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Autophagy is an intracellular process responsible for damaged or unnecessary protein and organelle degradation.
In the heart, autophagy occurs at basal level and dysregulated autophagy is associatedwith a variety of cardiovas-
cular diseases. Autophagy is enhanced in ischemia as well as in the reperfusion phase during cardiac ischemia re-
perfusion (I/R) injury. More importantly, recent studies revealed that autophagy exerted both beneficial and
detrimental effects in pathology of cardiac ischemia reperfusion. This paper is to review the functional signifi-
cance of autophagy in cardiac ischemia reperfusion injury and discuss underlying signaling pathways. This article
is part of a Special Issue entitled: Autophagy and protein quality control in cardiometabolic diseases.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Autophagy is a cellular process associated with damaged or unnec-
essary protein and organelle degradation [1]. Previous evidences identi-
fied autophagy as a protective intracellular process functioning as
protein quality controller and cellular homeostasis keeper. However, a
new type of cell death is proposed, namely “autophagic cell death” oc-
curring with autophagy, indicating the complexity of autophagy func-
tions [2,3]. In the heart, autophagy occurs at basal level under normal
conditions, contributing to cellular homeostasis through cleaning
long-lived or excessive proteins and aged organelles. Deletion of au-
tophagy can result in adverse effects in myocardium [4]. In addition, al-
tered autophagywas observed inmany other cardiovascular diseases in
response to pathological stimuli, including ischemic heart disease, car-
diac hypertrophy and heart failure [5].

There are basically three types of autophagy, namely,
macroautophagy,microautophagy and chaperone-mediated autophagy
(CMA). These three types differed in ways by which unnecessary
components are delivered into lysosomes for final degradation [7].
Macroautophagy, with typical formation of autophagosome, is the
most characterized form of autophagy and is better illustrated in
mammalian cells. Macroautophagy is responsible for the degradation
of both cytoplasmic proteins and intracellular organelles, including en-
doplasmic reticulum (ER) and mitochondria. Notably, mitochondrial

autophagy is also termed as “mitophagy”, a process of selective clearance
of damaged mitochondria. Mitophagy is now considered as a protective
mechanism during cardiac I/R injury, and we will discuss about it in the
later part of this review. Apart from the abovementioned three basic
types of autophagy, Yuuki Fujiwara et al. reported two novel types of
autophagy, termed as “RNautophagy” and “DNautophagy” [8,9]. In these
two newly proposed autophagic pathways, RNA or DNA is directly
taken in anddegraded in lysosomes in anATP-dependentmanner,mainly
mediated by the lysosomal membrane protein of LAMP2C. However, the
physiological function of RNautophagy or DNautophagy remains unclear.

Acute myocardial infarction (AMI) is one of the major contributors
of morbidity and mortality in patients with coronary heart diseases
(CHD) worldwide [6]. Under the condition of cardiac ischemia reperfu-
sion injury (I/R injury), the process of autophagy is activated in response
to energy crisis and oxidative stress. However, current researches
demonstrate that autophagy can be a double-edged sword in the
pathological process of I/R injury. In this review, we aimed to dis-
cuss the complex functional contribution of autophagy in cardiac
I/R injury and identify potential signaling molecules for future clinical
development.

2. Molecular signal alternation of autophagy during myocardial
infarction and ischemia/reperfusion injury

The heart is comprised of long-lived cardiomyocytes with little
regenerative capacity. In myocardium, the self-digestive process of au-
tophagy could occur under normal conditions at a low level, contribut-
ing to cellular homeostasis through cleaning long-lived or excessive
proteins and aged organelles. Basal level of autophagy is fundamental
for cardiac structure and function as for its essential role of protein
and organelle quality control. Loss of genes that are essential for
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autophagy could result in cardiac dysfunction and disorders. LAMP2 and
Atg5 are essentialmediatormolecules for autophagy, deficiency of these
genes leads to impaired autophagy, subsequent accumulation of abnor-
mal substrates and cardiac dysfunction. Clinical reports observed that
mutations of LAMP2, a principle lysosomal membrane protein, were
the cause of Danon disease, a condition of severe and progressivemyop-
athy [4]. In addition, K. Nishida et al. reported that Atg5 deficient mice
hearts exhibited ventricular dilatation and dysfunction, accompanied
by accumulation of damaged proteins and organelles [10].

Altered autophagy is involved in a great number of cardiovascular
diseases such as dilated cardiomyopathy, heart failure, anticancer
drug-induced cardiomyopathy or ischemic heart disease, autophagy is
increased [5]. Decreased autophagic flux activity is observed in glycogen
storage disease related cardiomyopathy, for instance, Danon disease is
characterized by abnormal accumulation of autophagosome due to de-
fective autophagosome–lysosome fusion. Autophagy is associated with
multiple cardiovascular diseases, either as a detrimental contributor to
the pathogenesis or as an adaptive response. However, it remains un-
knownwhether the autophagic alteration in these cardiovascular disor-
ders is adaptive or maladaptive. More preclinical studies and clinical
analysis should be performed to address this.

2.1. Low ATP level induced AMPK activation upregulated autophagic
pathways during cardiac ischemia phase

Cardiac ischemia is characterized by initial restriction of blood sup-
ply and lowATP generation, leading to imbalance between blood supply
and energy demand, resulting in cardiomyocyte dysfunction and myo-
cardial damage. Adenosine monophosphate-activated protein kinase
(AMPK) is a sensitive sensor of cellular energy activated by the de-
creased level of ATP and high ratio of AMP/ATP under the condition of
nutrient deprivation. During the initial phase of ischemia, AMPK was
activated by low ATP level in cardiomyocytes. After activation, AMPK
regulates the induction of autophagy via direct or indirect ULK1modifi-
cations. Previous studies reported that AMPK activated autophagy
through AMPK-mTORC1 signaling: AMPK inhibits mTORC1 through
phosphorylation of TSC2 and Raptor site, followed by the indirect acti-
vation of ULK1. Moreover, recent studies revealed novel pathways
through which AMPK activated autophagy. AMPK directly phosphory-
lates and activated ULK1, enabling the initiation of autophagy [11–13].
The association of AMPK with autophagy during cardiac ischemia was
further verified by the finding that autophagy in the initial phase of is-
chemia was accompanied by AMPK activation and was diminished by
dominant negative AMPK [14,15]. AMPK is an essentialmolecule for au-
tophagy initiation in cardiac ischemia. Joungmok Kim et al. found that
AMPK phosphorylation (Ser 317 and Ser 777) is required for ULK1 func-
tion in glucose starvation induced autophagy [16,17]. AMPK functions
as a nutrient sensor in mediating autophagy machinery in response to
energy crisis during cardiac ischemia.

2.2. Hypoxia and HIF-1α also participated in autophagy initiation in cardiac
ischemia

Hypoxia-inducible factor 1 alpha (HIF-1α) is a key molecule regulat-
ing oxygen homeostasis. It could be activated by low oxygen or increased
oxidative stress during cardiac I/R conditions, working potentially as a
protective response. In vitro studies revealed that HIF-1αmediated mito-
chondrial autophagy as an adaptive metabolic response under hypoxia
conditions in mouse embryo fibroblasts, but the correlation between
HIF-1α and autophagy in the diseasemodel of cardiac I/R has not been il-
lustrated [18]. Sinceprevious researches confirmed thatHIF-1α activation
exerts cardio-protection during I/R, it will be interesting to figure out
whether the beneficial effects of HIF-1α against cardiac I/R injury are
partly mediated by autophagy in cardiomyocytes.

2.3. Beclin-1 mediated autophagy during cardiac reperfusion phase

Beclin1 (mammalian ortholog of yeast Atg6) plays an essential role
in mediating autophagy process, especially in the phase of reperfusion.
Since AMPK is no longer activated in reperfusion, it is not the major
mediator of autophagy in this phase. Enhanced autophagy during reper-
fusion is accompanied by upregulation of Beclin1 instead of AMPK, indi-
cating that Beclin-1 protein plays a vital role in autophagy in the phase
of reperfusion [14]. Overexpression of Beclin1 increased autophagic ac-
tivity during I/R in vitro [19]. Conversely, depletion of Beclin1 by siRNA
transfection or Beclin1 mutation mice attenuated autophagic activity
of cardiomyocytes during reperfusion [20].

Beclin1 is a key autophagic protein regulating both autophagosome
formation and processing. Collectively, the up-regulation of Beclin1 is
responsible for autophagy activation during reperfusion. However, the
question on how cardiac I/R injury activates Beclin1 remains to be elu-
cidated. One possible mechanism is its association with Bcl-2 protein.
In vitro study revealed that Beclin1 mediated autophagic response to
nutrient deprivation in cardiac cells is modulated by Bcl-2 protein
[21]. In addition, reactive oxygen species (ROS) may also be a strong in-
ducer of Beclin-1 in mediating autophagy during reperfusion [22]. In-
stead of energy crisis, increased ROS generation is a major promoter of
autophagy during reperfusion. Reperfusion phase causes increased oxi-
dative stress and is accompanied by Beclin1 overexpression. Antioxi-
dant MPG intervention significantly suppressed Beclin1 up-regulation,
suggesting that ROS may play a key role in mediating Beclin1 up-
regulation [22]. Apart from regulating Beclin1 expression, ROS could ox-
idize and decrease Atg4 activity, contributing to LC3 lipidation and
autophagy initiation [23]. Furthermore, as Beclin1 is primarily located
in ER, whether ER stress induced by reperfusion conditions also partic-
ipates in Beclin1 up-regulation needs further exploration.

2.4. “Impaired” autophagic flux in cardiac reperfusion phase

Autophagicflux is a dynamic cellular biological process, from the for-
mation of autophagosome, autophagosome–lysosome fusion to final
degradation. It has been deemed that autophagy is further enhanced
during cardiac reperfusion phase by providing evidence for accumulat-
ed autophagosomes in cardiomyocytes. However, we could not exclude
the possibility that the increased formation of autophagosomes during
I/Rwas resulted from decreased autophagosome clearance. Interesting-
ly, X. Ma et al. recently proposed a novel view that autophagic flux was
partly “impaired”, instead of “excessively activated” during the phase of
reperfusion. They found that autophagosome clearancewas dramatical-
ly decreased with reperfusion in cardiomyocytes, which is detrimental
to cardiomyocyte survival during reperfusion [24,25]. This is a novel dis-
covery that is contrary to our traditional view that autophagy is further
enhanced during reperfusion phase. This finding also gives rise to the
importance of detecting “intact autophagic flux” to reveal the accurate
level of autophagy. Additionally, it is of necessity that researchers re-
evaluate the previously published results inwhichpure autophagosome
abundance was used to reflect the extent of autophagic activity.

3. Double-edged sword biological function of autophagy in
myocardial I/R injury

3.1. Autophagy mediated ATP generation alleviates energy crisis during
myocardial ischemia phase

Sufficient ATP supply is an essential requirement for constitutively
contrasting cardiomyocytes. However, during the phase of ischemia,
ATP generation is decreased due to damaged mitochondrial function
and uncoupled phosphorylation. Decreased ATP level is an indirect
inducer of cardiomyocyte autophagy via AMPK activation. Low ATP
level is capable of activating the energy sensor AMPK, followed by
up-regulation of AMPK-mTORC1-ULK1 signaling and autophagy
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