
Molecular Mechanisms and Physiological Significance of
Autophagy during Myocardial Ischemia and Reperfusion

Yutaka Matsui, Shiori Kyoi, Hiromitsu Takagi, Chiao-Po Hsu, Nirmala Hariharan, Tetsuro
Ago, Stephen F Vatner, and Junichi Sadoshima
Cardiovascular Research Institute, Department of Cell Biology and Molecular Medicine, University
of Medicine and Dentistry of New Jersey, New Jersey Medical School, Newark, New Jersey, USA

Abstract
Autophagy is an intracellular bulk degradation process whereby cytoplasmic proteins and organelles
are degraded and recycled through lysosomes. In the heart, autophagy plays a homeostatic role at
basal levels, and the absence of autophagy causes cardiac dysfunction and the development of
cardiomyopathy. Autophagy is induced during myocardial ischemia and further enhanced by
reperfusion. Although induction of autophagy during the ischemic phase is protective, further
enhancement of autophagy during the reperfusion phase may induce cell death and appears to be
detrimental. In this review we discuss the functional significance of autophagy and the underlying
signaling mechanism in the heart during ischemia/reperfusion.

Introduction
Autophagy is an important intracellular bulk degradation process, whereby cytosolic proteins
and organelles are sequestered by double membrane vesicles termed autophagosomes and
delivered to lysosomes for degradation. 1, 2 Autophagy occurs at basal levels, thereby
participating in homeostatic functions in cells, but can be further induced by stresses, such as
nutrient depletion and ischemia/reperfusion (I/R), thereby mediating both protective and
detrimental functions in cells. I/R induces multiple cellular conditions which favor autophagy.
For example, energy starvation is one of the most established stimuli for induction of
autophagy. Accompanying apoptosis, oxidative stress, endoplasmic reticulum (ER) stress and
changes in the activity of the ubiquitin-proteasomal system (UPS) are intimately involved in
the regulation of autophagy. Furthermore, the necessities of removing damaged
macromolecules/organelles and even apoptotic cells, and initiating subsequent tissue
remodeling may stimulate autophagy during and after I/R. Although induction of autophagy
by I/R in mammalian organs, such as the heart, has been known for more than 30 years, the
signaling mechanism by which I/R induces autophagy and the functional significance of
autophagy during I/R have only just started to be unraveled recently, due to recent
advancements in the elucidation of the molecular mechanism of autophagy and genetically
altered mouse models.

Clinically, the heart is the organ most frequently affected by I/R. In the US, about 16 million
people suffer from coronary heart disease and 8 million people have had myocardial infarction.
3 Thus, studying the function of autophagy in the heart during I/R has significant clinical
implications. We have recently shown that autophagy is induced by I/R in the mouse heart in
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vivo. Ischemia stimulates autophagy through an AMP activated protein kinase (AMPK)-
dependent mechanism, whereas reperfusion further stimulates autophagy through Beclin 1-
dependent mechanisms. 4, 5 Unexpectedly, autophagy has distinct functions during ischemia
and reperfusion: autophagy may be protective during ischemia, whereas it may be detrimental
during reperfusion in the heart. In the current review, using the heart and cardiac myocytes
therein, a highly I/R-sensitive organ and cell type, as model systems, we discuss the molecular
mechanisms and the physiological significance of autophagy during I/R.

Role of autophagy in mediating cellular survival or death in the heart
Induction of autophagy in the heart was first reported in the 1970s. 6 The heart is one of the
notable organs in mice where a drastic increase in autophagosomes is observed during
starvation. 7 Autophagy might be more important in the terminally differentiated (and
presumably long-lived) cell types, like cardiac myocytes, than in frequently renewing cell types
because long-lived proteins and damaged organelles to be degraded are not diluted through
cell proliferation. In addition, cardiac myocytes may need multiple layers of backup
mechanisms to maintain ATP levels for continuous contraction. Before we discuss the specific
function of autophagy during I/R, we briefly discuss the general function of autophagy in the
heart at baseline and under stressed conditions. The recent development of genetically altered
mouse models has provided valuable information regarding in vivo functions of autophagy in
the heart. It is becoming clear that the baseline activity of autophagy is essential for the heart.
Inducible deletion of autophagy related gene 5 (atg5) in the adult heart causes cardiac
hypertrophy, chamber dilatation and contractile dysfunction, suggesting that autophagy under
baseline conditions is a homeostatic mechanism to maintain the global cardiac structure and
function in the adult heart. 8 These results are similar to those seen in the brain, where
suppression of basal autophagy causes neurodegenerative diseases in mice, 9, 10 and suggest
that the continuous clearance of cytosolic proteins through autophagy is essential for the
survival of cardiac and neuronal cells. In mice deficient in lysosome-associated membrane
protein-2 (lamp-2), an important constituent of the lysosomal membrane, extensive
accumulation of autophagic vacuoles was observed in many organs, including the heart,
presumably caused by attenuated degradation of autophagosomes. Cardiac function in
lamp-2 deficient mice is reduced, mimicking the cardiac manifestation of Danon disease, the
best known autophagic vacuolar myopathy caused by mutation in lamp-2. 11, 12

The role of autophagy in the heart under stress seems more complex. In a cardiomyopathic
hamster model, autophagosome formation is increased in the heart, accompanied by increased
expression of Rab7 and cathepsin D, which stimulate lysosomal fusion and degradation of
autophagosomes. 13 Myocardial damage due to intoxication, infection or autoimmune
responses also stimulates autophagy in the heart. 14

An important question here is whether the autophagosome formation is protective or
detrimental in the heart under stress. Autophagy is upregulated immediately after birth, and
mice deficient in atg5 die within 1 day of delivery with reduced amino acid concentrations and
signs of energy depletion in the heart. The production of amino acids by autophagic degradation
of ‘self’ proteins seems essential for the maintenance of energy homeostasis during neonatal
starvation. 15 Heart-specific deletion of atg5 leads to the development of cardiac dysfunction
and LV dilatation after transverse aortic constriction (TAC), 8 a well-established procedure
for increasing afterload to the heart, suggesting that upregulation of autophagy is adaptive
under pressure overload. In contrast, another report showed that suppression of autophagy
caused by heterozygous deletion of beclin 1 slightly but significantly attenuated systolic
dysfunction induced by TAC, whereas augmented expression of Beclin 1 in transgenic mouse
hearts enhanced pathological hypertrophy and systolic dysfunction. These results suggest that
autophagy during pressure overload could be detrimental under some experimental conditions.
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16 The exact reason why these two reports lead to opposite conclusions is so far unknown. It
is possible that Beclin 1 may have more complicated functions beyond autophagy. Importantly,
however, autophagy might be suppressed below physiological levels in atg5 −/− mice. In
contrast, in beclin 1+/− mice, the level of autophagy under increased afterload may be
normalized and may not drop below normal, since only half of the beclin 1 genes is knocked
out in these mice. Although this possibility needs to be tested experimentally, it is possible that
reducing autophagy below normal may create an independent stress to the heart and, thus, the
exacerbation of heart failure in atg5 −/− mice may not necessarily indicate that activation of
autophagy at supra-normal levels is protective. Increasing lines of evidence suggest that cardiac
myocytes die by multiple mechanisms, including autophagic cell death, in heart failure patients.
17–20 Kanaapen et al reported that autophagic cell death, characterized by the presence of
granular cytoplasmic ubiquitin inclusions and absence of markers of apoptosis (TUNEL or
cleaved caspase-3) or necrosis (C9, a marker of myocardial necrosis 21), is observed in 0.3%
of cardiac myocytes in cardiomyopathy patients, 18 which is as high as the frequency of
apoptotic cardiac myocytes observed in heart failure patients. 22 These results support the
notion that autophagic cell death could be a major cause of programmed cell death in the heart
under stress.

Activation of autophagy during ischemia and reperfusion in the heart
More than 30 years ago, Sybers et al reported that autophagosomes containing damaged
organelles are observed in fetal mouse hearts in organ culture. 6 Formation of autophagosomes
induced by transient (4 hours) deprivation of oxygen and glucose was accelerated by re-supply
of them, a procedure similar to I/R. Interestingly, many cardiac cells recovered without residual
injury after transient ischemia. The authors speculated that autophagy may play a role in the
repair of sublethal injury. 6 Subsequently, Decker et al reported that hypoxic conditions for 40
minutes led to an increase in autophagic vacuoles, and that reperfusion after either 20 or 40
minutes of hypoxia induced a dramatic enhancement of autophagy in the perfused rabbit heart.
23 More recently, we and others showed that autophagy is observed in human and pig hearts
under chronic myocardial ischemia, 24–26 as well as in mouse and rat hearts subjected to acute
I/R. 4, 27 The extent of autophagy is enhanced during reperfusion compared with ischemia
alone in the mouse heart. 4 Taken together, autophagy is induced by ischemia and further
enhanced after reperfusion in the heart in vivo. In cultured neonatal and adult cardiac myocytes,
hypoxia and reoxygenation (H/R) also induced autophagy in vitro, 28 indicating that induction
of autophagy by I/R or H/R is cell autonomous in cardiac myocytes.

Upstream triggers of autophagy during I/R
Induction of autophagy by myocardial ischemia is likely to be triggered by depletion of cellular
ATP. However, energy starvation may not be the primary mechanism of autophagy during
reperfusion, when the lack of ATP is alleviated. Then what is the trigger of autophagy during
reperfusion? First, production of reactive oxygen species (ROS) in mitochondria is
dramatically amplified by a mechanism called ROS-induced ROS release when electron
transport resumes during reperfusion. 29 ROS produces damaged proteins and organelles and
lipid peroxidation in mitochondria, thereby playing an essential role in promoting autophagy
caused by a wide variety of stresses, such as TNFa and NGF deprivation. 30, 31 Since
autophagy can target catalase for degradation, which in turn causes accumulation of H2O2,
autophagy and oxidative stress can initiate a positive feedback mechanism and cause
autophagic cell death. 32 In addition, ROS directly affects the activity of the autophagy
machinery. For example, H2O2 oxidizes a cysteine residue of HsAtg4, thereby inhibiting its
cysteine protease activity and stimulating starvation-induced autophagy. 33 A recent review
proposed intimate roles of ROS in mediating autophagosome formation through direct
oxidative modifications of the autophagic machinery. 32
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Second, cellular stresses impair the ability of the ER to confer posttranslational modifications
and correct folding to nascent proteins, leading to accumulation of misfolded proteins in the
ER, 34 a condition collectively called ER stress. ER stress induces compensatory responses,
termed the unfolded protein response (UPR), including inhibition of protein translation,
upregulation of chaperones, protein degradation, and induction of apoptosis. Accumulation of
misfolded proteins induces autophagy through activation of ER stress sensors, such as PKR-
like ER kinase (PERK) and inositol requiring enzyme 1 (IRE1), in mammalian cells. 35,
36Atg5 knockout mouse embryonic fibroblasts (MEF) are more vulnerable to ER stress than
control MEF cells, exhibiting accumulation of misfolded proteins and cell death, suggesting
that autophagy is protective against ER stress. 35, 36 Since the UPR is activated by I/R and
failure in the heart, 37 ER stress triggered by I/R may contribute to increases in autophagy in
the heart. Interestingly, autophagy induced by ER stress is generally adaptive. Whether such
autophagy induced by ER stress is protective or maladaptive in the heart subjected to I/R
remains to be clarified.

Third, the activities of multiple mechanisms of protein degradation in the heart, such as calpain,
the UPS and autophagy, are affected by I/R. 38 It appears that the activity of each protein
degradation mechanism seems affected by those of the others. For example, I/R stimulates
calcium-activated proteases, such as calpain, 39–41 which in turn affects the activity of the
UPS and autophagy in the heart. Loss of myocardial calpain activity due to overexpression of
calpastatin induces suppression of protein ubiquitination, and causes dilated cardiomyopathy
characterized by accumulation of protein aggregates and formation of autophagosomes in the
heart. 42 It should be noted that autophagy is impaired by the absence of calpain in fibroblastic
cell lines, suggesting that regulation of autophagy by calpain may be cell type-dependent. 43
Deletion of mitochondrial DNA causes inhibition of the UPS, which in turn activates
autophagy, suggesting that autophagy may compensate for proteasome dysfunction. 44 These
results suggest that other mechanisms of protein degradation may coordinately regulate
autophagy during I/R.

Signaling mechanisms mediating autophagy during ischemia: critical roles
of AMPK and HIF-1

A rapid decline in ATP/ADP with a subsequent increase in AMP levels during myocardial
ischemia stimulates AMPK. 45 AMPK is the prime energy sensor in response to energy
depletion. 46 Does AMPK play a critical role in mediating autophagy caused by ischemia?
The yeast homolog, sucrose nonfermenting protein 1 (Snf1)/Snf4 complex, mediates
autophagy during starvation, thereby mediating cell adaptation to a glucose-free environment.
47 Glucose deprivation-induced autophagy is inhibited in the presence of dominant negative
AMPK in cultured cardiac myocytes. 4 Autophagy induced by myocardial ischemia is also
diminished in mice overexpressing dominant negative AMPK. 4 These results suggest that
AMPK plays an essential role in mediating autophagy in response to ischemia in cardiac
myocytes. During ischemia, the ATP content in the heart was lower and LV end-diastolic
pressure was higher in dominant negative AMPK mice than in wild type mice. 48 Furthermore,
prolonged ischemia caused a larger myocardial infarction in the dominant negative AMPK
mice, 5 suggesting that AMPK has a protective effect against ischemia. Although AMPK
mediates cardioprotection through multiple mechanisms, including increases in glucose
uptake, glycolysis, and fatty acid oxidation, 49 induction of autophagy may also contribute to
the protective effects of AMPK during myocardial ischemia. At present, the signaling
mechanism by which AMPK activates autophagy in the heart is unknown. Activation of AMPK
causes phosphorylation of tuberous sclerosis complex 2 (TSC2), thereby leading to inhibition
of mammalian target of rapamycin (mTOR), 46 a major negative regulator of autophagy. In
anoxic cardiac myocytes and ischemic Langendorff perfused hearts, however, activation of
AMPK leads to an inhibition of protein synthesis through phosphorylation of eukaryotic
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elongation factor-2 (eEF2) but not by inhibition of mTOR. 50 In fact, despite significant
activation of AMPK by ischemia, we were unable to observe a significant drop in p70 S6 kinase
(p70S6K) phosphorylation during ischemia, 4 suggesting that the activity of mTOR may not
be significantly affected by myocardial ischemia in vivo. Since eEF2 kinase, which
phosphorylates eEF2, regulates autophagy, ischemia-induced autophagy may be mediated
through the AMPK-eEF2 kinase pathway rather than through the AMPK-induced inhibition
of mTOR. 51 AMPK also stabilizes p27kip1, an inhibitor of the cyclin-cdk complex, through
phosphorylation, which in turn prevents apoptosis but stimulates autophagy under stress, such
as glucose starvation. 52 The molecular mechanism by which p27kip1 promotes autophagy is
not well understood. Since the AMPK α2 subunit contains a putative nuclear localization signal,
it is possible that DN-AMPK has direct effects upon the nuclear actions of AMPK, namely
transcription of genes involved in autophagy. Recent evidence suggests that hypoxia inducible
factor-1 (HIF-1) regulates autophagy and cell survival in chondrocytes. 53 Since HIF-1 is
upregulated in the heart under ischemic conditions 54, and HIF-1 is activated by AMPK, 55 it
will be interesting to examine the connection between AMPK and HIF-1 and the role of HIF-1
in mediating autophagy induced by myocardial ischemia.

Signaling mechanisms mediating autophagy during reperfusion: critical
roles of Beclin 1 and BNIP3

Because AMPK is no longer activated after reperfusion, the further increase in autophagy
during the reperfusion phase is unlikely to be mediated by AMPK-dependent mechanisms.
Increases in autophagic activity in the reperfusion phase are accompanied by dramatic
upregulation of Beclin 1 in the heart. Induction of autophagy during the reperfusion phase was
significantly attenuated in beclin 1 +/− mice 4 Dramatic upregulation of Beclin 1 induced by
reperfusion was also observed in brain and kidney cells. 56, 57 Collectively, upregulation of
Beclin 1 may be responsible for increases in autophagy during reperfusion. 4 The signaling
mechanism by which I/R dramatically upregulates Beclin 1 expression remains to be
elucidated. TNFα induced upregulation of Beclin 1 and subsequent autophagy through the JNK
pathway in vascular smooth muscle cells. 58 Since JNK is activated by reperfusion, 59–62
Beclin 1 may be upregulated by JNK during the reperfusion phase in the heart. Conversely,
urocortin, a cardioprotective peptide, reduces the expression of Beclin 1 through
phosphatidylinositol 3-kinase (PI3K)/Akt-dependent mechanisms, thereby suppressing
autophagy in cultured cardiac myocytes. 28

Another mechanism mediating I/R-induced autophagy is BNIP3, a BH3-only protein. BNIP3
is dramatically induced by prolonged hypoxia, thereby mediating mitochondrial dysfunction
and cell death in neonatal cardiac myocytes. 63 In HL-1 cells, a cardiac myocyte-like cell line,
BNIP3 is both necessary and sufficient for induction of autophagy by I/R. 27 BNIP3 is also
required for induction of autophagy by hypoxia in cancer cell lines. 64, 65 Since BNIP3 exists
as an integral mitochondrial membrane protein, it may induce damage to the mitochondria,
such as fragmentation, which in turn triggers autophagy. It is also possible that BNIP3 titrates
Bcl-2 and/or Bcl-XL away from Beclin-1, thereby inducing autophagy. 65 Alternatively,
BNIP3 directly binds Ras homolog enriched in brain (Rheb) and inhibits its GTPase activity,
thereby inhibiting mTOR, 66 which would stimulate autophagy.

Interestingly, both Beclin 1 and BNIP3 are BH3 domain containing proteins and strongly
inducible. Furthermore, they are localized at the ER and mitochondria, respectively, the
intracellular organelles subjected to stress/damage under I/R, which would make them
attractive sensors to initiate autophagy in response to I/R.
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Role of autophagy in mediating survival or death during I/R
Early reperfusion of the ischemic myocardium plays an important role in minimizing
myocardial tissue injury associated with acute myocardial ischemia. 67 However, the effects
of reperfusion are complex and include some deleterious effects collectively referred to as
reperfusion injury. 68 The reperfusion injury is manifest as acute heart failure, arrhythmia, and
accelerated progression of cell death in certain critically injured myocytes. 69 Whether
induction of autophagy during ischemia and reperfusion is physiological, and thereby
protective, or detrimental, thereby mediating cell death, has just begun to be elucidated.

Autophagy induced by ischemia in cardiac myocytes is generally protective. Inhibition of
autophagy during glucose deprivation, a condition mimicking ischemia, in cultured cardiac
myocytes facilitates ATP depletion and cell death. 4 Inhibition of autophagy during acute
myocardial ischemia in dominant negative AMPK mice was accompanied by cardiac injury
and dysfunction. 4 Induction of autophagy allows the myocardium to recover from prolonged
ischemia/hypoxia without significant myocardial injury. 23 How does autophagy play a
protective role in the heart during ischemia? First, autophagy may provide a source of energy
during hypoxia. Through degradation of the membrane lipids and proteins, autophagy
generates free fatty acids and amino acids. Since a part of the ischemic risk area may still
receive reduced levels of oxygen via diffusion from the border zone, acetyl-CoA converted
from fatty acids and amino acids can be used by the cell to maintain mitochondrial ATP
production through the tricarboxylic acid (TCA) cycle under hypoxia, if not complete ischemia.
1, 70 Second, autophagy mediates the removal of damaged protein aggregates in the heart.
During ischemia, the function of the ubiquitin proteasome pathway is generally inhibited in
the heart, 71 leading to accumulation of oxidized and ubiquitinated proteins. Autophagy may
work as an alternative measure to scavenge and eliminate misfolded, polyubiquitinated protein
aggregates during ischemia. 1, 70 Third, autophagy mediates the removal of damaged
organelles in the heart. BNIP3-induced autophagosomes often contain fragmented
mitochondria in cardiac myocytes, 27 suggesting that autophagy removes damaged
mitochondria, which might otherwise trigger ROS-induced ROS release and generalized
permeability transition pore opening.

Contrary to the generally protective effects of autophagy during ischemia, autophagy during
I/R, especially at the reperfusion phase, may not necessarily be protective under some
experimental conditions. For example, inhibition of H/R-induced autophagy by 3-
methyladenine (3-MA) or knockdown of Beclin 1 leads to enhanced cardiac myocyte survival
in vitro. 28 In addition, inhibition of autophagy during the reperfusion phase was accompanied
by significant reduction in the size of myocardial infarction and cardiac myocyte apoptosis in
beclin 1 +/− mice. 4 These data suggest that activation of autophagy during H/R or I/R may
be detrimental, at least in some experimental conditions. What, then, would render autophagy
detrimental in the heart during I/R?

First, hyperactivation of autophagy, which takes place under some conditions, could cause cell
death. 7270 Lysosomal enzymes are markedly upregulated in the heart after myocardial
infarction. 73 Together with dramatic induction of Beclin 1 and BNIP3, it is expected that
autophagy is enhanced to supra physiological levels during reperfusion.

Second, whether autophagy induces cell death or cell survival may be determined by the
balance between Bcl-2 and Beclin 1. 74 The ability of Beclin 1 to promote autophagy is
negatively regulated by interaction with Bcl-2. Thus, either expression or posttranslational
modification of Bcl-2 would affect the activity of Beclin 1 and subsequent occurrence of
autophagy. Theoretically, downregulation of Bcl-2 or upregulation of Bcl-2/Bcl-XL binding
proteins, such as BNIP3, not only stimulates apoptosis but also activates autophagy through
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activation of Beclin 1. Thus, the combination of upregulation of Beclin 1 and BNIP3 and
downregulation of Bcl-2 75 during the reperfusion phase would dramatically stimulate the
activity of Beclin 1, thereby stimulating cell death.

Third, autophagy and apoptosis could be interconnected by common mediators. For example,
Atg5 is cleaved by calpain, which is upregulated by I/R, and translocated to mitochondria,
where it associates with the anti-apoptotic molecule, Bcl-xL, and induces cytochrome c release
in Jurkat cells. 76 Upregulation of calpain during I/R may convert initial activation of
autophagy by Atg5 to apoptosis through this mechanism. Atg5 is also reported to interact
directly with Fas-associated protein with death domain (FADD) via the death domain, thereby
stimulating autophagic cell death. 77 In the heart subjected to ischemia, induction of apoptosis
is dramatically enhanced during the reperfusion phase. 78 Thus, concomitant activation of the
apoptotic signaling mechanism during the reperfusion phase may influence the autophagy
machinery upon myocardial cell death. It should be noted that more study is needed to clarify
which mode of cell death is enhanced by the increased autophagy during reperfusion.

If our hypothesis that autophagy during myocardial ischemia is protective whereas that during
reperfusion phase is detrimental is true, autophagy should be stimulated in the middle of
ischemia but must be inhibited during reperfusion in patients. Such phase-dependent
contrasting biological functions between ischemia and reperfusion are not without precedent.
For example, activation of AMPK is protective during ischemia because it stimulates glycolytic
ATP production. However, continued activation of AMPK during reperfusion is detrimental
because increased fatty acid oxidation induces uncoupling between glycolysis and glucose
oxidation, resulting in cytosolic proton production and intracellular acidosis. 49 It should be
noted, however, that whether induction of autophagy during I/R is salutary or detrimental may
be affected by the length/extent of initial ischemia. In fact, induction of autophagy during
reoxygenation is protective in cardiac myocyte-like HL1 cells. 79 If the level of initial ischemia
is modest, activation of autophagy at reperfusion may also be modest and thus protective. More
investigations are needed to apply our knowledge regarding autophagy to clinical treatment to
reduce I/R injury in patients.

Conclusions
Autophagy has both protective and detrimental effects for the heart subjected to I/R. Autophagy
in the ischemic and reperfusion phases may be mediated by different cellular mechanisms and
possess distinct functional significance (Figure 1). However, elucidating the causative role of
autophagy in mediating cell survival or cell death during I/R has been challenged by difficulties
in manipulating autophagy to physiological levels without affecting other cellular responses
in animal models. For example, complete knock down or overexpression alone may introduce
independent artifacts. Development of new mouse models which allow us to precisely control
the activity of autophagy would be useful. Ideally, the speed of such manipulation should be
fast enough so that we are able to distinguish the role of autophagy during ischemia and
reperfusion. There are multiple connections between the apoptotic and autophagic processes,
and even evolutionarily conserved autophagy genes may possess autophagy-independent
functions, such as in apoptosis and necrosis. Comparing responses to I/R in multiple mouse
models with genetic alterations in the autophagic machinery would be helpful to identify which
phenotype is specifically regulated by autophagy.

We speculate that induction of well-controlled autophagy, as well as suppression of
inappropriate autophagy, should protect cardiac myocytes from cell death during I/R in the
heart. Ischemic heart disease is one of the most common health problems in the western world.
Elucidating the specific cellular mechanism allowing activation of autophagy at an appropriate
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level and with appropriate timing may lead to the development of novel cardioprotective
strategies for ischemic heart disease.
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Figure 1.
Hypothetical scheme describing the mechanism of autophagy under ischemia and reperfusion.
Under ischemia, O2 and nutrient supplies are decreased and the intracellular ATP level is
reduced, causing activation of AMPK. These stimuli lead to autophagy, which may be
protective. On the other hand, upon reperfusion, activation of AMPK is no longer observed.
Instead, expression of Beclin 1 is markedly upregulated. Simultaneously, increased oxidative
stress and ER stress may occur. These stimuli induce autophagy, which could be detrimental.
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