytosolic proteins and the only known pathway for degrading
organelles (48). There are at least three types of autophagy: (a)
macroautophagy, (b) chaperon-mediated autophagy, and (c) mi-
croautophagy. In macroautophagy, either organelles or cyto-
plasmic proteins are sequestrated in double membrane-bound
vesicles, termed autophagosomes, subsequently degraded upon
fusion with lysosomes. Since macroautophagy is the primary
means of the cytoplasm-to-lysosome delivery of protein/organ-
elle to be degraded, it is commonly referred to simply as au-
tophagy (48). In chaperon-mediated autophagy, chaperons, in-
cluding Hsc73, recognize substrates (58, 63) and deliver them

to lysosomes without a need of vesicular trafficking. Although
protein degradation by macroautophagy is generally nonselec-
tive, that by chaperon-mediated autophagy is more selective.
Microautophagy is an uptake of cytosolic proteins by direct in-
vagination of the vacuolar/lysosomal membrane. Microau-
tophagy has been postulated to occur based on morphological
features of lysosomes (48, 61), but the molecular mechanism
mediating mircoautophagy or its functional significance re-
mains to be elucidated.

One of the most well-established functions of autophagy is
an adaptation to nutrient starvation, where autophagy not only
degrades unnecessary proteins but also extracts amino acids and
fatty acids as energy sources for cell survival. Autophagy is
rapidly induced in response to nutrient starvation and is essen-
tial for survival against starvation in a wide variety of cell types.
For example, although autophagy is low during embryogenesis
in mice, autophagy is upregulated immediately after birth in
various tissues, including the heart (53) to compensate for the
lack of energy until the newborn receives sufficient levels of
nutrients through breast feedings.

Autophagy also occurs constitutively at low levels even un-
der normal (unstressed) conditions in cells. Hepatocytes in
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liver-specific atg7 KO mice develop ubiquitin-positive aggre-
gates (50), indicating that baseline autophagy is essential for
clearance of degraded proteins. Protein turnover is slowed, and
old proteins accumulate in aged cells. Interestingly, the activ-
ity of autophagy decreases with aging (19). Moreover, bec-1,
an autophagy gene, is required for normal Dauer morphogene-
sis and the life span extension observed in a worm mutant lack-
ing the insulin signaling gene daf-2 (66). Thus, autophagy might
be required for life span extension as well.

Importantly, however, inappropriate activation of autophagy
could facilitate cell death, termed autophagic cell death or type
II programmed cell death (6, 27). Increasing lines of evidence
suggest that autophagy is activated by many kinds of stress,
such as ischemia and inflammation in mammals (1, 9, 10, 65,
100). Whether autophagy is protective or detrimental against
stress in mammalian cells is not fully understood. In this re-
view, we will discuss the signaling mechanism and the func-
tional significance of autophagy in the heart and cardiac myo-
cytes therein, with an emphasis on the role of autophagy in
mediating cell survival and cell death in response to I/R.

MOLECULAR MECHANISMS
OF AUTOPHAGY

The process of autophagy can be divided into at least four
steps, namely induction, formation of autophagosome, au-
tophagosome fusion with the lysosome, and degradation (Fig.
1). Autophagy is tightly regulated by evolutionarily conserved
mechanisms. In yeast, >20 ATG genes have been identified to
mediate autophagy (47), and homologous genes also exist in
mammals.

In mammalian cells, the first step, induction of autophagy, is
regulated by class I and class III phosphoinositide 3 kinases
(PI3Ks). Activation of the class I PI3K by growth factors, such
as insulin, inhibits autophagy through activation of Akt/PKB
(79) and mTOR (mammalian target of rapamycin) (11, 74). On
the other hand, activation of the class III PI3K/Vps34 complex
containing Beclinl (a mammalian homolog of yeast Atg6) pro-
motes autophagy (44, 106). In yeast, class III PI3K/Vps34 and
Atg6 mediate vesicle trafficking, including endosomes, and the
transport of lysosomal proteases (45, 75). The downstream tar-
get of mTOR regulating autophagy is not well understood. Al-
though Atgl kinase complex is shown to be regulated by TOR
in yeast, the relationship between these two molecules remains
to be clarified (42).

After induction, the second step, formation of autophago-
somes, is initiated by the emergence of isolation membrane.
The isolation membrane is elongated to sequester the cytosolic
components and form the autophagosome, which has a double
membrane structure. This step is primarily mediated by two
ubiquitin-like conjugation systems, LC3 (mammalian homolog
of yeast ATg8)-phosphatidylethanolamine (LC3-PE) and
Atg12-Atg5 (77). These conjugation systems are widely con-
served in eukaryotes and have an essential role in mediating au-
tophagy (56). In the Atgl2-Atg5 conjugation system, Atg7,
which acts as an E1 ubiquitin-activating enzyme (46), and
Atg10, which functions like an E2 ubiquitin-conjugating en-
zyme (83), are required, where Atg7 binds to Atgl2, which is
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in turn activated by ATP hydrolysis, transferred to Atgl0, and
then conjugated with Atg5. The Atgl2-Atg5 conjugate then
binds to another protein, Atgl6 (71). The Atgl2-Atg5—-Atgl6
complex is localized in the outer membrane of the isolation
membrane and considered to play an essential role in mediat-
ing elongation of the isolation membrane to form autophago-
somes (70, 72).

The other conjugation system is LC3-PE. LC3 was originally
characterized as a microtubule-associated protein (54). LC3,
synthesized as a full length precursor protein, is converted to
LC3-I through cleavage by Atg4, a cysteine protease. LC3-I is
then activated by Atg7 in an ATP-dependent manner, trans-
ferred to Atg3, an E2 ubiquitin-conjugating enzyme-like mol-
ecule, and finally conjugated to the phospholipid phosphatidyl-
ethanolamine (PE) (89). LC3-PE (LC3 II) is then recruited to
the autophagosomal membrane in an Atg5-dependent manner
(72). LC3 11 is localized in the outer and the inner membranes
of the isolation membrane works as an important component of
autophagosomes.

Following the fusion of the two sides of an autophagosome,
the outer membrane of autophagosomes fuse with lysosomes to
generate the autophagolysosome, the third important step of au-
tophagy. Rab7, a Rab GTPase, is targeted to the autophago-
some membrane and mediates fusion of the autophagosome
with the lysosome, to allow maturation (30, 39). Lysosomal re-
ceptor proteins, namely Lamp-1 and Lamp-2, are involved in
Rab7-mediated fusion of autophagosomes with lysosomes (39).
Acidification of autophagosomes is also required for the fusion
with the lysosome (98).

The final step in autophagy is fusion of the autophagosome
with the lysosome. During this step, the contents of the au-
tophagolysosome, as well as the lysosomal transport proteins,
are degraded by hydrolytic enzymes, such as cathepsin D (38,
93). This allows degraded products, such as amino acids, to be
recycled.

STIMULATION OF AUTOPHAGY
DURING I/R

Induction of autophagosomes in the heart after I/R was first
reported >30 years ago. Sybers et al. (85) showed that fetal
mouse hearts in organ cultures exhibited autophagic vacuoles
containing damaged organelles. Interestingly, autophagic vac-
uoles were increased by transient deprivation of oxygen and
glucose followed by resupply of them, a procedure similar to
I/R (85). Decker and Widenthal (18) reported that in the rabbit
perfused heart autophagic vacuoles are induced by 20-40 min
of hypoxia and that lysosomal autophagy is dramatically in-
creased after reperfusion. In these two reports, induction of au-
tophagic vacuoles was later accompanied by functional recov-
ery of the heart. Decker and Widenthal showed, however, that
large nonfunctional lysosomes were observed when hypoxia
was extended to 1 h (18). We have shown that autophagy can
be also observed in the porcine model of chronic myocardial
ischemia (99, 100). Taken together, autophagy is induced by
both acute and chronic ischemia in the heart, and autophago-
some formation is further enhanced after reperfusion. However,
either prolonged or severe ischemia rather inhibits autophagy,
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FIG. 1. Scheme of autophagy. Acti-
vation of class III P13K or inactivation of
class I P13K plays an important role in the
induction of autophagy. After induction,
old proteins or organelles are sequestered
by autophagosomes. Two conjugation cas-
cades lead to autophagosome formation.
After completion of autophagosome for-
mation, autophagosomes fuse to lyso-
somes, thereby forming autolysosomes,
where the sequestered proteins are de-
graded by lysosomal proteases and recy-
cled in the form of amino acids. (For in-
terpretation of the references to color in
this figure legend, the reader is referred
to the web version of this article at
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possibly because ATP-dependent steps are involved in au-
tophagosomal formation. Induction of autophagy by ischemia
and reperfusion in cardiac myocytes was confirmed using cul-
tured neonatal and adult cardiac myocytes in vitro (90), sug-
gesting that the effect of I/R upon autophagy of cardiac myo-
cytes is cell autonomous. Importantly, however, a recent report
showed that autophagic activities, determined by the flux mea-
surement, are attenuated by I/R at the level of both induction
and degradation of autophagosomes in an HL-1 cardiac myo-
cyte cell line (32), despite the fact that accumulation of au-
tophagosomes at steady state is enhanced by I/R. Whether the
flux measurement of autophagy allows the same result in pri-
mary cultures of cardiac myocytes or in adult hearts in vivo re-
mains to be tested. Although evaluating the flux of autophagy
is challenging in vivo, the report clearly suggests the impor-
tance to evaluate the activity of autophagy at multiple steps.

TRIGGERS OF AUTOPHAGY DURING

ISCHEMIA/REPERFUSION: THE ROLE

OF OXIDATIVE STRESS, ER STRESS,
AND PROTEINASES

Myocardial ischemia causes depletion of intracellular ATP,
which would produce a condition similar to nutrient starva-
tion, such as glucose starvation. Interestingly, accumulation
of autophagosomes increases during the reperfusion phase,
even after the lack of ATP is partially alleviated (18). Theo-
retically, accumulation of autophagosomes during the re-
perfusion phase could be caused by decreases in lysosomal
degradation of autophagosomes alone (32). However, au-
tophagosomes continue to be made during the reperfusion
phase in vivo because LC3-GFP dots are significantly less in
beclinl+/— mice (64). What is the trigger of autophagosomes
formation during the reperfusion phase? Reactive oxygen
species are produced in mitochondria when the electron trans-
port resumes after suppression by ischemia. Increases in
oxidative stress cause mitochondrial permeability transition

(MPT) and mitochondrial damage, which could be in part me-
diated by upregulation of BH3-only proteins, such as Bnip3
(92). Interestingly, both Bnip3 and activation of MPT play an
important role in mediating autophagy during I/R in HL-1
cells (33) and hepatocytes (55), respectively, in vitro. Since
Bnip3 induces extensive damage of the mitochondrial network
and the fragmented mitochondria can be found in the au-
tophagosomes in Bnip3 overexpressing HL-1 cells (33), au-
tophagy may be activated to remove damaged mitochondria.
Currently, however, molecular mechanisms connecting Bnip3
or MTP and autophagy have not been identified.

The endoplasmic reticulum (ER) is a key organelle medi-
ating posttranslational modifications of nascent proteins and
protein folding (86, 96), which are essential for the delivery
of proteins to appropriate subcellular localizations and also
for the normal function of proteins. I/R impairs the ability of
the ER to synthesize, fold, and sort proteins, thereby causing
accumulation of misfolded proteins in ER, the response col-
lectively called ER stress (59). ER stress initiates a series of
compensatory responses, termed unfolded protein responses,
including attenuation of new protein synthesis, upregulation
of ER chaperons, and stimulation of apoptosis (59). Unfolded
protein responses are activated by I/R and heart failure in the
heart (60, 73, 96). Although misfolded proteins accumulated
by ER stress can be removed from ER and degraded by pro-
teasomes, excessive unfolded protein might be removed also
through autophagy. In fact, ER stress induced by tunicamycin
or dithiothreitol triggers autophagy in yeast (102). Phospho-
rylation of PERK/elF2¢«, an important mediator of the un-
folded protein response, induces conversion of LC31 to LC3II,
an essential step of autophagy in C2C5 cells (52). Further-
more, atg5 knockout MEF cells are more vulnerable to ER
stress than control MEF cells, suggesting that autophagy is
protective against ER stress (76). Under starvation, frag-
mented ER membrane structures are transported to autophagic
vacuoles (34). Furthermore, Beclinl, an essential mediator of
autophagy, is primarily localized at ER (78). These results
suggest that a direct connection may exist between ER stress
and autophagosome formation.
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I/R activates multiple mechanisms of proteolysis/protein degra-
dation (13). Interestingly, there seems to be complex interplays
among them. For example, I/R stimulates calcium-activated pro-
teases, such as calpain (15, 16, 43). AtgS5 is cleaved by calpain
and the cleaved product of Atg5 stimulates apoptosis rather than
autophagy (17, 103). On the other hand, in calpain-deficient cells,
autophagy is impaired, suggesting that calpain is required for
macroautophagy in mammalian cells (20). In another report, im-
paired proteasome function caused upregulation of autophagy
genes in human cells, suggesting that autophagy may compensate
for proteasome dysfunction (4). These results raise a possibility
that autophagy might be coordinately regulated by other mecha-
nisms of protein degradation during I/R.

Autophagy can be stimulated when caspase is inhibited in
L9209 cells (104, 105). Interestingly, autophagy activated by cas-
pase inhibitors targets specific proteins, such as catalase, for
degradation, thereby stimulating oxidative stress and cell death
(105). Caspase inhibitors reduce myocardial apoptosis after I/R
and thus are assumed to be protective (101). However, it is im-
portant to clarify whether caspase inhibitor treatment increases
autophagy after I/R, and if so, whether increased autophagy is
protective for the heart under I/R.

SIGNALING MECHANISMS MEDIATING
AUTOPHAGY DURING ISCHEMIA—A
SIMILARITY TO NUTRIENT STARVATION

During myocardial ischemia, a rapid drop in intracellular
ATP concentrations and a concomitant increase in AMP/ATP
lead to activation of AMP activated protein kinase (AMPK)
(21). Since AMPK is one of the most sensitive sensors of the
energy status in cells (37), it appears quite reasonable to pos-
tulate that AMPK participates in ischemia-induced induction of
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autophagy (67, 81, 91) (Fig. 2). In cultured cardiac myocytes,
glucose deprivation-induced autophagy was inhibited in the
presence of dominant negative AMPK (64). Furthermore, au-
tophagosome formation in response to myocardial ischemia was
also decreased in mice overexpressing dominant negative
AMPK (64). Interestingly, during myocardial ischemia, the
ATP content in the heart was lower, whereas LV end-diastolic
pressure was higher in the dominant negative AMPK mice than
in control mice (95). These results suggest that AMPK plays
an important role in mediating autophagy during myocardial
ischemia. Furthermore, induction of autophagy during myocar-
dial ischemia could be protective, namely preserving both ATP
production and cardiac function. Activation of AMPK causes
phosphorylation of TSC2 and subsequent inhibition of Rheb,
thereby leading to inhibition of mTOR (37), a negative regula-
tor of autophagy (74, 82). Interestingly, it has been shown that,
in anoxic cardiac myocytes, activation of AMPK leads to inhi-
bition of protein synthesis through phosphorylation of eukary-
otic elongation factor-2 (eEF2) rather than inhibition of mTOR
(36). Together with recent evidence that eEF2 kinase, which
phosphorylates eEF2, regulates autophagy (31, 94), ischemia-
induced autophagy may be mediated through the AMPK—eEF2
kinase pathway rather than AMPK-induced inhibition of
mTOR, although this hypothesis needs to be tested experimen-
tally (Fig. 2).

BECLIN1 ROLE IN MEDIATING
AUTOPHAGY DURING REPERFUSION

Since AMPK is rapidly inactivated upon reperfusion, it is un-
likely that the further increase in autophagosome formation dur-
ing the reperfusion phase is mediated by AMPK. Interestingly,
in the mouse model of I/R, expression of Beclinl is dramati-

Ischemia Reperfusion
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FIG. 2. Hypothetical schemes describing the mechanism of formation of autophagy under ischemia and reperfusion. In
ischemia, oxygen and nutrient supplies are decreased, and the intracellular ATP level is reduced, causing activation of AMPK
and inactivation of mTOR. These stimuli lead to autophagy for cell survival. On the other hand, upon reperfusion, activation of
AMPK and inactivation of mTOR are no longer observed. Instead, expression of Beclin 1 is markedly upregulated. Simultane-
ously, increases in intracellular calcium, subsequent activation of the calcium-activated protease, oxidative stress, and ER stress
occur. These stimuli induce autophagy, which may not be necessarily cytoprotective.
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cally upregulated in the reperfusion phase but not in the isch-
emic phase (64), raising a possibility that Beclinl may play an
important role in mediating autophagy during the reperfusion
phase (Fig. 2). In fact, autophagosome formation during the
reperfusion phase was significantly inhibited in beclin 1+/—
mice (64). In cultured cardiac myocytes, urocortin, an endoge-
nous cardioprotective peptide, can reduce the expression of Be-
clinl, thereby suppressing autophagy and cell death by I/R. The
authors proposed that inhibition of Beclinl expression is me-
diated by the P13K/AKt pathway (90). Thus, it is possible that
class I PI3K negatively affects autophagy through suppression
of Beclinl expression during the reperfusion phase. It has been
shown recently that TNFa-induced upregulation of Beclinl is
mediated by JNK in vascular smooth muscle cells (40). Since
JNK is activated by reperfusion (5, 12, 23, 69), INK might be
involved in upregulation of Beclinl during the reperfusion
phase in the heart as well.

IS AUTOPHAGY PROTECTIVE OR
DETRIMENTAL FOR THE HEART
DURING ISCHEMIA/REPERFUSION?

Autophagy plays an important role in mediating cell survival
during stress conditions such as nutrient starvation. However,
either “nonphysiological” or “inappropriate” activation of au-
tophagy can lead to cell death. The causative role of autophagy
in mediating either survival or death of cardiac myocytes dur-
ing stressed conditions remains to be elucidated. Thus far, the
functional significance of autophagy in the heart has been best
defined in autophagy induced by nutrient starvation. For ex-
ample, autophagy is required for normal heart function and sur-
vival during perinatal starvation (53). Although less autophagy
is induced in atg5 —/— mice in response to starvation, they ex-
hibit more severe cardiac dysfunction and die earlier than con-
trol mice (53). We have also shown that induction of autophagy
in response to glucose deprivation is essential for survival of
cardiac myocytes (64). Thus, activation of autophagy is gener-
ally essential for survival of cardiac myocytes in response to
nutrient starvation. It should be noted, however, that in the
HO9c2-transformed cardiac myocyte cell line, inhibition of glu-
cose starvation-induced autophagy by 3-methyladenine (3-
MA), an inhibitor for class III PI3K (3), reduced cell death, sug-
gesting that autophagy can be detrimental in some experimental
conditions. The basis for the differences between these two
studies is not yet clear.

Similarly, autophagy either stimulates or inhibits cell survival
in cultured cardiac myocytes subjected to ischemia (hyp-
oxia)/reperfusion (reoxygenation). For example, in cardiac cell
line HL-1cells, I/R-induced increases in Bax-positive cells were
increased by inhibition of autophagy through knockdown of ei-
ther Beclinl or Atg5, whereas Bax positive cells were decreased
by Beclinl overexpression (32). Similarly, the viability of car-
diac myocytes after anoxia—reoxygenation was decreased when
autophagy is suppressed by 3-MA (22). These results suggest
that autophagy during I/R could be protective. Consistently, the
following independent observations support the notion that au-
tophagy could be protective against modest myocardial isch-
emia in vivo. First, we have shown that in pig hearts with
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chronic ischemia, less apoptosis was observed in the LV myo-
cardium with autophagy, which exhibited nearly a full recov-
ery of cardiac function when coronary blood flow was restored
(100). Second, in the rabbit isolated perfused heart preparation,
reperfusion after up to 40 min of ischemia stimulated a cellu-
lar repair process with a dramatic increase in autophagy and re-
stored cardiac function (18). Third, fetal mouse hearts in organ
cultures tolerate without residual injury up to 4 h incubation
with glucose-free medium by upregulating autophagy (85). The
causative role of autophagy in mediating the protective effects
should be demonstrated in each case. Contrary to the cardio-
protective effects of autophagy during I/R, some studies report
that autophagy during I/R, especially at the reperfusion phase,
may not be necessarily protective. For example, Valentim et al.
demonstrated that both autophagy and myocyte death induced
by I/R in neonatal and adult cardiac myocytes were blocked in
the presence of either 3-MA or knockdown of Beclinl in vitro
(90). We have shown recently that in GFP-LC3/beclinl +/—
mice, the number of autophagosomes after I/R was significantly
reduced, which was accompanied by decreases in both the in-
farct size and the number of TUNEL positive cells in the area
at risk (64). Consistent with these results, inhibition of cathep-
sin, a lysosomal enzyme responsible for degradation of au-
tophagosomes, inhibits I/R injury (7, 8) and reperfusion-in-
duced apoptosis (87). These data suggest that activation of
autophagy during I/R may be rather detrimental in some cases.
Thus, it is important to elucidate what will make autophagy pro-
tective or detrimental in the heart under I/R.

Several possibilities may explain why autophagy could be
both protective and detrimental in the heart. First, hyperactiva-
tion of autophagy could cause cell death (Fig. 2). Hyperactiva-
tion of autophagy could take place through several mechanisms.
For example, our results suggest that expression of Belcinl is
dramatically upregulated in the reperfusion phase in the mouse
heart in vivo (64). Furthermore, the ability of Beclinl to pro-
mote autophagy is negatively regulated by interaction with Bcl-
2. Whether autophagy induces cell death or cell survival may
be determined by the balance between Bcl-2 and Beclinl (78).
Thus, either expression or posttranslational modification of Bel-
2 would affect the activity of Beclinl and subsequent occur-
rence of autophagy. Theoretically, downregulation of Bcl-2 not
only stimulates apoptosis but also activates autophagy through
activation of Beclinl, thereby stimulating cell death. Thus, the
combination of upregulation of Beclinl (64) and downregula-
tion of Bcl-2 (29) during the reperfusion phase would dramat-
ically stimulate the activity of Beclinl. Inappropriate activation
of the lysosomal protein degradation system (autophagy), when
the cell is dying by apoptosis, may be detrimental and even fa-
cilitate necrosis.

Second, the functional significance of autophagy may be
determined by the nature of the triggering stress (Fig. 2). For
example, since nutrient stress is a physiological stress for au-
tophagy (57), cells may simply enjoy the protective environ-
ment without having much to lose. On the other hand, if au-
tophagy is activated without nutrient/energy starvation, since
autophagy may simply work as a destruction box, cells jeop-
ardize themselves to commit suicide. Autophagy can be ac-
tivated without starvation, using mTOR-inactivation-inde-
pendent signaling mechanisms (97). If cardiac myocytes
inappropriately activate autophagy even in the absence of en-
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ergy starvation, autophagy in the reperfusion phase could be
detrimental.

Finally, it has been shown that Atg5, which is essential for
autophagosome formation, is cleaved by calpain in response to
apoptotic stimuli and translocated to mitochondria, where it as-
sociates with the anti-apoptotic molecule Bcl-xL and induces
cytochrome c release (17, 103). These results suggest that Atg5
is involved in apoptosis. Interestingly, Atg5 was originally de-
scribed as an apoptosis-specific protein (28), which is upregu-
lated during apoptosis in neurons (62). These studies suggest
that some of the autophagy-related proteins might be involved
in both autophagy and apoptosis, raising a possibility that au-
tophagy and apoptosis could be interconnected by common me-
diators. Thus, it is possible that intervention to either stimulate
or inhibit autophagy secondarily affects other mechanism of cell
death, thereby affecting survival of cardiac myocytes during
I/R. The functional role of autophagy regulating cell sur-
vival/death during myocardial I/R should be carefully evalu-
ated using experimental maneuvers selectively regulating au-

tophagy.

AUTOPHAGY IS ACTIVATED
IN HEART FAILURE

Accumulation of autophagosomes or vacuole formation is
also observed in other pathologic conditions in the heart, in-
cluding cardiomyopathy (2, 35, 49). It remains to be clarified,
however, whether autophagosome formation in the heart in
these pathological conditions is salutary or detrimental. It also
remains unclear whether the increase in autophagosomes in the
pathologic heart is caused by either increased formation of au-
tophagy or impaired breakdown of autophagosomes. In a car-
diomyopathic hamster model, autophagic vacuolar degenera-
tion was accompanied by increased expression of Rab7 and
cathepsin D, which should stimulate lysosomal fusion and
degradation of autophagosomes (68). In dilated cardiomyopa-
thy patients, expression of cathepsin D was decreased, which
could induce accumulation of autophagosomes due to inade-
quate degradation (51). In mice deficient with lysosome-asso-
ciated membrane protein-2 (lamp-2), an important constituent
of the lysosomal membrane (14, 25), extensive accumulation
of autophagic vacuoles was observed in many tissues, includ-
ing the heart. Lamp-2 exists in the late phase autophagic vac-
uole, and thus the degradation rate of autophagosomes is slowed
down in hepatocytes of lamp-2 deficient mice. (24). Cardiac
myocytes in lamp-2-deficient mice are ultrastructurally abnor-
mal, and contractility is severely reduced(24, 84, 88), suggest-
ing that impaired break-down of autophagosomes alone could
lead to cardiac dysfunction.

CONCLUSIONS

Autophagy has both protective and detrimental effects for the
heart subjected to I/R. Autophagy in the ischemic phase and
that in the reperfusion phase may be mediated by different cel-
lular mechanisms and possess distinct functional significance.
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However, elucidating the causative role of autophagy in medi-
ating cell survival or cell death has been hampered by the dif-
ficulty in manipulating autophagy without affecting other cel-
lular responses. For example, even evolutionarily conserved
autophagy genes may possess autophagy-independent functions
(26, 103). Thus, it seems essential to compare cardiac pheno-
types in multiple mouse models of autophagy to identify which
cardiac phenotype is specifically regulated by autophagy. In any
case, we speculate that induction of well-controlled autophagy
as well as suppression of inappropriate autophagy should pro-
tect cardiac myocytes from cell death during both acute and
chronic phase of I/R in the heart. Thus, elucidating the specific
cellular mechanism, allowing activation of autophagy at an ap-
propriate level and appropriate timing may lead to better treat-
ment for ischemia heart diseases.
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ABBREVIATIONS

AMPK, AMP activated kinase; Atg, autophagy related gene;
eEF2, eukaryotic elongation factor-2; elF2«, alpha-subunit of
the eukaryotic initiation factor-2; ER, endoplasmic reticulum;
Hsc73, heat shock cognate protein of 73 kD; I/R, ischemia-
reperfusion; LAMP, lysosome associated membrane protein;
LC3, microtubule associated protein light chain 3; 3-MA, 3-
methyladenine; MEF, mouse embryonic fibroblasts; MPT, mi-
tochondrial permeability transition; mTOR, mammalian target
of rapamycin; PE, phosphatidylethanolamine; PERK, PKR-like
ER kinase; PI3K; phosphatidylinositol 3-kinase; Rheb, Ras ho-
mologue enriched in brain; TSC2, tuberous sclerosis complex.
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