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Abstract
The heart is a highly plastic organ. In response to the physiological stress of normal life, as well as
the pathological stress of disease, the myocardium manifests robust and rapid changes in mass. In
the context of disease-associated stress, this myocardial remodeling response can culminate in
ventricular thinning, mechanical dysfunction, and a clinical syndrome of heart failure. Recently,
autophagy, a process of cellular cannibalization, has been implicated in many of these remodeling
reactions. In some settings, the autophagic response is beneficial and pro-survival; in other
contexts, it is maladaptive and promotes disease progression. Together, these observations raise
the intriguing prospect of targeting maladaptive autophagy and advancing cell survival-promoting,
adaptive autophagy to benefit patients with heart disease.
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Throughout the course of life, the myocardium is faced with ever-changing workload
demands. Growth during development is associated with cardiac enlargement in proportion
to the growing body. Increases in physiological demand during exercise and pregnancy
provoke heart growth as well. Pathological stress on the heart, such as hypertension,
valvular disease, myocardial infarction, or excessive neuroendocrine activation, triggers a
cardiac growth response that is similarly rapid and robust. At the other end of the spectrum,
deconditioning, prolonged bed rest, cancer, and weightlessness each lead to substantial
decreases in myocardial mass [17].

These remodeling reactions are common, and in the context of pathological triggers, they
represent a significant pathogenetic milestone in disease progression. Indeed, this is one
reason why hypertension, with its effects on myocardial architecture, is a leading risk factor
for mortality worldwide [50]. Astonishingly, in 2000, >25% of the world's adult population
was hypertensive, and this population is projected to reach 1.56 billion in 2025, a 60%
increase during 25 years [50]. Mounting epidemiological evidence demonstrates a linear and
independent relationship between pathological stress, such as hypertension, and
cardiovascular disease [50].
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Alterations in ventricular demand, including changes in preload, afterload, and rate of
contraction, are capable of altering myocardial wall stress; according to Laplace's law,
ventricular wall stress is directly proportional to pressure and chamber size (radius of the
cavity) and inversely proportional to wall thickness. As a consequence, structural and
functional alterations ensue that normalize wall stress, at least temporarily. For example,
left-ventricular wall thickness increases in the setting of increased blood pressure, resulting
in decreases in, and even normalization of, wall stress. The majority of this increase in wall
thickness derives from myocyte growth (hypertrophy) because cardiomyocytes manifest
only modest potential for proliferation [1].

Left-ventricular hypertrophy (LVH) is thought to be adaptive during its initial phases,
serving as a response that offsets wall stress-induced increases in oxygen demand. However,
analogous to many other instances in biology, the long-term consequences of a short-term
compensatory process can be maladaptive; chronic LVH is a major risk factor for systolic
dysfunction and clinical heart failure [35]. Despite a great deal of effort being devoted to
elucidating molecular events underlying the transition from LVH to heart failure, they still
remain elusive. That said, numerous preclinical studies have demonstrated that abrogation of
the afterload-induced hypertrophic response is well tolerated and even beneficial [12, 18].

In the setting of increased afterload, such as occurs in hypertension and aortic stenosis,
short-axis growth of the myocyte occurs via parallel addition of new sarcomeres; this lateral
myocyte growth results in wall thickening with relatively less increase in chamber volume, a
process termed “concentric hypertrophy” [17]. Under conditions of increased preload, such
as aortic insufficiency, aortovenous shunting, or aortic insufficiency, sarcomeres are added
in series, resulting in length-wise growth of the myocyte. The result is ventricular wall
thickening accompanied by chamber dilation, a process termed “eccentric hypertrophy.”

Proteostasis in Myocardial Remodeling
Remodeling of any tissue requires alterations in the steady-state equilibrium between protein
synthesis and protein degradation. In post-mitotic cells, such as cardiomyocytes, which are
largely incapable of re-entering the cell cycle, the fidelity of protein quality control is of
paramount importance because accumulation of misfolded proteins and protein aggregates is
toxic, thus triggering adverse cellular responses and cell death. The major cellular
mechanism for clearing toxic protein aggregates, along with long-lived proteins and
dysfunctional organelles, is lysosome dependent.

In the context of cardiovascular disease, activation of lysosomal pathways of protein
clearance has been recognized for many years in both human heart failure and in animal
models of heart disease [6, 7, 11, 16, 29, 30, 36, 54, 65]. Recent work from our laboratory
and those of others has focused on pathways upstream of the lysosome, viz. cardiomyocyte
autophagy. Whereas multiple forms of autophagy exist, macroautophagy (hereafter termed
“autophagy”) is the most important pathway in the turnover of long-lived proteins and the
only means of clearing dysfunctional organelles.

Autophagy is an evolutionarily conserved, ubiquitous mechanism required for cellular
homeostasis in multiple contexts [20, 28, 31, 41]. Under resting conditions, for example,
autophagy is required for the constitutive turnover of long-lived proteins and dysfunctional
organelles. Under conditions of stress, such as nutrient deprivation or hypoxia, autophagic
flux is activated, promoting cell survival by way of replenishment of substrates from
degraded cellular constituents and by eliminating defective or damaged organelles.
However, taken too far, excessive autophagic activation can lead to critical depletion of
essential molecules and organelles, thus triggering cell death (autophagic programmed cell
death [PCD], type II PCD) [34].
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Autophagy: A Process of Cellular Cannibalization
Autophagy is a catabolic process whereby recycling of intracellular components positions a
cell to respond to energetic stress [42]. In the presence of ample nutrient supply, growth
factors, such as insulin and insulin-like growth factor 1, stimulate glucose uptake and
promote anabolic reactions. In this context, autophagy is suppressed. In response to
starvation, however, triggered either by a shortage of nutrients or by defects in growth
factor-dependent signaling, autophagy is rapidly activated, thus restoring intracellular stores
of critical elements of intermediary metabolism and thereby promoting survival. In addition
to conditions of nutrient deprivation, enhanced levels of autophagy are observed in a variety
of other circumstances, such as microbial invasion, accumulation of misfolded proteins,
cancer, neurodegenerative disorders, and cardiac diseases [42].

The autophagic cascade involves a complex series of stepwise events, which have been
divided into four stages: induction, nucleation, expansion, and maturation/retrieval (Fig. 1)
[26, 64]. To date, genetic studies in yeast have identified 32 autophagy-related (ATG) genes
involved in the cascade [23, 24, 26]. First, an isolated membrane (phagophore) is localized
to a site termed the “phagophore assembly site,” where induction and nucleation take place.
Expansion of the phagophore involves addition of several regulatory elements and
engulfment of cytoplasmic constituents. The morphologically distinctive autophagosome,
the hallmark of autophagy, is a unique, double-membrane vesicle 0.5 to 1.5 μm in diameter.

Next, the autophagosome fuses with a lysosome forming an autolysosome. There, the
engulfed cargo and the autophagosome's inner membrane are degraded by acid hydrolases.
The resulting small molecules, including amino acids, sugars, and lipids, are released into
the cytosol through permeases to serve as cellular building blocks and energy sources. After
maturation of the autophagosome, most of the ATG proteins are ultimately recycled through
a pathway involving ATG2, ATG9, and ATG18 [64]. Eventually, mTOR (mammalian TOR)
is reactivated to attenuate the autophagic response and to restore the cellular complement of
lysosomes [68].

In addition to its critical role in cellular responsiveness to nutrient deprivation, autophagy
mediates turnover of intracellular organelles. For example, in cardiac myocytes and other
highly oxidative tissues, there is constitutive autophagic turnover of mitochondria. Also,
opening of the mitochondrial permeability transition and loss of mitochondrial membrane
potential triggers their autophagic scavenging [27]. Similarly, fission and subsequent
depolarization of mitochondria elicit autophagic sequestration [59]. Thus, autophagy can
protect from mitochondria that might otherwise trigger apoptotic cell death. Finally,
autophagy contributes importantly to tissue remodeling during development [28, 31, 32, 41].

Regulation of Autophagy
A major upstream negative regulator of autophagy is the protein TOR (target of rapamycin)
[24]. In the presence of plentiful nutrients and intact insulin signaling, class I
phosphatidylinositol-3-kinase (PI3K) is activated to phosphorylate its downstream target
AKT. AKT in turn relays the signal to activate TOR. Active TOR then phosphorylates
Atg13, thus inhibiting its interaction with Atg1, a critical step during autophagic induction in
budding yeast [23]. By contrast, during starvation, Atg13 binds Atg1 and Atg17, thus
promoting induction of autophagy at the phagophore assembly site.

The Atg1–Atg13–Atg17 complex is best characterized in yeast; the mammalian counterpart
differs slightly [3]. Under nutrient-rich conditions, mTOR interacts with a complex
comprising ULK1 (mammalian ATG1), mATG13, and FIP200, and phosphorylates ULK1
and mATG13 to suppress autophagy. When nutrient supply is low, dissociation of mTOR
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promotes activation of ULK1, which phosphorylates mATG13 and FIP200 to trigger
autophagy. A class III PI3K complex is then recruited to the assembly site to stimulate
nucleation, and the lipid kinase Vps34 binds to the phagophore membrane through Vps15.
Additionally, Beclin1/ATG6 and ATG14 within this complex regulate Vps34 kinase protein.
Activity of this lipid kinase complex is crucial for recruitment of additional ATG proteins,
which ultimately complete formation of the autophagosome.

In addition, two cascades with features similar to the ubiquitin-conjugation cascade
contribute to expansion of the phagophore and formation of the autophagosome. ATG12 is
activated by a ubiquitin E1-like enzyme, ATG7, and transferred in turn to a ubiquitin E2-
like enzyme, ATG10. ATG12 is then covalently conjugated to ATG5, and the resulting
ATG12-ATG5 complex interacts with ATG16. In the other ubiquitin-like system, LC3
(mammalian homolog of ATG8) is cleaved by ATG4 to expose a carboxyl terminal glycine.
This processed LC3-I is then activated by ATG7, an E1-like enzyme. After being transferred
by the E2-like enzyme, ATG3, LC3-I is cleaved and subsequently attached to a
phosphatidylethanolamine molecule and localized to the phagophore membrane. This
lipidated isoform, termed “LC3-II,” migrates faster than LC3-I on SDS-PAGE, and its levels
correlate with the abundance of autophagosomes.

Thus, two kinase systems (ATG1–ATG13 and class III PI3K), two ubiquitin-like systems
(ATG5–ATG12 and LC3-II-PE), and a retrieval/maturation system—all working in concert
—complete the autophagic flux pathway.

Constitutive Autophagy in the Heart
We have known for 3 decades that lysosomal pathways are activated in virtually all forms of
heart disease [6, 7, 11, 16, 29, 30, 36, 54, 65]. Until recently, however, it has not been
possible to manipulate these pathways to explore their functional significance or to consider
manipulating them for therapeutic gain. Now, thanks to insights derived largely from the
field of yeast genetics [20], it has become possible to upregulate or downregulate autophagic
flux pathways to dissect their molecular circuitry, to explore their role(s) in health and
disease, and to begin to envision therapeutic interventions in disease-related autophagy.

During cell growth and repair, regulation of proteolysis is critical. The requirement of
maintenance of proteostasis is especially true in long-lived post-mitotic cells, such as cardiac
myocytes, where cell replacement is limited. Short-lived proteins are targeted for
degradation by way of ubiquitination and proteasomal processing. In contrast, degradation
of longer-lived proteins, protein complexes, aggregates of misfolded proteins, and organelles
occurs in lysosomes. Also, as a pathway to rid the cell of long-lived proteins, and the only
mechanism capable of eliminating dysfunctional organelles, autophagy is critical to the
maintenance of cellular homeostasis in response to fluctuating environmental conditions.
Indeed, the vital importance of autophagy under basal conditions is highlighted by cell death
in the absence of autophagy. Using siRNA technology, Nakai et al. depleted ATG5, the
ubiquitin E1-like enzyme, from neonatal rat ventricular myocytes (NRVM) [43]. With
decreased autophagic activity, NRVM manifested a classic hypertrophic response, including
increased cell size, activation of a fetal gene program, processing of caspase 12, and
decreased viability. Consistent with these in vitro results, the investigators found that loss of
autophagy in the heart in vivo triggered hypertrophic growth, cardiac dysfunction, and
ultimately heart failure [43].

The importance of autophagy under basal conditions is highlighted further by reports
addressing mechanisms of Danon disease, a cardioskeletal myopathy that develops due to
deficiency of LAMP2, a lysosomal membrane protein [38, 45, 56]. In the absence of
LAMP2, fusion of autophagosomes with lysosomes is blocked, a defect that in turn leads to
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accumulation of long-lived proteins and consequent cardiac and skeletal myopathies.
Together, these results point to the crucial housekeeping role of constitutive autophagy in
muscle.

Autophagy in Cardiac Stress Responsiveness
During fasting, progressive decreases in heart weight are observed, consistent with
activation of catabolic pathways, including autophagy, which is known to be induced rapidly
[25]. Although partial inhibition of autophagy does not alter cardiac function under fed
conditions, suppression of autophagy during starvation results in decreased cardiac
adenosine triphosphate content and impaired heart performance. Similar findings have been
reported for NRVMs in culture [40]. Collectively, these results are consistent with
autophagy playing a critical, protective role in cardiomyocytes in the setting of nutrient
deprivation.

Growth of myocytes is accomplished by increases in protein synthesis, construction of new
sarcomeres, and remodeling of existing cellular elements. In initial phases, anabolic
processes predominate, resulting in new protein synthesis and increases in cell size. Some
evidence suggests that catabolic processes are suppressed during the early-phase response
[43, 48]. We have reported robust activation of cardiomyocyte autophagy in the setting of
pressure overload, a scenario that is common clinically and leads to heart failure [70]. Nakai
et al. reported that autophagy was increased in mice 4 weeks after thoracic aortic
constriction (TAC) [43]. Eventually, a new, steady-state equilibrium between anabolism and
catabolism is achieved, albeit at a higher level, with balance achieved between synthetic and
degradative processes.

At first glance, it seems paradoxical that a mechanism of protein degradation is activated in
the setting of cell growth. However, hypertrophic remodeling involves more than just
addition of proteins; as just one example, substantial alterations in the content of numerous
sarcomeric components also occur. Thus, although the overall result is an increase in cell
size, activation of protein degradative and quality control pathways, such as the proteasome
and autophagy, are required in the remodeling of existing and newly synthesized cellular
elements.

Autophagy in Cardiac Proteostasis
In neurons, protein aggregates are capable of inducing autophagy [21]. We have observed
robust accumulation of polyubiquitinated proteins co-localized to autophagic active sites in
pressure-stressed left ventricle [58]. We went on to show that polyubiquitinated proteins are
sufficient to induce autophagy in NRVMs maintained in culture. Consistent with our
findings, Depre et al. reported increased proteasome expression and activity in load-stressed
heart [9]. Collectively, accumulation of protein aggregates in response to pressure overload
elicits an upregulated protein quality-control response, which includes both lysosomal and
proteasomal mechanisms.

The importance of protein aggregation in cardiac myocytes is highlighted further in the
desmin-related myopathies (DRCM), where mutations in genes encoding desmin or the
chaperone protein alpha-B-crystallin (CryAB) lead to accumulation of protein aggregates
and profound heart failure [5, 46, 47, 49, 61, 63]. In this disorder, mutant CryAB confers a
dominant-negative action to disrupt the chaperone function of CryAB, thus leading to
protein misfolding, protein aggregation, and sarcomeric disarray. Severe cardiomyopathy
ensues due to toxic protein (and protein aggregate) accumulation along with disruption of
the myocyte's desmin architecture.
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CryABR120G-associated DRCM has been replicated in two independently-derived transgenic
mouse lines [49, 62]. The CryABR120G mutation results in protein aggregation and
aggresome formation [53], mitochondrial toxicity [37], disruption of proteasome function
[4], and a state of “reductive stress” [49]. We have reported robust activation of autophagy
in DRCM, a response that clears toxic aggregates and ameliorates disease progression [57].
Thus, we found, similar to analogous disorders in brain, that autophagic activity is enhanced
and confers an adaptive function to facilitate clearance of aggregates [57]. This finding
contrasts with our finding of protein aggregation— and a maladaptive, autophagic response
—in load-induced heart failure [58, 70].

Cardiomyocyte Autophagy in Load-Induced Heart Disease
Dysregulation of autophagy contributes to the pathogenesis of numerous diseases, including
neurodegenerative disorders, cancer, skeletal myopathy, and microbial infection [33]. In the
case of the heart, multiple forms of stress, including pressure overload, chronic ischemia,
and ischemia-reperfusion, provoke an increase in cardiomyocyte autophagic activity [39, 44,
51, 52, 70]. However, despite considerable evidence linking autophagic cell death to heart
failure progression, uncertainty remains regarding whether increased autophagy is an
epiphenomenon or a causative factor in the dying myocyte. In recent years, a number of
theories have been promoted in an attempt to define mechanisms governing the transition
from stable, compensated hypertrophy to systolic dysfunction and decompensated heart
failure. A common element among these theories is myocyte dropout by cell death. In
tissues from patients with end-stage heart failure, evidence for each of the three major types
of cell death has been reported, with autophagic cell death being a consistently prominent
one [29, 30].

Our group reported that pressure overload induces autophagy as early as 24 h after TAC
[70]. We found that partial suppression of autophagic activity in Beclin haploinsufficient
mice (beclin 1+/–), a model where levels of autophagy are decreased, blunted load-induced
pathological remodeling. Conversely, cardiomyocyte-restricted overexpression of Beclin 1,
with associated increases in autophagy, substantially amplified adverse remodeling [70]. In
other words, using gain- and loss-of-function approaches, we found that amplifying the
autophagic response exacerbates load-induced pathological remodeling and that decreasing
the autophagic response blunts pathological remodeling [70]. Thus, our results suggest that
autophagy can be a maladaptive response to hemodynamic stress. Our studies went on to
demonstrate that protein aggregation is a proximal trigger of load-induced cardiomyocyte
autophagy [58].

Consensus is emerging that cardiomyocyte autophagy triggered by increases in afterload has
both adaptive and maladaptive features. Complete abrogation of autophagic flux is
incompatible with cell survival. Autophagic activation occurring in the setting of pressure
stress may be beneficial up to a point, and overactivation of autophagic flux is maladaptive.
At one level, this is not surprising, because the dual nature of autophagy is a recurring theme
in other organ systems and disease states [32]. Indeed, we have postulated that the
physiological impact of autophagy exists as a continuum and that a window of optimal
autophagic activation (“Goldilocks zone” of autophagy) is critical to the maintenance of
cellular homeostasis and function (Fig. 2).

Autophagy in Myocardial Ischemia
Autophagy is activated in response to myocardial ischemia, a fact first demonstrated 30
years ago in rabbit models [6, 8]. More recently, Matsui et al. reported dramatic
upregulation of LC3-II and autophagosome formation 30 min after ischemia-inducing
surgery in mice [40]. Going further, these investigators reported that pharmacological
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suppression of autophagy enhanced myocyte death triggered by glucose deprivation, an in
vitro condition that mimics aspects of tissue ischemia [40]. These findings, then, suggest
that ischemia-induced autophagy is protective, serving to replenish depleted energy stores
and rid the cell of dysfunctional, potentially toxic, organelles.

Some evidence points to stabilization of hypoxiainducible factor 1α (HIF1α) as a trigger of
autophagy in ischemia; inactivation of HIF1α blunts hypoxia-induced autophagy in
fibroblasts [69]. In this setting, the cell survival-promoting activity of autophagy may derive
from its ability to clear dysfunctional mitochondria, which would otherwise release reactive
oxygen species and pro-apoptotic molecules. In addition, AMP-activated protein kinase
(AMPK) participates in the regulation of autophagy during ischemia [40]. Together, these
data suggest that both HIF1α and AMPK participate in the activation of autophagy in
myocardial ischemia, which in turn serves to eliminate dysfunctional organelles and provide
energy sources required for cellular homeostasis.

Ischemia may play a role in the autophagic response observed in hypertensive heart disease.
For example, coronary angiogenesis is induced during hypertrophic growth of the
myocardium to meet the increased metabolic and oxygen demands of enlarged
cardiomyocytes. Indeed, precise coordination of the processes of cellular growth and
angiogenesis is critical to the remodeling process elicited by changes in functional demand
[22, 55]. At some point, however, continued growth of the heart ultimately depletes the
capacity for angiogenesis, resulting in limited nutrient and oxygen supply; these latter events
may in turn induce autophagy. Consistent with this model, decreased capillary density has
been reported in failing human hearts, suggesting again that angiogenesis inadequate to meet
the metabolic demands of the hypertrophic myocardium contributes to cardiac
decompensation [19].

Autophagy in Ischemia/Reperfusion
Reoxygenation after ischemia triggers a second wave of lysosomal activation [6, 8].
Increased expression of elements of the autophagic pathway, including Beclin 1 and LC3,
have been reported in a swine model of chronic ischemia/reperfusion (I/R) [66]. Similar
findings have been reported in the cardiac myoblast cell line H9c2, HL-1 cells, NRVMs, and
isolated rat hearts [13, 14, 60].

However, divergent results have emerged regarding whether autophagy is adaptive or
maladaptive in I/R injury, a fact that may stem from the inherent complexity of this process
and/or differences in experimental systems employed. In mice exposed to I/R injury, genetic
loss-of-autophagic function models manifested attenuated infarction [40]. Consistent
findings have been reported in both NRVM and adult cardiomyocytes [60]; I/R activated
cell death and autophagy, and pharmacological suppression of autophagy promoted cell
viability. Collectively, these data lend support to the notion that autophagy induced by I/R is
detrimental.

Different results have been reported in the HL-1 cell line, however, where there was
augmentation of simulated I/R injury with rapamycin or Beclin 1 overexpression was
protective [14]. Brief episodes of ischemia activate myocyte autophagy, and treatment with
wortmannin to block autophagic induction abolishes the cell-protective effects [13].
Autophagic activation in simulated I/R injury elicited by an adenosine receptor agonist is
protective in both HL-1 cells and in NRVM [67]. Together, these data suggest that
autophagy activated during simulated I/R in these cells is a prosurvival, adaptive response.
Clearly, more work is warranted to elucidate the role of autophagy as protective or
detrimental during I/R.
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Bnip3, a downstream target of HIF1α, is expressed at negligible levels under basal
conditions, but its abundance increases substantially after I/R [10], and some evidence
implicates it in I/R-induced cell death. Ablation of Bnip3 does not elicit an obvious cardiac
phenotype. However, left-ventricular systolic performance and diminished I/R-induced
cardiac dilatation are seen in Bnip3-deficient mice, even though infarct size was similar to
wild-type animals [10]. Conversely, cardiomyocyte-specific overexpression of Bnip3
induces progressive ventricular dilation and impaired systolic performance, possibly due to
increased apoptosis. These results suggest that Bnip3 promotes I/R-induced cell death.
Consistent with this, Bnip3 induces mitochondrial fragmentation and autophagy in cardiac
myocytes, and suppression of Bnip3 using a dominant-negative mutant protected against I/R
injury [15]. Similarly, hypoxia is capable of inducing Bnip3, which in turn is required for
mitochondrial autophagy [69]. Collectively, these findings suggest that Bnip3 contributes to
cell death during I/R injury, positioning Bnip3 as a potential therapeutic target.

Perspective
The expanding worldwide epidemic of cardiovascular disease poses an enormous public
health challenge. Despite the complexity of the myriad manifestations of these disorders,
activation of cardiomyocyte autophagy has emerged as a near-ubiquitous feature. Whereas
basal, constitutive autophagy is indispensible to maintain cellular homeostasis and normal
cardiac function, autophagy is activated in response to the cellular stresses occurring in
virtually all forms of heart disease. In some contexts, autophagy is adaptive and protective,
providing energy resources and molecular building blocks to promote cell function and
survival. Under other circumstances, however, autophagic activity is maladaptive,
promoting disease pathogenesis and cell death.

Not only is cardiomyocyte autophagy remarkably prevalent in cardiovascular physiology
and pathology, the process itself can be manipulated at several crucial nodal points. Indeed,
a number of small molecule modulators of autophagy are available (e.g., PI3K inhibitors) or
in development (e.g., histone deaceytylase inhibitors) [2]. Thus, it is easy to envision a day
when therapeutic titration of cardiomyocyte autophagy will emerge as a strategy to prevent,
slow, or even reverse, heart disease.

Precedent exists in other areas, such as oncology, for a requirement of finely tuned
autophagic activation; too little autophagy and too much autophagy can each be detrimental.
Despite considerable progress in recent years in our understanding of the molecular
machinery of autophagy, our understanding of its adaptive-versus-maladaptive
consequences is lagging. Looking to the future, detailed elucidation of the mechanisms and
effects of autophagy in heart disease will be essential to our long-term goal of targeting
pathological autophagy for therapeutic gain.
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Fig. 1.
The autophagic process. In response to a variety of cellular stresses a class III PI3 kinase/
Beclin 1 complex initiates formation of an isolated double membrane (the membrane
nucleation process) and subsequent membrane elongation. The membrane then fuses on
itself, forming the distinctive double-membrane autophagosome. Autophagosomes
ultimately fuse with lysosomes, and their cargo is degraded, providing fuel and elemental
building blocks to preserve vital cellular functions
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Fig. 2.
Dual nature of autophagy in heart disease. Basal activation of autophagy is required for
normal cellular function, and too little or too much autophagy can each be maladaptive.
Hemodynamic stress activates autophagy, which, depending on the amplitude and duration
of autophagic response and the initial level of basal autophagic flux, may elicit either
harmful or beneficial effects [52] (figure used with permission of the American Heart
Association)
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