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Recycle or Die: The Role of Autophagy in Cardioprotection
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Abstract

Autophagy is a highly conserved cellular process responsible for the degradation of long-lived
proteins and organelles. Autophagy occurs at low levels under normal conditions, but is upregulated
in response to stress such as nutrient deprivation, hypoxia, mitochondrial dysfunction, and infection.
Upregulation of autophagy may be beneficial to the cell by recycling of proteins to generate free
amino acids and fatty acids needed to maintain energy production, by removing damaged organelles,
and by preventing accumulation of protein aggragates. In contrast, there is evidence that enhanced
autophagy can contribute to cell death, possibly through excessive self-digestion. In the heart,
autophagy is essential role for maintaining cellular homeostasis under normal conditions and
increased autophagy can be seen in conditions of starvation, ischemia/reperfusion, and heart failure.
However, the functional significance of autophagy in heart disease is unclear and controversial. Here,
we review the literature and discuss the evidence that autophagy can have both beneficial and
detrimental roles in the myocardium depending on the level of autophagy, and discuss potential
mechanisms by which autophagy provides protection in cells.
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Introduction

Autophagy is an evolutionarily conserved process involved in the degradation of long-lived
proteins and organelles. Cytoplasmic material is sequestered by an autophagosome and
subsequently delivered to the lysosome where it is degraded by lysosomal proteases. There are
three forms of autophagy; chaperone-mediated autophagy, microautophagy and
macroautophagy. Macroautophagy is the most common form of autophagy in mammalian cells
and will be herein referred to as autophagy. Autophagy occurs at low levels under normal
conditions, but is also upregulated in response to stress such as nutrient deprivation, hypoxia,
mitochondrial dysfunction, and infection [1-4]. Autophagy can promote cell survival by
generating free amino acids and fatty acids required to maintain function during nutrient-
limiting conditions, or by removing damaged organelles and intracellular pathogens. However,
autophagy might also promote cell death through excessive self-digestion and degradation of
essential cellular consituents. Recent studies have also reported interactions between the
autophagic and apoptotic pathways [5,6].
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Autophagy is an important process in the heart. It occurs at low basal levels under normal
conditions and is important for the turnover of organelles [7]. Many studies have demonstrated
that autophagy is upregulated in the heart in response to stress such as ischemia/reperfusion
[4,8-12]. Increased numbers of autophagosomes are a prominent feature in many
cardiovascular diseases such as cardiac hypertrophy and heart failure [13-18]. However, the
functional role of the enhanced autophagy in the diseased heart is unclear and studies have
yielded conflicting results regarding the role of autophagy in the heart. It is controversial
whether the increased number of autophagosomes in dying cells contributes directly to cell
death or represent an attempt to prevent it. In many studies, autophagic cell death has been
defined by morphologic criteria and it has not been demonstrated that autophagy directly
contributed to cell death. However, recent genetic studies disrupting the autophagic pathway
have yielded increasing insight into the role of autophagy in cell survival and death in the heart.
In this review, we discuss the emerging evidence that autophagy have a dual role in the heart
where it can protect against or contribute to cell death depending on the stimulus.

Molecular Mechanism of Autophagy

Activation of the autophagsomal-lysosomal pathway starts with the formation of the
autophagosome which involves a series of steps. The exact origin of the membrane is not clear
but is thought to be from the endoplasmic reticulum in mammalian cells [19]. The induction
step of autophagy involves isolation of a small isolation membrane (also called phagophore)
to which necessary proteins will be recruited to form the mature autophagosome (Fig. 1).
Electron microscopy studies suggests that isolation membranes appear to elongate as they curve
to surround cytoplasmic material to be sequestered and then finally close to form
autophagosomes with a diameter of 0.5-1.5 um [15,20]. This process is regulated by a system
of evolutionarily conserved proteins (Atg proteins). Beclin 1 (Atg6) is part of a
Phosphoinositide 3-kinase (P13-K) complex and seems to play an important role during the
initial steps of autophagosome formation by mediating the localization of other Atg proteins
to the isolation membrane [21]. In addition, synthesis of the autophagosome requires the Atg5-
Atg12 and LC3(Atg8)-phosphatidyl ethanolamine (PE) conjugation systems. The covalent
conjugation between Atgl12 and Atg5 is similar to that of ubiquitination where Atg12 is first
activated by Atg7, an ubiquitin like E1 enzyme, and then transferred to Atg10 which functions
like an E2 exzyme. Atg12 is then covalently conjugated to Atg5 at a lysine residue and Atg10
is released [22]. Finally, the Atg12-Atg5 complex interacts non-covalently with Atgl6, and
this complex then initiat es the elongation of the membrane by recruiting LC3-PE [23-25].
LC3 is synthesized as a larger precursor and is cleaved by the cysteine protease Atg4 to LC3-
I which exposes a C-terminal glycine residue [26]. The processed LC3, like Atg12, is activated
by Atg7 and then transferred to the E2-like protein Atg3 which catalyzes the covalent
conjugation with PE [27,28]. The recruitment of LC3-PE to the isolation membrane is
dependent on Atg-5-Atgl2 [23,29]. The Atg5-Atgl2-Atgl6 complex dissociates from the
mature autophagosome, as well as the LC3-PE located on the outer membrane of the
autophagosome. Only the uncoated autophagosome can fuse with the lysosome [23,26].

Autophagy in the Heart

Autophagy is an important process in the heart and a defect in this process can be detrimental
to the heart. For instance, conditional deletion of atg5 in the heart causes a disruption in
autophagy and results in accumulation of abnormal organelles and rapid development of
cardiac dysfunction [30]. Moreover, Danon’s cardiomyopathy is due to a deficiency in the
lysosomal protein Lamp-2 which causes a disruption in the autophagosome-lysosome (Atg-
Lys) pathway and accumulation of autophagosomes in the cardiac myocytes [18,31].
Autophagy is dramatically enhanced in hearts of fasting mice, suggesting that autophagy is
also an important survival response to starvation[32]. It is clear that a functional Atg-Lys
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pathway is essential for cellular homeostasis in the heart and that a defect in this pathway will
result in adverse effects for the heart. In contrast, there are reports that upregulation of
autophagy can be detrimental to the heart. Increased numbers of autophagosomes have been
observed in cardiac tissues from patients with cardiovascular disorders such as dilated
cardiomyopathy [33], aortic stenosis [34], and hibernating myocardium [35]. However, the
functional significance of autophagy in those diseases is still not clear. Numerous
autophagosomes are often seen in dying cells, but it is not clear whether autophagy directly
contributed to cell death or was upregulated as an effort to prevent it.

Autophagy in Ischemia and Reperfusion

Increased autophagy has long been known to occur in hearts after ischemia and reperfusion.
About 30 years ago, Sybers et al. observed an increase in autophagic vesicles after hypoxia
with glucose deprivation combined with reoxygenation in buffer containing glucose in fetal
mouse hearts in organ cultures [11]. In 1980, Decker and Widenthal reported that up to 40 min
of ischemia and subsequent reperfusion caused upregulation of autophagy in Langendorff
perfused rabbit hearts [8,36]. They also noted that 60 min of ischemia resulted in large and
likely dysfunctional lysosomes during reperfusion, suggesting that the prolonged ischemia
impaired the autophagic-lysosomal pathway. They also reported that the increase in autophagy
correlated with functional recovery and salvage of the myocardium after I/R, whereas extended
ischemia, which seemed to impair the Atg-Lys pathway, correlated with irreversible damage
and contractile dysfunction [8]. In addition, chronic ischemia was reported to induce autophagy
and increase lysosomal activity in swine myocardium [37]. The same study found that areas
of the heart with increased autophagy displayed fewer apoptotic cells, suggesting that induction
of autophagy might have prevented apoptosis. The mTOR (mammalian target of rapamycin)
has been identified as a negative regulator of autophagy in mammalian cells [38,39]. Many
studies have demonstrated that rapamycin is a potent stimulator of autophagy by inhibiting
mTOR [39,40], and rapamycin treatment has been shown to provide protection against I/R
injury in Langendorff perfused rat hearts [41]. However, mTOR regulates multiple metabolic
pathways in addition ot autophagy. Upregulation of autophagy has also been shown to be
protective in vitro. Inhibition of autophagy in HL-1 myocytes caused increased cell death in
response to simulated I/R (sI/R), whereas enhancement of the autophagic response was
protective [4]. Similarly, Dosenko et al. reported that inhibiting autophagy in isolated cardiac
myocytes during exposure to anoxia/reoxygenation caused an increase in cell death [42].
Moreover, Matsui et al. recently reported that glucose deprivation, a component of ischemia,
resulted in upregulation of autophagy in isolated cardiac myocytes and that inhibition of
autophagy enhanced glucose deprivation-mediated death [10]. These studies suggest that
upregulation of autophagy during ischemia/reperfusion is cardioprotective and promotes
survival of cells.

Some studies have reported that upregulation of autophagy promotes cell death during I/R. A
study using RNA. against Beclin 1 or 3-methyladenine (3-MA) treatment to block autophagy
found that this resulted in reduced cell death in isolated cardiac mocytes subjected to sI/R,
suggesting that autophagy contributes to cell death [12]. Moreover, glucose deprivation of
H9c2 cells, a cell line derived from rat cardiac myocytes, caused an increase in autophagosomes
and inhibiting autophagy with 3-MA or LY 294002 reduced cell death [43]. Although Matsui
et al. found that autophagy was protective during ischemia, they observed that it switched to
a detrimental role during reperfusion. They found that mice with heterozygous disruption of
beclin 1 (beclin 1*/7), which exhibit reduced levels of autophagy during reperfusion, had
decreased apoptosis and reduced infarct size compared to wild type mice [10]. Interestingly,
it was recently reported that Beclin 1 contains a conserved pro-apoptotic BH3 domain [44,
45], suggesting that Beclin 1 might be an inducer of apoptosis. In support of this, reduced
number of apoptotic cells is seen in beclin 1*/~ hearts after I/R compared to wild type mice
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[10]. Clearly, more studies are needed to clarify the role of Beclin 1 in autophagy and apoptosis.
These studies suggest that autophagy can have dual roles in the heart, and since autophagy is
a degradation pathway, it is quite possible that constitutive and excessive autophagy could
cause cell death by degrading too many essential proteins and organelles (Fig. 2). However,
further studies are needed to elucidate under what conditions autophagy provides protection
or cell death.

Autophagy in Cardiac Hypertrophy and Heart Failure

B-adrenergic stimulation, which promotes apoptosis [46] and induces cardiac hypertrophy and
heart failure [47], has been reported to inhibit autophagy [15]. Autophagy has also been shown
to protect cells against p-adrenergic stimulation, where cardiac myocytes isolated from atg5
deficient mouse heart had increased sensitivity to isoproterenol stimulation compared to wild
type cells [30]. Moreover, isoproterenol treatment for 7 days led to left ventricular dilation and
cardiac dysfunction in autophagy deficient mice but not in wild type mice, suggesting that
autophagy provides an important function in protecting cells against excessive p-adrenergic
stimulation. Moreover, autophagy has been reported to be inhibited in the progression of
cardiac hypertrophy [13,15,30]. For instance, Dammrich and Pfeifer observed that cardiac
hypertrophy induced by aortic constriction led to inhibition of autophagy in cardiac myocytes
undergoing hypertrophy and proposed that the inhibition of degradation was important in
growing myocytes since autophagy-mediated protein degradation antagonizes cell growth
[13]. Rapamycin, a potent activator of autophagy, was demonstrated to prevent cardiac
hypertrophy induced by thyroid hormone treatment [48] or aortic banding [49]. McMullen et
al. found that rapamycin treatment was even able to regress already established cardiac
hypertrophy induced by pressure overload and improve cardiac function [50]. Although these
studies did not directly investigate whether autophagy was upregulated, it is tempting to
speculate that the induction of autophagy contributed to the protective effects of rapamycin in
these models. It is possible that autophagy antagonizes cardiac hypertrophy by increasing
protein degradation which would decrease cardiac mass. In addition, transverse aortic
constriction (TAC)-induced hypertrophy reduced autophagy by week 1, and inhibition of
autophagy by knockdown of atg7 using RNAi induced cardiac hypertrophy in isolated neonatal
myocytes, and conditional deletion of atg5 in the heart resulted in increased cross-sectional
area of the myocytes and heart-to-body weight ratio compared to wild type [30]. Interestingly,
mice with conditional deletion of atg5 underwent the same degree of hypertrophy as wild type
mice in response to TAC, suggesting that inhibition of basal autophagy is not required to yield
an increase in cellular mass and that there might be alternative mechanisms present to
compensate for the lack of autophagy in these mice.

In contrast, Zhu et al. found that increased autophagy in hypertrophied hearts played a role in
the transition from hypertrophy to failure [16]. They reported that pressure-overload-induced
hypertrophy caused upregulation of autophagy and that decreased autophagy in the beclin
1*'~ mice correlated with decreased pathological remodeling, whereas enhancement of
autophagy in Beclin 1 transgenic mice had diminished cardiac remodeling. The difference in
the results is likely due to the differences in the mouse models used to study autophagy. The
study by Nakai et al. used mice with cardiac specific deletion of atg5 which completely
abrogates autophagy [30], whereas Zhu et al. used a mice heterozygous disruption of beclin
1 which results in reduced levels of autophagy in response to stress, and Beclin 1 transgenics
which have enhanced levels of autophagy [16]. These studies are further complicated by the
fact that Beclin 1 may also function as a pro-apoptotic BH3 molecule independent of its effect
on autophagy [44,45]. However, these studies suggest that the level of autophagy in the heart
is an important factor in determining whether autophagy will be protective or detrimental.
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Mechanisms of Cardioprotection

It is not clear exactly how autophagy provides protection against cell death, and several
potential mechanisms have been proposed. Autophagy is used by cells to degrade organelles
and it is possible that autophagy protects cells by removing damaged mitochondria which may
be harmful to the cell. Damaged mitochondria can be dangerous to the cell by releasing
proapoptotic factors such as cytochrome ¢ which can activate apoptosis [51]. Therefore,
removal of leaky mitochondria by autophagy may protect cells by preventing activation of
apoptosis. Mitochondria sequestered inside autophagosomes are often seen in the myocardium
after I/R. For instance, Sybers et al. noted numerous autophagosomes containing mitochondria
in fetal hearts in organ culture after hypoxia/reoxygenation [11]. Decker and Wildenthal also
observed that many autophagic vacuoles contained damaged mitochondria during reperfusion
and proposed that autophagy is upregulated to remove damaged mitochondria [8]. In addition,
we found many autophagosomes containing mitochondria in heart sections of Langendorff
perfused rat hearts after I/R [52]. It has been reported that opening of the mitochondrial
permeability transition pore (mPTP) triggered autophagy of damaged mitochondria in
hepatocytes [3]. Since the mPTP opens when reperfusion is initiated after ischemia [53], it
might serve as a signal to autophagosomes to sequester the mitochondria.

Another potential mechanism by which autophagy may promote survival is by maintaining
energy homeostasis during ischemia (Fig. 2). Generation of ATP via oxidative phoshorylation
is inhibited during ischemia and reduced ATP levels have been shown to induce autophagy
[1,10]. AMP kinase (AMPK) is involved in activating energy-generating pathways to maintain
or restore ATP levels [54] and has been reported to upregulate autophagy [55-57]. AMPK is
activated during ischemia and was recently shown to play a role in upregulaing autophagy
during ischemia [10]. Degradation of proteins and organelles by the autophagic-lysosomal
pathway generates free amino acids and fatty acids which can be used to maintain mitochondrial
ATP production and protein synthesis and promote survival of cardiac cells. Matsui et al. found
that glucose deprivation significantly reduced the cellular ATP content and upregulated
autophagy in cardiac myocytes. In addition, treatment of cells with 3-MA to block autophagy
during glucose deprivation exacerbated the reduction in cellular ATP and increased cell death,
suggesting that autophagy promotes survival by maintaining ATP production during ischemia
[10]. Another important metabolic benefit of autophagy is production of amino acids such as
glutamate, which are necessary for regenerating NAD(P)H and glutathione synthesis, both
essential for redox and cellular homeostasis.

Finally, it is possible that autophagy provides protection by degrading misfolded proteins that
may be toxic to cells. Proteins are degraded by either the ubiquitin-proteasome system (UPS)
or the autophagy-lysosome pathway. The UPS is responsible for the degradation of short-lived
proteins [58], whereas autophagy regulates levels of long-lived proteins and organelles [7].
The UPS and autophagy are generally considered to be two separate degradation pathways,
but recent studies have demonstrated that there may be cross-talk between the two pathways.
Induction of autophagy has been reported to attenuate the toxicity induced by proteasome
inhibition [59], suggesting that induction of autophagy is protective by removing protein
aggregates. Many studies have found that inhibition of the UPS causes upregulation of
autophagy, and that suppression of autophagy leads to accumulation of polyubiqutinated
protein aggregates [60-64]. Also, rapamycin treatment to activate autophagy increased
clearance of aggregate—prone proteins and reduced the appearance of protein aggregates in
vitro and in vivo [39,65,66]. In the heart, cardiac specific deletion of Atg5 resulted in increased
polyubiquitinated protein levels and proteasome activity [30]. These studies suggest that
autophagy and the UPS are functionally coupled, but further studies are needed to determine
the molecular players involved in the cross-talk between the two pathways.
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Autophagy and Programmed Cell death

Recent studies involving manipulation of essential autophagy genes have provided some
information about the role of autophagy in cell death. Autophagic cell death is often been
observed when apoptosis is blocked and it appears that the same stimulus can induce both
apoptotic and autophagic cell death. For instance, pro-apoptotic Bax and Bak are essential for
apoptosis via the mitochondrial (intrinsic) cell death pathway and mouse embryonic fibroblasts
lacking Bax and Bak (Bax/Bak dko MEFs) are resistant to cell death induced by stimuli that
activate this pathway (i.e. staurosporine, etoposide, UV) [67]. Interestingly, Shimizu et al.
found that etoposide treatment of Bax/Bak dko MEFs, which failed to trigger apoptotic cell
death, induced extensive autophagy followed by delayed cell death [68]. Inhibition of
autophagy using siRNA against Beclin-1 and Atg5 reduced etoposide-induced cell death,
suggesting that these cells died an autophagic cell death. Another study found that
lipopolysaccharide treatment induced caspase-independent cell death in macrophages that
were inhibited by siRNA-mediated knockdown of Beclin-1 or pre-treatment with 3-MA or
Wortmannin [69]. In addition, treatment with hydrogen peroxide or 2-methoxyestradiol (2-
ME) to inhibit Superoxide Dismutase are both known to induce apoptosis in cells [70,71], was
recently shown to induce autophagic cell death in HEK293 and U87 cells [72]. This group
found that inhibition of autophagy with 3-MA or downregulation of Beclinl, Atg5, or Atg7
using RNA interference significantly reduced hydrogen peroxide- or 2-ME mediated cell death.
These studies suggest that inhibition of the apoptotic pathway can switch the cellular response
from apoptosis to autophagic cell death. In autophagic cell death, it is likely that excessive
autophagy destroys a large amount of proteins and organelles beyond a certain threshold,
causing a bioenergetic catastrophe culminating in cell death (Fig. 2).

In addition, recent studies suggest that there is cross-talk between the apoptotic and autophagic
pathways. For instance, Pyo et al. reported that Atg5 interacted with Fas-associated death
domain (FADD) protein, an adaptor molecule involved in mediating receptor-mediated
apoptosis, and mediated IFN-B-induced cell death in HeLa cells [73]. Interestingly, they found
that overexpression of the Atg5 mutant, AtgSK130R, which cannot be conjugated to Atg12,
was able to trigger cell death, but failed to induce autophagy. Another study found that Atg5
was cleaved by the protease calpain, which promoted the translocation of truncated Atg5 to
the mitochondria where it interacted with Bcl-XL and triggered permeabilization of the outer
mitochondrial membrane [6]. Similar to the study by Pyo et al., overexpression of truncated
Atg5 induced apoptosis, but was unable to promote autophagy. These two studies suggest that
Atg5 can directly cause cell death by activating the apoptotic pathway without the induction
of autophagy. The role of autophagy in cell death is clearly complex and needs to be further
investigated. It also complicates the interpretation of studies of Atg5, as knockdown may block
apoptosis as well as autophagy.

Bcl-2 proteins and autophagy

The Bcl-2 family proteins are known to be important regulators of apoptosis in the heart, but
there is increasing evidence that they can also regulate autophagy. The autophagy protein
Beclin 1 was initially identified in a yeast two-hybrid system as a Bcl-2 interacting protein
[74], and it was later reported that Bcl-2 binding to Beclin 1 disrupted autophagy. In addition,
amutant of Beclin 1 lacking the Bcl-2 binding domain was found to induce excessive autophagy
and cell death when overexpressed in cells [5]. The same group found that transgenic mice
overexpressing Bcl-2 in the heart had reduced levels of autophagy in the heart compared to
wild type in response to starvation, suggesting that Bcl-2 functions as a negative regulator of
autophagy by inhibiting Beclin 1 [5]. In contrast, in a study using the HL-1 cardiac myocyte
cell line overexpression of wild type Bcl-2 did not have an effect on starvation-induced
autophagic flux. Only Bcl-2 that was targeted specifically to the SR/ER reduced starvation-
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induced autophagy by reducing Ca2* stores in the SR/ER [75]. Also, overexpression of the
Beclin 1 mutant lacking the Bcl-2 binding domain suppressed starvation-induced autophagy
suggesting that it was acting as a dominant negative protein. Shimizu et al. reported that
overexpression of Bcl-2 or Bel-XL increased autophagy in MEFs treated with etoposide [68].
These studies suggest that the interaction between Beclin-1 and Bcl-2/Bcl-X| provides a
potential convergence point for apoptosis and autophagy. Thus, further studies are needed to
clarify why Bcl-2 can act in opposing manner, but it is possible that the regulatory effects of
Bcl-2 on autophagy differ depending on the cell type and/or stimulus.

In addition, there are reports that the pro-apoptotic BH3-only proteins can activate autophagy.
The BH3-only protein Bad has been implicated in cardiac myocyte cell death and was found
to be upregulated in hearts after I/R [76]. Recently, Maiuri et al. reported that knock down of
Bad using siRNA reduced starvation-induced autophagy, whereas Bad overexpression induced
autophagy [44]. Similarly, Bnip3, which contributes to I/R injury [52] and postinfarct
remodeling [77], is a potent inducer of autophagy in cardiac cells [52]. It is not clear if Bad
and Bnip3 directly activate autophagy or whether autophagy is upregulated as a consequence
of their activation. Beclin 1 has recently been shown to contain a conserved BH3 domain
[45], and this domain is essential for heterodimerization between the Bcl-2 proteins [78-80].
Pro-apoptotic BH3-only proteins such as Bad and Bid can activate apoptosis by displacing
Bcl-2 and Bcl-XL from pro-apoptotic Bax and Bak allowing for their activation [81].
Interestingly, a pharmacological BH3 mimetic competitively inhibits the interaction between
Beclin 1 and Bcl-2/Bcl-X|_[44]. This suggests that BH3-only proteins can directly activate
autophagy by displacing Bcl-2 from Beclinl. However, this need to be further investigated in
the heart.

Conclusion

It is clear that autophagy can have dual roles in the heart. Although it is not known what factor
determines whether autophagy will be protective or detrimental to the cell, it is likely that the
level and duration of autophagy are important. For instance, low levels of autophagy during
ischemia and early reperfusion might protect against cell death by providing the cell with free
fatty acids and amino acids and removing damaged organelles, whereas high levels or long-
term upregulation of autophagy during reperfusion can trigger cell death by excess degradation
of essential proteins and organelles. Also, a complex interrelationship seems to exist between
autophagy and the apoptotic cell death pathway, where regulators of apoptosis also function
as regulators of autophagic activation. Since modulation of the autophagic pathway may
represent a potential future therapeutic target to treat or prevent a variety of cardiovascular
diseases, the relationship between the survival and death functions of autophagy in the heart
needs to be further elucidated.
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Figure 1.

Schematic model of autophagy. Induction of autophagy starts with the formation of the initial
isolation membrane or phagophore and the subsequent recruitment of essential Atg proteins to
start the elongation of the membrane. The membrane surrounds proteins or organelles in the
cytosol to be sequestered and then fuses with the lysosome to form the autolysosome where
the content is degraded.
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Figure 2.
Exposure of cells to various stimuli leads to induction of autophagy which can be protective

or detrimental to the cell. Low levels of autophagy can promote survival by degradation of
intracellular contents to maintain ATP production and removal of damaged organelles, and
protein aggregates. Excessive and long-term upregulation of autophagy eventually lead to
destruction of essential proteins and organelles beyond a certain threshold leading to cell death.
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