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Abstract

Despite remarkable advances in our knowledge about the function of autophagy in myocardial ischemia/reperfusion (I/R)
injury, the debate continues over whether autophagy is protective or deleterious in cardiac I/R. Due to the complexity of
autophagy signaling, autophagy can play a dual role in the pathological processes of myocardial I/R injury. Thus, more
researches are needed to shed light on the complex roles of autophagy in cardioprotection for the future clinical development.
Such researches can lead to the finding of new therapeutic strategies for improving cardiac I/R outcomes in patients. Several
preclinical studies have targeted autophagy flux as a beneficial strategy against myocardial I/R injury. In this review, we aimed
to discuss the complex contribution of autophagy in myocardial I/R injury, as well as the therapeutic agents that have been
shown to be useful in reducing myocardial I/R injury by targeting autophagy. For this reason, we provided an updated summary
of the data from in vivo, ex vivo, and in vitro experimental studies about the therapeutic agents that exert positive effects against
myocardial I/R injury by modulating autophagy flux. By addressing these valuable studies, we try to provide a motivation for
the promising hypothesis of “autophagy modulation as a therapeutic strategy against cardiac I/R” in the future clinical studies.
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Introduction myocardial blood flow interruption, leading to the progres-

sive damage and eventually cell death. Although reperfusion

Ischemic heart diseases (IHD) are one of the leading causes
of mortality worldwide. In myocardial ischemia condi-
tion, complex pathological changes occur as a result of

Key points

1. Higher or lower activity of autophagy may have harmful
effects in the heart.

2. Excessive or insufficient autophagy flux is involved in
myocardial I/R damage.

3. Modulation of autophagy is potential therapeutic target in
myocardial I/R injury.
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of ischemic myocardium is necessary to save cardiomyo-
cytes, but unfortunately it leads to further damages. Myo-
cardial ischemia/reperfusion (I/R) injury leads to further
complications such as decreased cardiac contractile function,
endothelial dysfunction, arrhythmias, tissue edema, electro-
physiological dysfunction and myocardial infarction (MI).
Therefore, it is clinically important to find new strategies in
order to reduce the complications of myocardial reperfusion
injury [4, 23, 53].

One of the processes involved in the pathology of myo-
cardial I/R injury is autophagy. Under normal conditions,
autophagy occurs at a basal level in the heart, which is
involved in cellular homeostasis maintenance by clearing
aged organelles and excessive or long-lived proteins. But
elimination of autophagy can lead to the adverse effects on
the myocardium. In addition, changes in autophagy flux
have been detected in cardiovascular diseases such as IHD,
cardiac hypertrophy and heart failure [56, 84]. Also, it has
been shown that autophagy is associated with myocardial
I/R injury. Therefore, interference with autophagy may be a
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potential therapeutic option for the treatment or prevention
of myocardial I/R injury. But it should be considered that the
mechanism of autophagy in the pathogenesis of I/R is either
deleterious, or as an adaptive response. In other words, the
adaptive or maladaptive role of autophagy in determining
the fate of ischemic-reperfused myocardium is still under
discussion. Since there are still many questions about the
dual role of autophagy in myocardial I/R injury, more pre-
clinical and clinical investigations in order to elucidate the
molecular mechanisms of how and under what conditions
autophagy contributes to the cell survival or death in car-
diac I/R are needed. Also, by identifying the factors that can
induce protective autophagy or prevent harmful autophagy
under myocardial I/R condition, it would be possible to
achieve useful and effective cardioprotective drugs and thus
improve the outcomes of I/R injury in patients [45, 54].

In this review, after demonstrating the regulation of
autophagy and its contribution in cardiac I/R injury, we
provided an updated summary of the evidences showing
positive effects of therapeutic agents against myocardial I/R
via targeting autophagy flux. We aimed to draw attention
to the therapeutic potential of modulating autophagy pro-
cess in experimental studies for future clinical development.
This review is expected to lead to the better identification
of potential therapeutic targets for improving outcomes in
patients with cardiac I/R in the future.

Physiological roles of autophagy in the heart

The heart contains long-lived cardiomyocytes with low
regenerative capacity. Under normal conditions, the pro-
cess of autophagy in the myocardium occurs at a basal level,
which is involved in cellular homeostasis through the clear-
ance of excessive or long-lived proteins, as well as aged
organelles. This basal level of autophagy is essential for the
structure and function of the heart, because it participates
in controlling the quality of organelles and proteins [45]. In
autophagy process, proteins and organelles are encircled in
the autophagosomes and delivered to the lysosomes to be
hydrolyzed to amino acids, fatty acids and substrates for
generation of adenosine triphosphate (ATP), which can be
recycled to synthesize and produce high-energy phosphates,
new proteins, and other cellular elements. Despite the com-
plexity of autophagy, it is performed in 4 separate but con-
secutive stages as follows: 1) sensing the activating factor
of autophagy and induction of autophagy; 2) formation and
accumulation of autophagosomes; 3) docking and fusion of
autophagosome to the lysosomal membrane; and 4) frag-
mentation of autophagic bodies [5] (Fig. 1).

There are three main pathways of autophagy including
macroautophagy, microautophagy, and chaperone-mediated
autophagy, which differ in how unnecessary elements are
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delivered to lysosomes for final degradation [71]. Macro-
autophagy is the most common form of autophagy and is
usually called autophagy. As shown in Fig. 1, in autophagy,
an isolation membrane called phagophore appears in the
cytoplasm and forms bi-membrane vesicle called autophago-
some. This type of autophagy process involves multiple pro-
teins encoded by autophagy-related genes (ATGs). These
proteins are involved in the expansion of isolation membrane
and the formation of autophagosome. The cytosolic compo-
nents are sequestered in the autophagosome, and then the
outer membrane of the autophagosome is fused to the lyso-
some, leading to the autolysosome formation. The cytosolic
elements and the inner membrane of the autophagosome
are then degraded to amino acids and lipids by lysosomal
hydrolases. Finally, degraded elements are released into the
cytosol to contribute in energy homeostasis and macromole-
cules biosynthesis. In mitochondrial autophagy (mitophagy),
which is known as a protective mechanism during myocar-
dial I/R injury, selective clearance of damaged mitochondria
occurs [66].

In microautophagy, however, lysosomal membrane invag-
ination causes direct uptake of the substrate. In mammals,
microautophagy includes the direct engulfment of cytoplasm
by the lysosome, and in plant and fungi, it refers to the direct
engulfment of cytoplasm by the vacuole. After invagination
of lysosomal/vacuolar membrane, it is differentiated into the
autophagic tube in order to encircle portions of the cytosol.
At the top of the tube, the vesicles forming, homotypical
fusing, and budding into the lumen are occurred [50, 66]. It
should be noted that microautophagy would be either selec-
tive or non-selective. The characteristic of selective micro-
autophagy, which is often induced in yeasts, is sequestera-
tion of specific organelles with arm-like protrusions. It has
been demonstrated that selective microautophagy has three
main forms including micromitophagy, micropexophagy,
and piecemeal microautophagy of the nucleus (PMN). How-
ever, the characteristic of non-selective microautophagy,
which is regularly induced in mammalian cells and usually
called microautophagy, is engulfment of soluble intracellular
substrates via the tubular invaginations [37].

Chaperone-mediated autophagy (CMA), which is unique
to mammalian cells, is a selective degradation process of
those cytosolic proteins harboring the amino acid motif
KFERQ, which are identified by specific chaperone com-
plexes led by heat shock cognate 70 (HSC70), to facilitate
their transport to lysosomes via lysosome-associated mem-
brane protein (LAMP) 2A [50]. LAMP2A proteins undergo
oligomerization, and lead to the formation of a translocon
complex in order to internalize and degrade chaperone
delivered cargo. An important difference between CMA
and macroautophagy is that CMA delivers single proteins
for lysosomal degradation one at a time. However, in mac-
roautophagy, autophagosomes engulf and deliver mainly
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Fig. 1 Positive and negative regulatory signaling pathways of autophagy. Please see the text for more details

larger structures for bulk degradation of cargo. The highly
selective nature of recognization and degradation of single
cytosolic proteins is the characteristic of CMA as compared
to macroautophagy. Important roles of microautophagy and
CMA in cardiovascular diseases need further investigations
[12]. It should be noted that new types of autophagy, such
as RNautophagy and DNautophagy have been identified in
which RNA or DNA is directly degraded by lysosomes in
an ATP-dependent process, which are mainly mediated by
LAMP2C. But the physiological function of these two types
of autophagy is not completely determined [10, 11].

In general, autophagy is involved in cellular homeosta-
sis maintenance in aging, starvation, inflammation, cardiac
remodeling and reverse remodeling conditions [58]. Stud-
ies have shown that loss of essential genes for autophagy
can lead to the cardiac dysfunction and disorders. It has
been suggested that the main mediators of autophagy are
LAMP2 and Atg5, so that deficiencies in these genes cause
impaired autophagy, accumulation of abnormal substrates
and ultimately cardiac dysfunction. LAMP2 mutations have
been shown to lead to Danon disease, which is a severe and
progressive myopathy. In this disease, abnormal accumu-
lation of autophagosomes occurs due to the defect in the
autophagosome-lysosome fusion [47]. Deficiency of Atg5 in

mice has also been reported to lead to the accumulation of
damaged proteins and organelles, which leads to ventricular
dilatation and cardiac dysfunction [57].

Signaling pathways regulating autophagy
flux

Negative regulation of autophagy

Class | PI3K/Akt/mTOR pathway. Mammalian target of rapa-
mycin (mTOR) is a protein kinase that plays an important
role in regulating metabolism and cell growth in response
to growth factors, nutrients and energy stress. mTOR is con-
sidered as the most important regulator of autophagy. There
are two types of mMTOR complexes that differ in their subunit
composition and sensitivity to rapamycin. mTOR complex
1 (mTORC1) consists of mTOR, regulatory associated pro-
tein of mTOR (Raptor) and proline-rich AKT1 substrate
40 (PRAS40). mTORCI is sensitive to rapamycin, and is
involved in controlling cell growth by regulating transcrip-
tion, translation and autophagy. One of the known regula-
tors of mTORCI activity is Ras homolog enriched in brain
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(Rheb), which promotes mTORCI activity through direct
association with mTOR. Another regulator of mTORC1
activity is tuberous sclerosis complex (TSC)1/TSC2, which
inhibits Rheb via GTPase activator protein (GAP) activity
of TSC2. mTOR complex 2 (mTORC2) consists of mTOR,
rapamycin-insensitive companion of mTOR (Rictor) and G
protein p subunit-like (GBS). However, this complex is not
inhibited by rapamycin and also modulates cell growth by
regulating cytoskeleton [3]. But long-term treatment with
rapamycin has been shown to inhibit mMTORC2 [63, 64].
Nutrient-rich conditions in the cell that are modulated by
phosphatidylinositol 3 kinase (PI3K) signals, activate the
class I PI3K/Akt/mTOR pathway. Akt can activate mTORC1
in two ways. Akt induces phosphorylation of TSC2 and thus
inhibits its GAP domain which leads to the activation of
Rheb and mTORCI. Likewise, in the presence of insulin
and growth factor, Akt/PKB phosphorylates PRAS40 and
eliminates its inhibitory effect on mTORC1. mTORCI also
inhibits the activity of the Atgl/unc-51 like autophagy acti-
vating kinase 1 (ULK1) complex through direct phosphoryl-
ation of ULK1 in serine 757. It can be said that it negatively
regulates autophagy by disrupting the interaction between
ULKT1 and AMP-activated protein kinase (AMPK), and thus
reducing the activity of ULKI1. The Atgl/ULK1 complex
consists of Atgl3, Atgl01 and focal adhesion kinase family
interacting protein of 200 kDa (FIP200) [42, 58, 74] (Fig. 1).

Acetylation/deacetylation. It has been revealed that acety-
lation of Atg proteins plays important role in inhibiting or
promoting their function in autophagy. In nutrient-rich con-
ditions, acetylation of Atg5, Atg7, microtubule-associated
protein 1 light chain 3 (LC3) and Atg12 by p300 acetyltrans-
ferase leads to autophagy inhibition [34].

Positive regulation of autophagy

AMPK pathway. AMPK is a serine/threonine kinase that
regulates energy homeostasis by sensing the state of cellu-
lar energy. The role of AMPK in regulation of many cellular
processes such as growth, apoptosis, and autophagy has been
proven. An increase in cellular AMP/ATP ratio occurs under
conditions such as exercise, glucose deprivation, ischemia,
and oxidative stress, which is sensed and modulated by
Ca**/calmodulin-dependent kinase kinase beta (CaMKKp),
transforming growth factor p activated kinase-1 (TAK1),
and liver kinase B1 (LKB1), resulting in AMPK phospho-
rylation and activation [29]. Activated AMPK can initiate
autophagy by stimulation of p27 gene, and on the other hand
inhibits mTOR by two mechanisms. One is that it stimulates
GAP activity through phosphorylation of TSC2 in serine
1345, and the other is that it causes phosphorylation and
inhibition of Raptor in mTORCI1 and finally inhibition of
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mTORCI and thus activation of ULK1 and Beclin1-class III
PI3K complexes [69]. It has been demonstrated that AMPK
can inhibit the effect of Akt on mTORCI1 activation, while
Akt activity can negatively regulate AMPK phosphoryla-
tion. It has been revealed that AMPK leads to the activation
of autophagy via binding to ULK1 and its phosphorylation
[33]. In other words, under glucose starvation condition,
AMPK can promote autophagy through direct phospho-
rylation of ULK1 in serine 317 and serine 777 [68]. AMPK
can also stimulate autophagy by activating vacuolar protein
sorting (Vps) 34 complex by phosphorylation of Beclinl in
serine 91/serine 94 [32] (Fig. 1).

Hypoxia inducible factor (Hif-1)/protein kinase C delta
(PK-Cd8)/c-Jun N-terminal kinase 1 (JNK1) pathway.

In hypoxic condition, this pathway promotes Beclinl and
class IIT PI3K interaction, which is an essential step in pha-
gophore induction. It should be noted that this interaction is
also promoted or induced by the loss of nutrients especially
amino acids, as well as by reactive oxygen species (ROS)
and calcium [39].

Acetylation/deacetylation. Under starvation conditions,
sirtuin 1 deacetylase (SIRT1) causes deacetylation of Atg
proteins and ultimately upregulates autophagy flux [34]. In
response to the reduction of growth factors, glycogen syn-
thase kinase-3p (GSK-3p) causes phosphorylation of Tat-
interactive protein 60-kDa (TIP60), which leads to the acety-
lation of ULK1 and activation of ULK1 complex, resulting
activation of autophagy [41]. Under autophagy-inducing
conditions, TIP60 and Esal also increase Atg3 acetylation,
and thus increase the interaction between Atg3 and Atg8,
and ultimately promote autophagy [87].

Numerous therapeutic agents can modulate the activity
of autophagy through affecting its molecular cascades. In
the following chapters, a summary of the data from several
experimental studies using numerous therapeutic agents has
been provided, suggesting that adaptive induction of con-
trolled autophagy, or inhibition of inappropriate or exces-
sive autophagy through modulation of signaling pathways
involved in autophagy regulation, may exert cardioprotective
effects against myocardial I/R injury [72]. The related sign-
aling pathways that have been targeted with these therapeutic
agents in order to induce the appropriate level of autophagy
flux are mentioned in Tables 1 and 2.

Complex contribution of autophagy
in myocardial I/R

Due to very limited regenerative capacity of postmitotic
myocytes, the mechanism of autophagy seems to be essen-
tial for the preservation of cardiomyocytes function. This
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is why investigations on the complex roles of autophagy
in myocardial I/R condition are of particular importance
[79]. It has been revealed that autophagy is involved in both
phases of myocardial ischemia and reperfusion (Fig. 2).
During ischemia/hypoxia in the heart, rapid depletion of
cellular ATP level leads to the activation of autophagy to
preserve cellular viability and energy homeostasis. In other
words, nutrient depletion during ischemia/hypoxia leads
to autophagy for replenishment of metabolic substrates, as
well as removing damaged organelles. Therefore, it can be
said that autophagy in this phase is an adaptive response
with cardioprotective effects [49]. Activation of AMPK,
an energy-deprivation sensor, plays an important role in
mediating metabolic adaptation during ischemia/hypoxia.
Since inhibition of AMPK significantly inhibits autophagy
in cardiac ischemia, it can be concluded that activation of
AMPK is necessary to induce autophagy in this phase [49].
Studies have shown that AMPK activation not only inhib-
its mMTOR through TSC2 phosphorylation, but also induces
phosphorylation of eukaryotic elongation factor 2 (eEF2).
mTOR inhibition and eEF2 phosphorylation cause inhibition
of protein synthesis and stimulation of autophagy, resulting

hypoxic adaptation. But the importance of mTOR inhibition
and eEF2 phosphorylation in AMPK-mediated autophagy is
unclear [48]. It has been shown that dephosphorylation/acti-
vation of GSK-3f during ischemia can phosphorylate TSC1/
TSC2 and inhibit mMTORC1, resulting in autophagy stimula-
tion [67]. Besides mTOR signaling mechanism, autophagy
stimulation in ischemia/hypoxia may be mediated by HIF-1
upregulation. However, the roles of mTOR inhibition and
HIF-1 upregulation in autophagy induction in myocardial
ischemia/hypoxia is not well defined [39, 67].

Numerous studies support the notion that autophagy
generally has protective role during myocardial ischemia
and exerts its protective effects against cell injury via three
proven mechanisms. The first mechanism is that autophagy
may provide an energy source through the autophagosome-
lysosome pathway to increase ATP production. In other
words, autophagy may compensate the energy loss by
regeneration of amino acids and fatty acids, which then
are used to synthesize ATP through the tricarboxylic acid
(TCA) cycle. It should be demonstrated that in severe or
prolonged ischemia, ATP cannot be produced through the
TCA cycle. Because a number of processes in autophagy,
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Fig.2 Induction of autophagy with protective and damaging roles
in myocardial ischemia and reperfusion conditions. Autophagy is
involved in both phases of myocardial ischemia and reperfusion in
the cardiomyocytes. In ischemia phase, the mechanism of autophagy
seems to be different from those in the reperfusion phase. The main
stimuli for autophagy under ischemia are decreased O, and nutrient
supplies, and reduced ATP levels in the heart, which cause AMPK
activation. These stimuli lead to autophagy, which may be protective.

Under reperfusion phase, the energy crisis is partially resolved, and
upregulation of Beclin 1 expression, accumulation of ROS, increased
ER stress and oxidative stress may occur. These stimuli lead to detri-
mental autophagy (Please see the text for more details). ATP: adeno-
sine triphosphate; AMPK: adenosine monophosphate-activated pro-
tein kinase; ER: endoplasmic reticulum; mTOR: mammalian target of
rapamycin; Bnip3: Bcl-2/adenovirus E1B-19 KD interacting protein
3; NIX: Nip3-like protein X; ROS: reactive oxygen species
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such as autophagosome formation, are energy-dependent.
Thus, autophagy and subsequently ATP production cannot
be performed when ischemia is complete [55]. The second
mechanism is that autophagy activation may be involved in
the process of removing damaged proteins that are harm-
ful for cell. So autophagy scavenges protein aggregates that
have been accumulated during ischemia [36]. The third
mechanism is that autophagy in cardiomyocytes plays an
important role in reducing ROS, as well as removal of dam-
aged organelles such as mitochondria that may release proa-
poptotic factors such as cytochrome c [18].

The mechanisms responsible for autophagy in reperfusion
phase seem to be different from the mechanisms responsible
for autophagy in ischemia. Because the energy crisis in the
heart which is the main stimulus for autophagy in ischemia,
is partially resolved in reperfusion phase, because oxygen
and nutrients are made available in cardiomyocytes. Instead,
ROS accumulation which is a major promoter of autophagy
in reperfusion phase, causes mitochondrial damage, mito-
chondrial permeability transition pore (MPTP) opening, as
well as fragmentation of mitochondria [13]. Studies have
shown that ROS oxidizes and inhibits cysteine protease
activity of Atg4, leading to LC3 lipidation and autophagy
[65]. Also, ROS has been shown recently to play an impor-
tant role in mediating Beclinl upregulation in rat heart dur-
ing I/R [22].

It has been revealed that increased autophagy flux in rep-
erfusion phase may be beneficial or detrimental. This dual
role of autophagy can be attributed to the dual role of Bec-
linl during I/R injury [16]. Activation of Beclinl is neces-
sary to initiate autophagy in the early phase of ischemia, but
its continuous activity during the reperfusion phase leads to
excessive catabolic activity and cell death [46]. Since Bec-
lin1 is inhibited by anti-apoptotic protein B-cell lymphoma
(Bcl)-2, it can be suggested that this interaction may play
a role in modulating the ratio of cell viability to cell death.
Likewise, Bcl-2/adenovirus E1B-19 KD interacting protein
3 (Bnip3) which is involved in regulating MPTP opening,
activates autophagy in I/R. In addition, increased intracel-
lular calcium via depletion of sarcoplasmic reticulum stores
increases autophagy in cardiomyocytes [59].

It has been shown that along with elevated Beclinl
expression under myocardial I/R condition, an increase in
autophagosome formation occurs. Therefore, due to the
accumulation of autophagosomes in cardiomyocytes dur-
ing the reperfusion phase, it seems that autophagy has been
increased during this phase. But recently, a new interpreta-
tion has been emerged that autophagy flux during the rep-
erfusion is partly impaired rather than further activated.
In this regard, researchers have concluded that the clear-
ance of autophagosome in cardiomyocytes is reduced sig-
nificantly along with reperfusion, which is damaging to
the survival of cardiomyocytes during reperfusion [71].

@ Springer

Therefore, it can be said that the increase in cell death dur-
ing I/R is due to the defective clearance of autophagosomes.
This indicates the importance of autophagosome clearance
by LAMP2. Thus, the increase in autophagosomes can be
caused by two distinct phenomenon; autophagy upregulation
or autophagy degradation blockade [79]. Therefore, inhi-
bition of autophagy at autophagosome formation level or
autophagosome-lysosome fusion level may exert different
effects on I/R injury [71].

Because the molecular mechanisms mediating the differ-
ent effects of autophagy in ischemia and reperfusion are not
fully understood, further investigations about why autophagy
can play protective or detrimental role under numerous
experimental conditions are required. It has been shown that
there is a direct relationship between the severity of ischemia
and the extent of autophagy in myocardial I/R. This means
that mild to moderate ischemia/hypoxia leads to the mod-
est levels of autophagy. In this state, autophagy may play a
protective role by preventing apoptosis. But severe ischemia/
hypoxia or I/R leads to higher levels of autophagy, in which
autophagy may lead to self-digestion and subsequently cell
death. In other words, due to the partially nonspecific fea-
ture of autophagy degradation, increased autophagy activity
may lead to the digestion of proteins and organelles which
could protect cardiomyocytes from reperfusion-induced cell
death. For example, autophagy degrades catalase, an enzyme
essential for reducing H,O,, thereby increasing oxidative
stress and apoptosis. Thus, it can be concluded that early
stage of I/R induces protective autophagy, whereas at reper-
fusion phase in the later stage of I/R, autophagy is damaging
[19]. Due to disagreements and debates about the beneficial
or harmful functions of autophagy in myocardial I/R, the
attention of many scientists has been attracted to elucidate
the complex contribution of autophagy in cardioprotection,
that is very helpful in determining new therapeutic strategies
for reducing I/R injury. Numerous preclinical studies have
been performed in order to evaluate pharmacological modu-
lation of autophagy flux as an effective strategy against myo-
cardial I/R damage, and have got very interesting results in
this regard. By addressing these valuable studies, we aimed
to elucidate the way for further researches on autophagy
modulation to improve outcomes in cardiac I/R patients in
the future.

Therapeutic targeting of beneficial
autophagy for reducing myocardial I/R
injury in preclinical studies

Although the role of autophagy in cardiac I/R pathophysi-
ology is complex and not well understood, several previ-
ous experimental studies suggested that adaptive induction
of autophagy may exert cardioprotective effects against
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myocardial I/R injury, which we mentioned some of them
in Table 1.

MicroRNA (miR)-490-3p antagomir. MicroRNAs are single-
stranded and non-coding RNAs that play a role in a number
of biological processes and can regulate cell growth, prolif-
eration, differentiation and apoptosis. A study showed that
the inhibition of miR-490-3p inhibited apoptosis, promoted
LC3-II expression, inhibited p62 expression, increased the
autolysosomes, and decreased the infarct size under cardiac
I/R injury. So inhibition of miR-490-3p promoted autophagy,
and decreased apoptosis in myocardial cell in order to allevi-
ate myocardial I/R damage via ATG4B upregulation. This
finding revealed new insights for the protective mechanism
of autophagy in I/R [80].

6-Gingerol (6-G). Long noncoding RNAs (LncRNAs), con-
taining over 200 nucleotides, can combine with biological
molecules and effect on important proteins or signaling
pathways in different pathophysiological processes. A study
reported that 6-G could regulate IncRNA H19/miR-143/
ATGT7 signaling axis-mediated autophagy and relieve car-
diac I/R damage by enhancing autophagy. In details, 6-G
enhanced the expression of cellular H19 under hypoxia/
reoxygenation (H/R) condition. In addition, 6-G decreased
cleaved caspase 3 and caspase 9 proteins, and elevated the
expression of Bcl-2. This study showed that H19 has direct
interaction with miR-143 and acts as a molecular sponge to
lower its cellular abundance, and subsequently increase the
expression of ATG7 and promote the autophagy process [44].

Alliin. A study by Zhao et al. showed that alliin (S-allyl
cysteine sulfoxide) exerts its cardioprotective effects in
I/R or H/R condition via increasing autophagy flux. They
showed that Atg9b gene, which plays an important role in
the assembly of autophagosomes, was upregulated in I/R
condition and was further increased following alliin treat-
ment. Other autophagy-related genes such as becnl, Rgs16
and Irgm1 were similarly upregulated by alliin treatment.
It seems that promoting autophagy flux via upregulation of
these autophagy-related genes, Beclinl, LC3-II/LC3-I and
Atg9b, as well as reducing apoptosis, play important role in
mediating the cardioprotective effects of alliin against I/R
or H/R damage [92].

Visnagin. In a study investigating the effects of visnagin
(4-methoxy-7-methyl-5H-furo [3,2-g] [1] benzopyran-5-one)
on myocardial I/R in rats, it was found that encapsulation of
visnagin in N-isopropylacrylamide (NIPA Am)-methacrylic
acid (MAA) nanoparticles (NP), and its intravenous injec-
tion during reperfusion protected the heart against I/R injury,
which was evidenced by reducing fibrosis and infarct size,
and improving cardiac function. This protective mechanism

of NP-visnagin in myocardial I/R was mediated by apoptosis
inhibition and autophagy induction in the ischemic region
of the heart [9].

Coenzyme Q10 (CQ10). CQ10 is a fat-soluble quinone anti-
oxidant with a structure similar to vitamin K and vitamin E.
Liang et al. showed that CQ10 preconditioning increased
antioxidants and decreased oxidants, and led to the balance
between them in cardiac I/R in rats. It also increased ATP
concentration and inhibited apoptosis. Bcl-2 antagonist/
killer (Bak) and Bcl-2 associated x protein (Bax), which
can increase mitochondrial outer membrane permeability
(MOMP) and cell death, were decreased by CQ10. As well
as, CQ10 preconditioning decreased p53 and active caspase
3. Elevation of Beclinl, LC3-II/LC3-I and Atg5 were the
evidences for positive effect of CQ10 on autophagy. CQ10
also decreased total LC3 and p62. In general, CQ10 could
decrease myocardial infarct size, fibrosis and necrosis, and
improve myocardial function following I/R injury due to its
abilities such as antioxidant function, energy survival, reduc-
tion of myocardial apoptosis and enhancement of autophagy
activity [40].

Mesenchymal stem cells-derived exosome. Confirming the
protective role of autophagy in I/R condition, the results of a
study revealed that after 3 h exposure to H,0,, the autophagy
flux was blocked in H9c2 cells. After 6 and 12 h exposure
to H,0,, autophagy was decreased with time-dependent
decrease in Bcl-2/Bax ratio. Interestingly, treatment with
mesenchymal stem cells (MSC)-derived exosome protected
H9c2 cells against H,0O,-induced damage, and also increased
cell viability by reducing cell apoptosis and ROS production.
On the other hand, it reduced apoptosis and infarct size, and
improved heart function in I/R model in vivo. It has been
proven that these positive effects of MSC-derived exosome
against myocardial H,0, or I/R injury were due to increased
Beclinl and LC3-II, and decreased p62. In addition, MSC-
derived exosome increased p-AMPK and decreased p-Akt
and p-mTOR in H9c2 cells after 12 h exposure to H,0,. So
these beneficial effects of MSC-derived exosome were partly
mediated by modulation of AMPK/mTOR and Akt/mTOR
pathways, and the subsequent increase in autophagy activity
in H9¢2 cells [43].

Trimetazidine (TMZ). Study on TMZ [1- (2,3 4-trimethoxybenzyl)-
piperazine dihydrochloride] by Zhong et al. showed that TMZ
had protective effects against H/R damage, probably due to its
positive effect on autophagy flux. In other words, TMZ could
improve cell survival by promoting autophagy. Therefore, it
can be said that cytoprotection by TMZ was associated with a
moderate increase in autophagy activity. TMZ also caused an
increase in LC3-II/LC3-1, as well as autophagosomes, which
may indicate induction of autophagy or defective autophagy flux.
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Further investigation showed that H/R led to impair and mala-
daptive autophagy, which was confirmed by the accumulation of
autophagosomes and the reduction of autolysosomes, and thus
led to detrimental effect on cardiomyocytes. But TMZ pretreat-
ment caused restoration of autophagy flux via increasing the clear-
ance of autophagosomes. So the protective mechanism of TMZ
against H/R injury was repairing autophagy flux. Because TMZ
pretreatment reduced apoptotic cells, this study identified that the
crosstalk between autophagy and apoptosis is an important factor
in how TMZ regulated apoptosis. Therefore, it was concluded that
TMZ pretreatment reduced apoptosis and induced cardioprotec-
tion against H/R injury through autophagy induction. TMZ also
increased p-AMPK and decreased p-mTOR in H/R condition.
TMZ restored autophagy flux by activating AMPK/mTOR path-
way, resulting in cardioprotection against H/R injury [95].

Cellular repressor of E1A-stimulated genes (CREG). CREG is a
secreted glycoprotein that is involved in regulating cell and tis-
sue homeostasis. Song et al. revealed that prepumping recom-
binant CREG protein in mice before myocardial I/R reduced
cardiomyocyte apoptosis and infarct size, and improved heart
function. It has been shown that these protective effects of
CREG in myocardial I/R condition were due to the activa-
tion of lysosomal autophagy. In vivo and in vitro experiments
indicated that overexpression of CREG promoted myocardial
autophagy flux after reperfusion, but low expression of CREG
led to the accumulation of autophagosomes in cells. It indi-
cates that CREG regulated autophagy after autophagosome
formation. Therefore, CREG played a protective role by reduc-
ing cardiomyocyte apoptosis, as well as regulating late fusion
of lysosomes with autophagosomes. It was revealed that over-
expression of CREG increased the acidic pH of lysosomes and
the expression of lysosome-related proteins in the lysosome
component, possibly by modulating the binding efficiency
between mannose-6-phosphate receptors (M6P/IGF2R) and
lysosome-related proteins. It means that CREG was involved
in modulating lysosome function and improving cellular
autophagy. CREG regulated cardiomyocytes autophagy by
altering lysosomal related protein transport into lysosome
mediated by M6P/IGF2R. Generally, CREG was downregu-
lated in myocardial I/R damage, and interestingly, treatment
with recombinant CREG protein could protect the heart against
myocardial I/R damage by activating autophagy [70].

Pramipexole (PPX). A study confirming the beneficial effects
of autophagy in cardiac I/R and H/R conditions showed that
pretreatment with PPX at a protective dose had cardioprotective
effects against I/R in mice by reducing serum creatine kinase
(CK) and lactate dehydrogenase (LDH) levels, and reducing
infarct size. It also protected against H/R damage in cultured
HOc2 cells by reducing LDH and ROS, as well as restoring
mitochondrial membrane potential (A¥Wm) and increasing cell
viability. These protective effects of PPX against cardiac I/R
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or H/R were associated with increased autophagy flux through
AMPK activation. Consequently, PPX can be proposed as a
clinically useful agent against reperfusion injury due to its car-
dioprotective effects by increasing autophagy activity through
AMPK-dependent mechanism [52].

Spermine. Polyamines such as spermine interact with pro-
teins and nucleic acids, and act as modulators for cell growth
and differentiation, as well as the synthesis of proteins,
RNA, and DNA. It was found that spermine pretreatment in
simulated I/R (sI/R) model in neonatal rat cardiomyocytes
(NRCMs) reduced cell damage and sI/R-induced apoptosis,
as well as increased cell viability and proliferation. This use-
ful effect of spermine was shown to be mediated by its posi-
tive effect on autophagy flux, which was proved by increased
autolysosomes, increased autophagy-related proteins such
as Beclinl, LC3-II, and LC3-I, and decreased p62. These
effects of spermine on autophagy induction in cardiomyo-
cytes were found to be due to its inhibitory effect on mTOR
pathway, as it decreased phosphorylations of mMTOR (serine
2448, serine 2481) and 70-kDa ribosomal protein S6 kinase
(p705°K). Thus, spermine may be a potential therapeutic tar-
get for the treatment of myocardial injury in children due
to its pre-protective effect on immature cardiomyocytes by
inducing autophagy in sI/R condition [6].

Rapamycin. Wang et al. demonstrated that treatment with rapa-
mycin following anoxia/reoxygenation (A/R) inhibited cardio-
myocyte apoptosis through downregulation of proapoptotic pro-
teins such as Bcl-2 interacting mediator of cell death (Bim) and
caspase 3. Rapamycin protected against A/R-induced apoptosis
by further increasing autophagy. It was revealed that rapamycin
probably exerted its beneficial effects against A/R injury by
increasing autophagy via activating PI3K/Akt signaling path-
way. It can be said that rapamycin activated other kinases in
order to further inhibit apoptosis via inhibiting mTOR expres-
sion. It should be noted that the pharmacological effects of
rapamycin in the heart are closely related to autophagy activity.
Because when autophagy has a protective role in cardiac I/R,
rapamycin as an autophagy inducer also has a positive effect on
cardiomyocytes. But when autophagy plays a damaging role in
cardiac I/R, rapamycin has a negative role on cardiomyocytes
by activating autophagy [77].

Suberoylanilide hydroxamic acid (SAHA). Another study
showed that SAHA (a histone deacetylase (HDAC) inhibitor)
reduced LDH, myocardial apoptosis, and infarct size, and
also improved cardiac function. SAHA exerted cardiopro-
tective effect by inducing autophagy flux. SAHA treatment
increased autophagy, especially in cardiac border zone fol-
lowing I/R. Increased autophagy led to the protective effects
against I/R-induced cell death in the in vivo model and
sI/R-induced cell death in the in vitro model. Accordingly,
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reactivation of I/R-induced downregulated autophagy was
the main mechanism of SAHA for cardioprotection [83].

Acetylcholine (ACh). The results of a study on the effects of
ACh against H/R damage showed that ACh administration
activated cytoprotective autophagy in H9¢c2 cells under H/R
condition. This inducible effect of ACh on autophagy occured
through the muscarinic receptor. ACh was also shown to
stimulate autophagy following H/R by AMPK activation and
mTOR inhibition. So ACh protected H9c2 cells against H/R
damage by inducing autophagy through the muscarinic recep-
tor and activation of AMPK/mTOR signaling pathway [91].

Chloramphenicol succinate (CAPS). The protective effect of
autophagy against I/R injury has also been observed with
administration of CAPS. CAPS pretreatment (10 min before
I/R) decreased infarct size and increased expression of Bec-
linl and LC3-II, which indicated a link between cardiopro-
tection and preischemic induction of autophagy. However,
it seems unlikely that increased expressions of Beclinl and
LC3-II within 10 min after CAPS treatment were associated
with de novo synthesis of proteins. Because the increase in
LC3-II was probably due to the increase in the conversion
of LC3-I to LC3-II by C-terminal cleavage and conjugation
to phosphatidylethanolamine. The increase in Beclinl could
probably be attributed to a rapid decrease in degradation
rather than an increase in synthesis, which, of course, requires
further investigation. Delayed administration of CAPS dur-
ing ischemia also decreased infarct size and increased LC3-1I
expression, but had no significant effect on Beclinl expres-
sion. Delayed administration of CAPS showed less protective
effect as compared to its administration before I/R. In gen-
eral, CAPS administration increased porcine heart resistance
against I/R injury by induction of autophagy [62].

Resveratrol. Although it has been previously suggested that
autophagy is involved in non-apoptotic form of programmed
cell death, several studies have shown that autophagy can
led to the cell survival under certain conditions. In this
regard, a study showed that treatment with low doses of
resveratrol was involved in reducing apoptosis and improv-
ing heart function in I/R injury, as well as reducing death
and increasing viability in H9c2 cells in H/R injury, partly
by inducing autophagy [17]. It was proved that low doses
of resveratrol increased autophagy and survival ex vivo
and in vitro. However, high doses of resveratrol reduced
autophagy and increased cell death ex vivo. High doses of
resveratrol in H9c2 cells also reduced autophagy, while did
not change cell survival. This differences in results are prob-
ably due to differences in ex vivo and in vitro conditions.
This study showed that low dose of resveratrol differently
regulated mTOR to induce autophagy, as it inhibited mTOR
phosphorylation in serine 2448, while increased mTOR

phosphorylation in serine 2481. Also, low dose of resvera-
trol activated AMPK and thus inhibited the effect of Akt on
mTORCI activation. So low dose of resveratrol inhibited
mTORCI1 during induction of autophagy. However, low
dose of resveratrol induced Rictor, which is a component of
mTORC?2. Since Rictor is responsible for the phosphoryla-
tion of Akt in serine 473, so it activated Akt, which leads
to the phosphorylation of substrates involved in the regula-
tion of cell survival, growth, proliferation and metabolism.
Consequently, it was concluded that there was a positive
relationship between induction of Rictor, autophagy and cell
survival by low dose of resveratrol, and therefore mTORC2
was involved in autophagy induction. In other words, res-
veratrol induced a survival signal in the myocardium and
HO9c2 cells by inducing autophagy. However, inhibition of
autophagy was found to reduce the cardioprotective effect of
resveratrol against I/R and H/R damages. Overall, low dose
of resveratrol-induced cell survival was mediated by induc-
tion of autophagy in the myocardium and cardiac myoblast
cells via Beclin1-dependent mechanism, which also depends
on the activation of Rictor-mediated mTORC?2 pathway [17].

Sulfaphenazole (SUL). Since autophagy may be a process to
increase the heart resistance against ischemia, a study showed
that administration of SUL induced autophagy and cardiopro-
tection in intact mouse hearts, isolated perfused rat hearts, and
adult rat cardiomyocytes (ARCMs). This study showed that
an increase in autophagy occurred following cardiac I/R in
rats, possibly due to the impaired clearance of autophagosomes
rather than an increase in autophagosomes formation. Inter-
estingly, SUL caused cardioprotection by inducing autophagy
via PKC signaling-dependent mechanism. Accordingly, SUL
caused effective autophagy via the phosphorylation of regula-
tory subunit of vacuolar protein ATPase (VPATPase) by PKC
signaling-dependent mechanism. Consequently, SUL caused
sufficient fusion of autophagosomes with functional lysosomes
via lysosomal acidification by VPATPase [24].

y-tocotrienol and resveratrol. The results of a study showed
that cardioprotection by y-tocotrienol and resveratrol was
related to their ability to induce autophagy. It was found
that both compounds could act synergistically to create a
high level of cardioprotection by increasing autophagy flux.
It was revealed that treatment with both y-tocotrienol and
resveratrol at low concentrations further increased the lev-
els of Beclinl and LC3-II/LC3-I compared to single treat-
ment, indicating the synergistic effects of these compounds
to induce autophagy. The induction effect of y-tocotrienol
on autophagy was more dependent to mTOR-dependent
signaling pathway. But the induction effect of resveratrol
on autophagy was more independent to mTOR pathway. It
was also found that both compounds caused more activa-
tion of survival proteins such as Akt and Bcl-2 compared to
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single treatment, indicating their additive effect on induc-
ing survival pathways. y-tocotrienol and resveratrol were
able to protect the myocardium from I/R injury, which was
confirmed by normal morphology of the heart with very
few degenerative changes in cardiomyocytes, the presence
of autophagosomes at different stages of maturation, reduc-
tion of infarct size, and increased heart function. Hence,
the positive and synergistic effects of these two compounds
against myocardial I/R injury were mediated by induction of
autophagy and Akt/Bcl-2 survival pathway. But the precise
mechanisms by which these compounds induced autophagy
require further investigations [35].

A1 adenosine receptor agonist 2-chloro-N (6)-cyclopen-
tyl-adenosine (CCPA). Autophagy acts as an important medi-
ator of cytoprotection by CCPA. CCPA treatment increased
the number of autophagosomes in the heart of mCherry-LC3
transgenic mice, NRCMs, ARCMs, and HL-1 cells. It was
revealed that administration of CCPA before sI/R, upregu-
lated autophagy in HL-1 cells within 10 min, and induced
cytoprotection against sI/R in the same time. Remarkably,
autophagy in reperfusion phase was lower than autophagy
in untreated cells exposed to sI/R, indicating that less dam-
age occured in preconditioned cells during ischemia, and
less autophagy was needed as a repair response during
reperfusion phase. In other words, treatment with CCPA
increased autophagy flux before sI/R. But following sI/R,
CCPA reduced the formation of autophagosomes without
improving their clearance. Decreased autophagy in CCPA-
treated cells after sI/R may indicate that the cells were less
stressed and, in fact, less autophagy activity was required
in reperfusion phase (reparative autophagy). In confirming
the cytoprotective effect of CCPA by autophagy modulation,
transient transfection of Atg5%!3R in HL-1 cells reduced
autophagy and blocked the cytoprotective effect of CCPA
against sI/R. So CCPA mediated delayed preconditioning
through a mechanism that requires autophagy. The effects
of CCPA on autophagy and thus cytoprotection against
sI/R were receptor dependent. It means that CCPA induced
autophagy through phospholipase C (PLC), as well as
increasing intracellular calcium. In fact, PLC signaling was
an upstream for inducing autophagy by CCPA [88].

Therapeutic targeting of detrimental
autophagy for reducing myocardial I/R
injury in preclinical studies

There are several previous experimental studies showing
that reduction of excessive autophagy flux, or improving
impair autophagy flux by numerous therapeutic agents may
have cardioprotective effects against myocardial I/R injury,
which we mentioned some of them in Table 2.
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Urolithin B (UB). In vivo and in vitro experiments by
Zheng et al. showed that UB had cardioprotective effects
against I/R or H/R injury by inhibiting autophagy. UB
increased antioxidant and decreased oxidants levels,
decreased myocardial apoptosis and infarct size, and
also improved cardiac function in rats following I/R. UB
also protected cardiomyocytes against H/R injury with
the evidences of decreased ROS production, decreased
apoptosis, and increased cell viability. UB was found
to inhibit autophagy by activating autophagy upstream
signaling pathways such as mTOR/ULK1 and PI3K/Akt,
thus protected the heart against oxidative stress and cas-
pase 3-depedent apoptotic death. This inhibitory effect of
UB on autophagy was essential for its cardioprotective
effect. It was also shown that treatment with UB caused
p62 accumulation and its interaction with kelch-like ECH-
associated protein 1 (Keapl), and promoted nuclear factor
erythroid 2-related factor 2 (Nrf2) nuclear translocation
during I/R or H/R. It means that UB treatment reduced
ROS production and inhibited apoptosis by p62/Keap1/
Nrf2 signaling pathway [93].

Calreticulin (CRT). Another study found that H/R treatment
in H9c2 cells caused Beclinl upregulation, increased LC3-
II/LC3-I and autophagosomes formation. On the other hand,
H/R treatment decreased LAMP2, impaired autophagosome-
lysosome fusion, increased intracellular ROS, and impaired
autophagosomes clearance by increasing p62 in H9c2 cells.
But CRT postconditioning reduced oxidative stress and
H/R-induced cell death by improving H/R-induced impair
autophagy flux. CRT inhibited H/R-induced excessive for-
mation of autophagosomes, which was proved by reduction
of Beclinl and LC3-II/LC3-1. CRT also improved impair
clearance of autophagosomes by promoting autophagosome-
lysosome fusion and autophagosome degradation, which
was evidenced by decreased number of autophagosomes,
increased number of autolysosomes, increased LAMP2, and
decreased p62 levels. In vivo investigation also showed that
CRT protected the heart against myocardial I/R injury in
rats [76].

Tetramethylprazine (TMP). A study found that tetrameth-
ylprazine (TMP) improved I/R or H/R-induced impair
function of autophagy, which was proved by reduction
of CK, LDH, and myocardial infarct size in rats, as well
as, reduction of LDH and cardiomyocyte apoptosis, and
improvement of cell viability in neonatal rat ventricu-
lar myocytes (NRVMs). TMP was shown to induce car-
dioprotection against I/R or H/R through modulation of
Beclinl-dependent autophagy by PI3K/Bcl-2 cascade.
Therefore, PI3K/Bcl-2 cascade was associated with the
ability of TMP to inhibit autophagy dysfunction and
reduce cardiac I/R injury [96].
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Antithrombin Il (AT). Huang et al. demonstrated that car-
diac I/R injury increased autophagy which played damaging
role in myocardial I/R. However, treatment with AT reduced
cardiac I/R or H/R injury by inhibiting autophagy in a dose-
dependent manner. Since autophagy is mediated by Beclinl
in reperfusion phase, AT reduced autophagy and exerted its
protective effects by reducing Beclinl expression. For the
reason that Beclinl has the ability to induce apoptosis via
binding to Bcl-XL, AT also reduced apoptosis by reducing
Beclinl expression. It was also found that I/R-induced high
levels of p-Akt/Akt were further increased by AT. Therefore,
it was concluded that AT inhibited autophagy and caused
cardioprotection through PI3K/Akt signaling pathway [26].

Hesperidin. Another study in confirming the detrimental
role of excessive autophagy in myocardial I/R revealed
that administration of hesperidin [3’,5,7-trithydroxy-4’-
methoxy-flavanone-7-(6-a-L-rhamnopyranosyl-p-D glu-
copyranoside)] for 3 days before ischemia prevented exces-
sive autophagy following I/R, which was associated with
decreased Beclinl and LC3-II/LC3-I. Hesperidin also acti-
vated PI3K/Akt/mTOR pathway. Thus, hesperidin inhibited
excessive autophagy and showed its cardioprotective effect
in reducing myocardial I/R injury by activating PI3K/Akt/
mTOR pathway [38].

Trichostatin A (TSA). In a study using cardiac myocyte spe-
cific active histone deacetylase 4 (HDAC4) transgenic mice
in order to examine the role of HDAC4 in myocardial I/R
damage, it was revealed that activated HDAC4 overexpres-
sion caused increases in autophagy and apoptosis, and a
decrease in superoxide dismutase (SOD)1, which exacer-
bated myocardial I/R damage as evidenced by an increase
in infarct size and decrease in cardiac function. By using
an HDAC inhibitor, TSA, HDAC4 overexpression-induced
exacerbated I/R injury was reduced. This beneficial function
of TSA was done through reducing autophagy and apoptosis
and increasing SOD1. I/R model in pig was also used to
confirm the protective effect of TSA. The results showed that
TSA protected the heart against I/R damage in pigs, which
was proved by reduction of infarct size [90].

Sevoflurane postconditioning (SPC). In one study, it
was found that following myocardial I/R, an increase in
autophagosomes number, as well as Beclinl, LC3-II/LC3-
I, and p62 levels occurred, which indicated I/R-induced
autophagosomes formation. However, SPC reduced infarct
size and cardiac dysfunction. This cardioprotective effect
of SPC against I/R injury was associated with restoration of
autophagy flux, as SPC increased LAMP2 expression and
decreased Beclinl, LC3-II/LC3-1, and p62 levels, thereby
reduced autophagosomes accumulation. SPC also increased
nitric oxide synthase (NOS) content, endothelial NOS

(eNOS) and neuronal NOS (nNOS) phosphorylations, and
nitric oxide (NO) production. Therefore, SPC had protective
effects against myocardial I/R injury through NO-dependent
mechanism. For the reason that NO can bind to cytochrome
¢ oxidase and prevent MPTP opening by inhibiting mito-
chondrial respiration, it can be said that the protective effect
of SPC against myocardial I/R was probably related to mito-
chondrial protection, and in fact, mitochondria serves as the
target of SPC-derived NO. In other words, SPC was found
to increase mitochondrial nicotinamide adenine dinucleotide
(NADY) levels, decrease MPTP opening and cytochrome
c release, and restore I/R-induced impair autophagy flux.
Thus, eNOS/NO pathway was involved in SPC positive
effects on autophagy flux. It means that SPC can be con-
sidered as a potential therapeutic target for the treatment of
myocardial reperfusion injury by increasing NO and restor-
ing I/R-indused impair autophagy flux [61].

Melatonin. Study on the beneficial effects of melatonin
against cardiac I/R or H/R revealed that melatonin treat-
ment decreased LDH, increased cell vitality, reduced infarct
size, and improved cardiac function. Melatonin was found
to increase ATP/AMP ratio, thereby reducing AMPK phos-
phorylation and increasing mTOR phosphorylation, which
means that melatonin exerted its positive effects by inhibit-
ing autophagy through AMPK/mTOR signaling pathway [2].

Choline. Hang et al. demonstrated that in myocardial I/R,
there was an increase in LC3 expression and autophago-
somes. Because this increase in LC3 may be interpreted as
an increase in autophagosomes due to autophagy activation,
or as an accumulation of autophagosomes due to autophagy
dysfunction, they evaluated p62/SQSTM1 and found that
p62 was increased in cardiac I/R condition. So this increase
in LC3 was attributed to the failure in degradation of autol-
ysosomes. But pretreatment with choline decreased LC3-1I/
LC3-1 and p62, which were attributed to the degradation
of autolysosomes by choline. It was also found that cho-
line decreased I/R-induced autophagy activity by activating
Akt/mTOR signaling pathway, resulting in cardioprotective
effects against cardiac I/R. But rapamycin reduced the pro-
tective effects of choline against I/R damage [21].

Vitexin. One study showed that treatment with vitexin
(apigenin-8-C-D-glucopyranoside) caused cardioprotec-
tive effect against I/R or sI/R damage in a dose-dependent
manner. Potential mechanisms by which vitexin exerted its
cardioprotective effects in vivo and in vitro were inhibition
of apoptosis (decreases in Bax and cleaved caspase 3, and
increase in Bcl-2) and inhibition of excessive autophagy
(decreases in Beclinl and LC3-II/LC3-I, and increase in
p62). Also, vitexin protected the cells from oxidative stress
damage by increasing SOD concentration, and decreased
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I/R damage by reducing malondialdehyde (MDA), CK, and
LDH concentrations. In other words, vitexin improved I/R-
induced myocardial injury by inhibiting cardiomyocytes
autophagy. However, activation of autophagy eliminated
the inhibitory effect of vitexin on apoptosis and myocardial
injury. Therefore, it can be said that vitexin inhibited apop-
tosis and reduced myocardial injury by inhibiting excessive
autophagy flux. It was found that treatment with vitexin
resulted in upregulation of p-Akt and mTOR. Therefore,
vitexin inhibited autophagy by activating PI3K/Akt/mTOR
pathway [73].

Berbamine. The results of a study showed that berbamine
postconditioning reduced infarct size and improved post-
ischemic heart function in a concentration-dependent manner.
This positive effect was partly related to the effects of berba-
mine on improving cell survival and mitochondrial membrane
potential in cardiomyocytes, and reducing myocytes death. It
was proved that berbamine led to cardioprotection via modu-
lation of autophagy and reduction of autophagy-induced cell
death. Berbamine improved autophagosome processing in
the myocardium as well as cardiomyocytes, and suppressed
Beclinl-dependent autophagy by reducing I/R-induced Bec-
linl upregulation. In addition, berbamine further increased Akt
phosphorylation. Thus, berbamine modulated Beclin1-depend-
ent autophagy dysfunction by activating PI3K/Akt pathway,
thus protected the heart against I/R injury [94].

miR-21 precursor. A study showed that following H/R,
downregulation of endogenous miR-21 occured in H9c2
cells. This downregulation of miR-21 may be associated
with H/R damage in cardiomyocytes. Upregulation of miR-
21 by transfection of cells with miR-21 precursor inhibited
H/R-induced excessive autophagy in H9c2 cells, thereby
protected cardiac cells against H/R injury. On the other
hand, miR-21 increased Bcl-2 expression through direct
interaction and binding to Bcl-2 mRNA. Beclinl, which
is an important factor for initiation of autophagy, can be
inhibited by Bcl-2 through its BH3 domain, so there is a
negative interaction between Bcl-2 and autophagy activity.
Therefore, pretreatment with miR-21 precursor increased
Bcl-2/Bax and decreased apoptosis in H/R condition, and
also inhibited autophagy. The mechanism by which miR-
21 inhibited excessive autophagy was found to be through
Akt/mTOR signaling pathway. In addition, upregulation of
miR-21 inhibited phosphatase and tensin homolog (PTEN)
expression. PTEN, as an apoptosis-related protein, inhibited
PI3K pathway and prevented Akt activation. Therefore, it
can be said that miR-21 upregulation reduced H/R-induced
apoptosis in one hand, and had a negative regulatory role
on autophagy and inhibited excessive autophagy activity in
the other hand, which were partly mediated by PTEN/Akt/
mTOR signaling pathway [28].
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Puerarin. A study revealed the roles of LncRNA ANRIL
and puerarin in myocardial I/R injury. Prolonged hypoxia
led to the downregulation of LncRNA ANRIL expression in
cardiomyocytes, and reduction of cardiomyocyte viability.
On the other hand, prolonged reoxygenation increased apop-
tosis. However, puerarin reversed the effects of H/R damage
on the expression of ANRIL, the viability of cardiomyocyte,
LDH and MDA contents, apoptosis, and the expressions of
autophagy-related genes. In addition, in vivo experiments
showed that puerarin protected cardiac tissues by ANRIL
upregulation and autophagy inhibition [20].

Salidroside (Sal). Circular RNA (circRNA), a highly sta-
ble non-coding RNA with covalently closed loop struc-
ture, plays important role in cardiac I/R damage. A study
documented that pretreatment with Sal in I/R rats led to the
improvement of myocardial function, reduction of infarct
size, LDH and CK-MB levels, and inhibition of anti-oxi-
dative stress, autophagy and apoptosis. It was revealed that
pretreatment with Sal attenuated autophagy via upregulation
of hsa_circ_0000064 (circ-0000064) expression. So pretreat-
ment with Sal had cardioprotective effect against myocar-
dial I/R injury, which might be mediated by circ-0000064
upregulation and autophagy inhibition [31].

Radioprotective 105 kDa protein (RP105). RP105, a toll-
like receptor 4 (TLR4) homologue, is a specific inhibitor
of TLR4. Guo et al. demonstrated that overexpression of
RP105 by intramyocardial injection of adenoviral vector
encoding EGFP-RP105 (Ad-EGFP-RP105) before induction
of I/R caused cardioprotection by inhibiting apoptosis and
autophagy, which was confirmed by decreased levels of CK,
LDH, and tissue apoptosis. Accordingly, RP105 decreased
the expressions of TLR4, p-nuclear factor kB (NF-kB)/
p65 and interleukin 6 (IL-6)/tumor necrosis factor o (TNF-
a), and finally reduced apoptosis. In other words, RP105
decreased the expressions of proapoptotic cytokines such
as TNF-a and IL-6 by modulating TLR4/NF-«xB signaling
pathway. It also had an inhibitory effect on autophagy by
inactivating TLR4/p-NF-kB/p65 signaling pathway, result-
ing Beclinl and LC3-II/LC3-I downregulations. In addition,
RP105 increased the expression of Bcl-2, which may play
an important role in autophagy inhibition by increasing the
binding between Beclinl and Bcl-2. In general, the anti-
apoptotic and anti-autophagic effects of RP105 in myocar-
dial I/R condition were mediated by inhibition of TLR4/
NF-kB pathway [15].

Danshensu (DSS). In confirming the damaging effect of
excessive autophagy in cardiac I/R or H/R condition, a study
by Fan et al. showed that mTOR activity was inhibited under
I/R condition, which led to the excessive autophagy flux,
autophagic cell death, and consequently cardiac dysfunction.
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However, ischemia-induced cell death and cardiac dysfunc-
tion were reduced by DSS treatment via activation of mTOR,
and phosphorylation of ribosomal protein S6 kinase beta-1
(S6K1) and S6. So DSS reduced I/R-induced autophagy
and ultimately prevented cardiac injury by upregulating
mTOR signaling and reducing autophagosomes. There-
fore, DSS negatively regulated autophagy, which was evi-
denced by decreased Beclinl, LC3-II, and p62. DSS also
reduced ischemia-induced apoptosis in cardiomyocytes. It
was revealed that mTOR activation was associated with
stimulation of Bcl-2 and downregulation of Bax and cas-
pase 3 proteins. It means that DSS affected both autophagic
and apoptotic pathways through mTOR activation. So DSS
inhibited excessive autophagy and apoptosis by activating
mTOR [7].

17-Methoxyl-7-hydroxy-benzene-furanchalcone (MHBFC). Another
study showed that treatment with MHBFC had beneficial
effects in cardiac I/R condition by reducing Beclinl and
LC3-II/LC3-I expressions. Decreased CK-MB levels indi-
cated membrane-stabilizing ability and protective function
of MHBFC in myocardial I/R. MHBFC increased PI3K/Akt
pathway activity, and increased mTOR phosphorylation as
an important downstream of this pathway. So MHBFC pre-
vented the harmful effects of excessive autophagy in myo-
cardial I/R via PI3K/Akt/mTOR pathway. On the other hand,
MHBEFC postconditioning decreased TNF-a and increased
p-eNOS, NO production, and p-Akt. It means that MHBFC
inhibited MPTP opening and also apoptosis by increasing
Akt-eNOS activation and NO production, leading to the pos-
itive effects on the heart in I/R. Thus, it can be said that the
anti-apoptotic mechanism of MHBFC in response to myo-
cardial I/R injury was probably mediated by inhibition of
MPTP opening. PI3K/Akt signaling as a pro-survival path-
way, played a key role in anti-apoptotic function of MHBFC
in myocardial I/R. Overall, it was concluded that the car-
dioprotective effect of MHBFC against myocardial I/R may
be associated with inhibition of excessive autophagy and
apoptosis by regulation of Beclin1/Bcl-2 expression, which
requires activation of PI3K/Akt/mTOR pathway [86].

Bauhinia championii flavone (BCF). An investigation showed
that BCF had beneficial effects in myocardial I/R injury in
rats by preventing I/R-induced excessive autophagy and
apoptosis, which was probably related to the BCF abil-
ity to activate PI3K/Akt signaling pathway. BCF was able
to reduce excessive autophagy by increasing PI3K, and
decreasing Beclinl and apoptosis by modulating Beclin1/
Bcl-2 expression. BCF activated p-eNOS and also increased
NO production through upregulation of p-Akt expression.
Because NO has anti-inflammatory and anti-apoptotic
effects in I/R, so BCF was able to prevent MPTP opening

and apoptosis. It means that BCF exerted its cardioprotective
effect by inhibiting the mitochondrial pathway of apoptosis.
TNF-a can also activate the external apoptotic pathway via
binding to the TNF receptor, which was reduced by BCF,
and as a result, BCF also reduced apoptosis in this way [30].

Berberine. Myocardial I/R-induced excessive autophagy
flux or autophagic cell death causes cytosol and organelles
damages, which ultimately leads to the cell dysfunction
and death. But regulated autophagy has a protective role
against cell death. Accordingly, berberine inhibited exces-
sive autophagy, and protected the myocardium and H9c2
cells against I/R or H/R injury by preventing AMPK and
mTORC?2 activation. It means that berberine induced cardio-
protection by inhibiting the upstream pathways of autophagy.
It was also shown that the potential biomarker of excessive
autophagy in H/R is Bnip3, and berberine inhibited exces-
sive autophagy by preventing mitochondrial expression of
Bnip3. Bnip3 expression seems to be more sensitive to ber-
berine treatment than Beclinl. Berberine also maintained
ATP levels in H9c2 cells, indicating that berberine was able
to protect mitochondrial function by inhibiting Bnip3. In
both I/R and H/R conditions, upregulation of autophagy
occurred with increased expressions of Beclinl, Bnip3, and
SIRT1. But treatment with berberine reduced the induction
of these proteins [27].

ADT

One study showed that injection of ADT [5-(4-methoxyphenyl)-
3H-1,2-dithiole-3-thione] at the beginning of reperfusion, which
is a slow-releasing organic hydrogen sulfide (H,S) donor, caused
a continuous increase in serum H,S levels and protected the heart
against I/R damage. This protective effect of ADT was done by
activating AMPK and thus restoring I/R-induced impair autophagy
flux. As mentioned above, AMPK activates protective autophagy in
myocardial ischemia. But in reperfusion phase, there is no increase
in AMPK activity, but Beclin1 upregulation and decreased LAMP2
cause increase in autophagosomes, which intensifies infarct damage
in this phase. It shows that myocardial I/R stimulates autophago-
somes formation, but not lysosome-autophagosome formation.
Therefore, it leads to the impaired clearance of autophagosomes,
and thus aggravates myocardial I/R injury. It was found that slow
release of H,S by administration of ADT after ischemia protected
the heart against I/R damage by activating AMPK and thus restoring
I/R-induced impair autophagy flux [82].

Basic fibroblast growth factor (bFGF). Treatment with
recombinant bFGF increased survival of cardiomyocytes
and improved cardiac function via modulation of autophagy-
mediated ubiquitination. bFGF exerted its protective effects
by reducing excessive autophagy via activating PI3K/Akt/
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mTOR signaling pathway. bFGF also inhibited rapamycin-
induced autophagy. It was found that bFGF caused increase
in clearance of ubiquitinated proteins and p62 expression
following cardiac I/R. In general, the beneficial effects of
bFGF in reducing myocardial I/R injury were through inhi-
bition of excessive autophagy and reversing the toxic accu-
mulation of ubiquitinated proteins by p62 pathway, as well
as reduction of apoptosis [78].

Sevoflurane. Xie et al. showed that sevoflurane precondition-
ing led to the reduction of H/R-induced excessive autophagy
partly by reducing Beclinl expression and the number of
autophagosomes and lysosomes, indicating the important
role of Beclin1 in autophagocytosis in the heart. Sevoflurane
preconditioning also increased Bcl-2 and decreased apop-
tosis in H9¢c2 cells. In general, sevoflurane preconditioning
induced delayed protection in cardiomyocytes by inhibiting
Beclinl-induced autophagic cell death [81].

Insulin, Tat-Sabyy,;- In I/R condition, increase in mitochon-
drial JNK (mito JNK) activation causes cell death through
the releasing of cytochrome ¢ from the mitochondria, and
on the other hand causes myocardial injury via Bcl-2-reg-
ulated autophagy. However, treatment with insulin reduced
cytochrome c release from the mitochondria via decreasing
mitochondrial and cytosolic/nuclear JNK activation, thereby
reduced myocardial injury following I/R. On the other hand,
it decreased autophagy which was evidenced by decreased
Beclinl and LC3-II/LC3-1, and increased p62. Tat-Sabg
is a retro-inverse peptide which is capable to block JNK
interaction with mitochondria. Treatment with Tat-Saby
reduced mitochondria-mediated apoptosis by inhibiting mito
JNK activation and reducing cytochrome c release from the
mitochondria. It also reduced I/R-induced autophagy and
myocardial I/R injury, and improved heart function. Thus,
treatment with insulin or Tat-Saby, was shown to have
cardioprotective effect against I/R by inhibiting mito JNK
and reducing apoptosis and Bcl-2-regulated autophagy [85].

Pyrrolidine dithiocarbamate (PDTC). The results of a study
by Zeng et al. showed that the expression of p65 protein and
its phosphorylation in serine 536 were increased in myocar-
dial area at risk (AAR), and caused upregulation of Beclinl
mRNA and protein levels. Thus, p65 is involved in I/R-
induced autophagy by mediating Beclinl. It means that in
response to ROS release, NF-kB promotes Beclin1-depend-
ent autophagy and leads to heart damage in I/R condition.
Inhibition of NF-kB activity may protect cardiomyocytes
against damaging autophagy in myocardial I/R. Accordingly,
administration of PDTC (as NF-kB inhibitor) inhibited ROS
release and p65 activity in AAR. Therefore, PDTC inhib-
ited I/R-induced Beclinl activation and autophagosomes
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formation. In other words, PDTC treatment reduced heart
injury via inhibiting p65-dependent autophagy [89].

Hydrogen sulfide (H,S). A study showed that in porcine
model of myocardial I/R, continuous infusion of H,S, which
was started at the beginning of ischemia and continued dur-
ing I/R, reduced apoptosis, necrosis and infarct size, as well
as improved coronary microvascular reactivity and heart
function. On the other hand, it caused an increase in p-eNOS.
So it can be said that H,S infusion-induced improvement of
coronary microvascular relaxation was associated with an
increase in p-eNOS. H,S infusion also increased the phos-
phorylated form of GSK-3p and decreased apoptosis-induc-
ing factor (AIF) expression, which were associated with
cytoprotection and reduced infarct size. However, following
bolus treatment within 10 s at the beginning of reperfusion,
increase in extracellular signal-regulated kinase (ERK) 1/2
expression occured. H,S bolus also increased phosphoryl-
ated form of Bcl-2 associated death promoter (p-Bad) at
serine 136 and decreased cleaved caspase 3. However, it
was found that this reduction in apoptosis by H,S bolus did
not improve infarct size, vascular reactivity or contractility.
While H,S infusion improved these outcomes, although it
had no effect on p-Bad and cleaved caspase 3. Therefore,
it can be concluded that H,S infusion or bolus administra-
tion led to various intracellular events. Interestingly, it was
shown that H,S treatment inhibited autophagy in myocardial
I/R injury. Because H,S infusion increased p-mTOR and
H,S bolus reduced Beclinl expression. In general, the car-
dioprotective effect of H,S on I/R seems to be via improving
coronary microvascular relaxation, increasing survival pro-
teins expression, and decreasing autophagy and apoptosis.
However, H,S infusion provided better cardioprotection than
H,S bolus and was superior to bolus treatment [60].

Urocortin. The results of in vitro experiment by Valentim
et al. revealed that single cycle of cardiac I/R increased
Beclinl expression and autophagy in neonatal and adult
myocytes. However, inhibition of autophagy by 3-methyl-
adenine (3-MA) or Beclinl knockdown inhibited cell death
and increased cardiomyocytes survival after sI/R, suggesting
that autophagy was probably an additional cell death mecha-
nism following a single cycle of I/R, at least in this in vitro
model. Pretreatment with urocortin, an endogenous cardiac
peptide, reduced I/R-induced autophagy by reducing Beclinl
expression. The inhibitory effect of urocortin on Beclinl
expression was eliminated by PI3K inhibitors, which proved
the inhibitory role of urocortin on Beclinl via PI3K/Akt
signaling pathway. Thus, the beneficial effects of urocortin
against autophagocytosis were probably mediated through
this mechanism. It was found that urocortin also provided
cardioprotection against apoptosis through PI3K/Akt sign-
aling pathway. However, by inhibiting mitogen-activated
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protein/extracellular signal-regulated kinase (MEK)1-ERK
pathway, autophagic cell death was not modulated, while it
had an effect on apoptotic cell death. Therefore, it can be
concluded that PI3K played an important role in the inhibi-
tory effects of urocortin on autophagy, but both PI3K and
MEK kinase played important roles in cardioprotective
effects of urocortin against cell death. It means that urocortin
promoted survival of cardiac myocytes against sI/R injury
through PI3K/Akt and MEK 1/2 p42/44 mitogen-activated
protein kinase (MAPK) pathways. Urocortin, which was able
to inhibit autophagy, apoptosis, and necrosis, could play a
protective role against I/R injury. Thus, the clinical use of
urocortin may provide more complete protection against
myocardial I/R compared with agents that interfered with
only one cell death pathway [75].

Conclusion and future directions

According to the findings presented in this review, it was
revealed that higher or lower activity of autophagy is detri-
mental and is involved in myocardial I/R damage. Therefore,
modulation of autophagy as a potential therapeutic target can
significantly affect heart function. Further investigations and
better clarifications of the complex function of autophagy in
myocardial I/R may help to discover and develop novel ther-
apeutic strategies in order to achieve cardioprotection [42].
It means that finding new therapeutic agents that stimulate
or inhibit autophagy in the heart can lead to normal physi-
ological range of autophagy in ischemia and reperfusion
[25]. There are challenges in this regard which need to be
considered and clarified carefully. If all these challenges are
clarified and resolved successfully, the idea of “autophagy
modulation as a treatment for myocardial I/R injury” will
merit clinical researches. One of these challenges that can
be mentioned is that the exact conditions and therapeutic
window in which autophagy induction leads to cardioprotec-
tion have not been determined, and need further investiga-
tion. In other words, how to maintain appropriate autophagy
flux and control excessive autophagy are important points
for therapeutic interest. It should also be considered that
pharmacological agents target autophagy selectively and
specifically, and do not simply lead to the autophagosome
augmentation and impair autophagy [14]. On the other hand,
although many pharmacological agents showed promising
results in animal studies, unfortunately most of them have
failed in clinical setting. Because most of preclinical stud-
ies have been performed in young and healthy animals. But
clinical studies include patients with co-morbidities such as
metabolic syndrome, diabetes, hypertension, and aging. It
has been observed that many of these co-morbidities may
interfere with autophagy, which can lead to the failure of
cardioprotection in patients [1, 8].

It can be concluded that therapeutic agents that directly
target autophagy to induce controlled autophagy or inhibit
inappropriate autophagy can be considered as potential
therapeutic option to protect cardiomyocytes against I/R
injury. As well as, clarification of specific cellular mecha-
nisms which leads to the appropriate level of autophagy flux
with appropriate timing will probably help to develop new
cardioprotective strategies for ischemic heart diseases in the
future [51].
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