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Abstract

Autophagy mediates cellular quality control mechanisms and energy homeostasis through
lysosomal degradation. Autophagy is typically viewed as an adaptive process that allows cells

to survive against stress, such as nutrient deprivation and hypoxia. However, autophagy also
mediates cell death during development and in response to stress. Cell death accompanied

by autophagy activation and accumulation of autophagosomes has been classified as type Il
programmed cell death. Compared to the wealth of knowledge regarding the adaptive role of
autophagy, however, the molecular mechanisms through which autophagy induces cell death

and its functional significance are poorly understood. Autophagy is activated excessively under
some conditions, causing uncontrolled degradation of cellular materials and cell death. An
imbalance between autophagosome formation and lysosomal degradation causes a massive
accumulation of autophagosomes, which subsequently causes cellular dysfunction and death.
Dysregulation of autophagy induces a unique form of cell death, termed autosis, with defined
morphological and biochemical features distinct from other forms of programmed cell death, such
as apoptosis and necrosis. In the heart, dysregulated autophagy induces death of cardiomyocytes
and actively mediates cardiac injury and dysfunction in some conditions, including reperfusion
injury, doxorubicin cardiomyopathy, and lysosomal storage disorders. The goal in this review is
to introduce the concept of autophagic cell death and discuss its functional significance in various
cardiac conditions.

1. Introduction

Autophagy is a major mechanism of cellular degradation that allows cells to survive against
starvation and other stress conditions by facilitating the sequestration and degradation
of bulk cytoplasm, damaged organelles, like mitochondria, and protein aggregates [1-3].
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Autophagy degrades misfolded or dysfunctional proteins and organelles, thereby serving as
a cellular quality control mechanism. In addition, cellular materials degraded by autophagy
are recycled to maintain energy homeostasis. Thus, autophagy generally acts as an adaptive
mechanism for cellular function and survival. However, dysregulated autophagy can induce
cell death under some conditions [4-6]. Cell death accompanied by accumulation of
vacuoles induced by autophagy has been classified as type 1l programmed cell death

[7]. Although autophagy affects other forms of cell death, including apoptosis, through
competition for Bcl-2 binding between Beclin 1 and Bax, cell death mediated through
autophagy utilizes mechanisms that are distinct from those involved in other forms of
programmed cell death (Figure 1). Compared to the adaptive role of autophagy, however,
the role of autophagy in cell death has been poorly understood. This is in part because
proving unequivocally that autophagy plays a direct and causative role in mediating cell
death has been challenging. However, autophagy has been shown to actively participate in
programmed cell death during Drosophila metamorphosis-mediated destruction of obsolete
tissue, including midgut and salivary glands [4-6, 8]. Autophagy-induced cell death also
plays an important role in mediating the death of terminally differentiated and apoptosis-
resistant skin cells in mice [9]. Furthermore, strong activation or initiation of autophagy
induces a defined form of cell death, termed autosis, which is distinct from other forms

of cell death, such as apoptosis and necrosis [10, 11]. Cell death accompanied by strong
activation of autophagy is also observed in some cardiac conditions [12]. Importantly,
inhibition of autophagic initiation or flux prevents cell death and alleviates cardiac injury or
dysfunction in some conditions, pointing to the functional significance of cell death induced
by autophagy [11, 12]. The goals in this review are to summarize the cardiac conditions

in which cell death mediated by autophagy has been observed, to describe the possible
underlying mechanisms of cell death induced by autophagy, and to discuss therapeutic
options to alleviate cell death mediated by autophagy.

2. Autophagy

Autophagy is an essential catabolic process that delivers cytoplasmic material to lysosomes
for degradation [2]. There are three main forms of autophagy, namely macroautophagy
(herein referred to as autophagy), microautophagy, and chaperone-mediated autophagy
(CMA). In the process of autophagy, cells degrade intracellular organelles and cytosolic
materials via double membrane structures called autophagosomes that fuse with lysosomes.
In microautophagy, cytosolic cargo components are transferred directly into the lysosome
through membrane invaginations. CMA involves the selective translocation of proteins
containing the KFERQ-like motif across the lysosomal membrane.

Autophagy is executed through three major steps, namely 1) initiation and nucleation

of autophagosome, 2) expansion and completion of autophagosome formation and 3)
lysosomal degradation [13]. Autophagy is initiated by activation of the Unc-51-like kinase
(ULK) 1/Atgl complex, whose activity is regulated by mammalian target of rapamycin
complex 1 and adenosine monophosphate activated protein kinase, major nutrient and
energy sensors in cells. The ULK 1/Atgl complex in turn phosphorylates Beclinl and
Ambra 1, thereby activating the class Il phosphatidylinositol 3 kinase (PI3K) complex,
consisting of Vps34, Beclin 1, vacuolar protein sorting 15 (VPS15), and/or additional
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partners. PI3P produced by Vps34 recruits DFCP1 and WIPI2 to stimulate the formation of
isolation membrane, namely the nucleation step. Beclin 1 recruits Beclin 1 binding proteins,
including Atg14l, autophagy and Beclin regulator 1 (AMBRAZ1), ultraviolet resistance
associated gene (UVRAG), and Rubicon, to the nucleation site to regulate the lipid kinase
activity of the PI3K complex. Beclin 1 contains the BH3 domain and the stimulatory

effect of Beclinl toward PI13K complex is negatively regulated by Bcl-2 family proteins.
Beclin 1 is subjected to posttranslational modifications, which in turn affect the activity

of Beclinl toward PI3K. Although endogenous Beclin 1 is anchored at the trans-Golgi
membrane, it can be mobilized when autophagy is stimulated [14]. Overall, the activity of
Beclin 1 is regulated by multiple mechanisms, and, thus, dysregulation of each mechanism
could lead to dysregulation of autophagy [15]. During the process of nucleation, the
endoplasmic reticulum (ER) exit sites, mitochondria, ER-mitochondria contact sites, the
ER-Golgi intermediate compartment, the Golgi apparatus, and the plasma membrane have
been reported as possible sources of isolation membranes [16].

In the second step, expansion of autophagosomes are achieved two conjugated systems,
namely Atg12-Atg5-Atgl6L and Atg8 (LC3)-Atg3. First, Atg7, an E1-like enzyme, binds
to Atg12, an ubiquitin-like protein, and promotes conjugation of Atgl2 to Atg5 in

the presence of Atgl10, an E2-like enzyme, and finally forming the Atg5-Atgl12/Atgl6
complex. The Atg5-Atg12/Atg16 complex acts as an E3-like ligase to conjugate Atg8 (light
chain 3-1), another ubiquitin-like molecule, complexed with Atg3, an E2-like enzyme, to
phosphatidylethanolamine (PE) to form LC3-PE (LC-3-11) [13].

At the last step, mature autophagosome fuses with the lysosome to form autolysosome
wherein the cargo materials are degraded and recycled by lysosomal enzymes. In
particular, the fusion step is achieved by tight coordination of molecular events. During

the fusion between autophagosomes and lysosomes, syntaxin 17 (STX17), a SNARE
protein localized on the outer autophagosomal membrane and interacting with Atg8,
interacts with synaptosomal-associated protein 29 (SNAP29) and lysosomal synaptosomal-
associated protein receptor vesicle-associated membrane protein 8 (VAMPS) to enable
fusion with the lysosomes [17]. Besides SNARE proteins, many proteins, including the
HOPS complex, Atgl4, Epg5, Atg8 and Rab7, are involved in the fusion process [17].
Within the lysosomal compartment, membrane components and proteins are degraded by
phospholipases and proteolytic enzymes, respectively, and the phospholipid and amino acid
degradation products are recycled.

Since the degradation of cargo materials is executed through coordinated activation of
multiple steps, dysregulation of even a single step can have profound and diverse effects

on both cargo degradation and autophagosome accumulation. For example, upregulation or
enhanced mobilization of Beclin 1 can lead to the enhancement of autophagy initiation,
namely autophagosome formation [10], which in turn enhances cargo degradation. Rubicon
upregulation during stress imposes a block at the step of autophagosome-lysosome fusion
[18], thereby leading to the accumulation of autophagosomes. In addition, suppression of
autophagy in a mouse model of lysosomal storage disorder (LOS) was observed to induce
compensatory upregulation of TFEB, a transcription factor that serves as a master regulator
of genes involved in autophagy, which stimulated autophagosome formation despite the
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presence of a block at the lysosomal level and eventually enhanced the autophagosome
buildup [19]. Thus, it is necessary to understand not only the signaling mechanism of each
step of autophagy but also the interaction and coordination among multiple steps in order to
understand the mechanism and consequences of autophagy dysregulation and the eventual
mechanism of cell death.

3. Autophagy in cell death

Autophagic cell death was originally described as massive cytoplasmic vacuolization
without nuclear condensation and categorized as type 1l programmed cell death [7, 20,
21]. A limitation of this purely morphological definition is that the presence of autophagic
vacuoles in dying cells, namely cell death with autophagy, does not necessarily signify that
autophagy is the cause of cell death, namely cell death by autophagy. Dying cells often
activate autophagy in a last bid for survival and, thus, suppression of autophagy promotes
cell death in many cases. In order to distinguish cell death by autophagy from that with
autophagy, the term “autophagic cell death” should be applied only when the following
criteria, showing causative involvement of autophagy in the cell death, are met: (1) cell death
occurs without the involvement of other types of cell death, (2) autophagy is activated, and
(3) pharmacological or genetic inhibition of autophagy blocks cell death [22]. Currently,
causative involvement of autophagy in a given form of cell death is demonstrated using
multiple interventions to inhibit autophagy. Importantly, however, none of the chemical
inhibitors or genetic interventions currently in use selectively suppress autophagy, so
proving the presence of autophagic cell death remains challenging. Given these limitations
and the prevailing belief that autophagy is purely adaptive, the concept of autophagic cell
death has faced significant challenges from the field, and the underlying mechanism of
autophagic cell death remains poorly understood. However, increasing lines of evidence
suggest that autophagic cell death plays an important role not only as a physiological
mediator of tissue morphogenesis, development, and differentiation but also as a facilitator
of tissue damage in postnatal organs, including the heart.

Although autophagy degrades cellular materials in a relatively non-specific fashion, it can
also target some molecules through specific interactions between the LC3 receptor and
cargos. This is important because most autophagic degradation related to homeostasis

is targeted to a specific cargo. Autophagy-dependent cell death may take place when
autophagy degrades cell survival molecules, including dBruce, an anti-apoptotic molecule
[23], and catalase, an antioxidant [24]. The resultant cell death would be alleviated by
suppression of autophagy and, thus, could be broadly categorized as autophagic cell death.
However, since this type of cell death may be mediated through activation of apoptosis
and/or necrosis, it is not discussed further in this review.

4. Autophagic cell death in the heart

In this section, we review how autophagic cell death occurs in various cardiac conditions.
As noted above, we define autophagic cell death as being inhibited by the suppression

of autophagy mechanisms. In cardiomyocytes, autophagic cell death takes place through
either uncontrolled degradation of cargo materials due to increased autophagic flux or
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excessive buildup of autophagosomes caused by an imbalance between autophagy initiation
and lysosomal degradation. (Figure 2).

4.1. Autophagic cell death with increased autophagic flux

4.1.1 Cell death induced by lysosomal degradation—In adult mammalian skin,
keratinocyte lineage cells become highly resistant to apoptosis during differentiation

but eventually die by an autophagy-dependent mechanism [9]. When skin cells are
differentiating, they exhibit expansion of the Golgi, generation of lysosomes and chromatin
condensation. They then show a burst of autophagosome formation, phagocytosis of

the ER and the nucleus, and massive degradation of cytoplasmic organelles, and then

cell death is induced. This autophagy-mediated cell death effectively removes terminally
differentiated cells so that the skin renews constantly and maintains its function. Since

the death of differentiated skin cells is accompanied by nearly complete degradation of
cytoplasmic organelles, lysosomal degradation appears to play a major role in mediating
cell death. Interestingly, the morphology of the dying skin cells presents many similarities
to cardiomyocytes undergoing autosis, a mechanism of autophagy-dependent cell death
discussed later in this review, during ischemia/reperfusion injury [12]. It should be noted,
however, that death by autosis is not alleviated by lysosome inhibitors [10, 12], suggesting
that autosis is not caused by massive lysis of cytosolic materials in the lysosomes. Further
investigation is required to clarify whether conditions exist in which cardiomyocytes die due
to massive autophagy-mediated lysis at lysosomes.

4.1.2 p53-induced cell death—p53 is a tumor suppressor activated by myocardial
stresses, including ischemia and angiotensin Il stimulation, that promotes cell death.

p53 upregulates Bnip3, a BH3 domain-containing protein, in mitochondria, which in

turn induces mitochondrial dysfunction, increases in autophagic flux and cell death in
cardiomyocytes. Importantly, p53-induced cell death is inhibited by the suppression of
autophagy [25]. Furthermore, p53-induced upregulation of autophagy and cell death are
Bnip3-dependent. This suggests that p53 and Bnip3 can trigger autophagic cell death.
Since both Bnip3 and Beclin 1 are BH3 domain-containing proteins and competition

for Bcl-2 binding among BH3 domain-containing proteins affects both apoptosis and
autophagy [26], p53-induced upregulation of Bnip3 may be an important mechanism
leading to dysregulation of autophagy. Activation of the p53-Bnip3 pathway promotes the
complex formation between Bnip3 and cyclophilin D, thereby inducing mPTP opening in
a cyclophilin D-dependent manner [27]. Mitochondria-associated Bnip3 is accompanied
by Ser616 phosphorylation and excessive mitochondrial fragmentation [28]. Thus, mPTP
opening, excessive mitochondrial fragmentation and consequent mitochondrial dysfunction
may contribute to mitophagy-dependent cell death induced by the p53-Bnip3 pathway.

4.1.3 Excessive mitophagy—Mitophagy is a mitochondria-specific form of autophagy
mediated by mechanisms that mark mitochondria for degradation and adapter/receptor
proteins that allow sequestration of mitochondria by autophagosomes. Mitophagy is
designed to remove dysfunctional or unnecessary mitochondria. However, dysregulated
activation of mitophagy causes mitochondrial depletion, thereby leading to cellular
dysfunction and death. Excessive mitophagy has been proposed as a mechanism of
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neurodegenerative diseases, including Huntington’s disease [29]. Molecular mechanisms
through which the elimination of mitochondria is intensified in an uncontrolled manner

are not well understood. Although dysregulated activation of mitophagy, mitochondrial
dysfunction, and death of cardiomyocytes have been reported in a mouse model of
doxorubicin (DOX) cardiomyopathy, its functional significance remains to be determined.
Recent evidence suggests that excessive activation of mitophagy is involved in the
pathogenesis of DOX-induced cardiac dysfunction [30]. Since the current consensus is that
autophagic flux is inhibited during chronic DOX treatment, how mitophagy is activated
under such conditions needs to be clarified [31]. Strong activation of Parkin-mediated
mitophagy has been reported in cardiac-specific Drpl knockout mice [32]. Although
activation of Parkin appears to be a compensatory mechanism against the loss of key
mitochondrial quality control mechanisms, whether this leads to excessive mitophagy has
been debated [33, 34]. Since the appropriate balance between mitophagy and mitochondrial
biogenesis is critical for the heart to maintain energetics and redox homeostasis, it is
important to investigate whether mitophagy can really be dysregulated, and if so, how
mitophagy is stimulated in an excessive manner.

4.1.4 Autophagic cell death in the diabetic heart—The number of patients with
obesity and metabolic disturbances has risen dramatically over the past few decades and
many of them develop type Il diabetes. More than half of diabetic patients eventually
develop a cardiac abnormality characterized by diastolic dysfunction, cardiac hypertrophy
and fibrosis, termed diabetic cardiomyopathy. In severe cases, systolic dysfunction also
develops. Many patients suffering from heart failure with preserved ejection fraction
(HFpEF) also have obesity and insulin resistance. Autophagic activity in diabetic hearts

is regulated by complex mechanisms and differs depending upon the stage and severity

of diabetes. Although autophagy is activated transiently in response to high-fat diet
consumption in mice, growing lines of evidence suggest that autophagy is inhibited during
the chronic phase of type Il diabetes [35]. On the other hand, one report showed that
autophagy hyperactivation in type Il diabetic hearts can cause self-digestion and potentiate
reactive oxygen species (ROS) production [36]. Whether hyperactivation of autophagy
actually occurs in the heart during the development of type Il diabetes and, if so, whether
the cell death is directly caused by autophagy remain to be clarified. Interestingly, inhibition
of autophagy by downregulating Beclin 1 or Atg 16 improves diabetic cardiomyopathy

by activating mitophagy through an unknown mechanism in type | diabetes [37]. Since

the unconventional form of mitophagy is activated as a compensatory mechanism when
conventional autophagy is suppressed [38], the observation in type | diabetes [37] may

be explained by compensatory activation of mitophagy rather than direct suppression of
autophagic cell death. Namely, activation of conventional autophagy may promote cell death
by negatively affecting mitophagy in type I diabetes hearts. To our knowledge, whether
autophagy suppression improves cardiac function in mice with type Il diabetes is unknown.

4.2 Autophagic cell death with reduced autophagic flux

4.2.1 Autophagic cell death in DOX-induced cardiomyopathy—DOX, a non-
selective class | anthracycline antibiotic, is a potent chemotherapeutic agent that is used
for the treatment of numerous cancers. However, the use of DOX is limited due to serious

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

lkeda et al.

Page 7

side effects. DOX induces the formation of DNA double-strand breaks in a topoisomerase
I1B-dependent manner, which can lead to DNA damage responses and ROS formation [39]
and induce apoptotic and necrotic cell death [31]. DOX treatment activates autophagy

in cardiomyocytes very rapidly. However, this activation of autophagy is transient, as

DOX impairs the final step of autophagy through inhibition of lysosome acidification

[31]. Although DOX suppresses autophagic flux chronically, DOX-induced cardiotoxicity
is alleviated by inhibition of autophagy initiation in Beclin 1+/- mice [40]. On the other
hand, downregulation of Rubicon, a negative regulator of autophagosome-lysosome fusion
and endosomal trafficking, also ameliorates DOX-induced cardiotoxicity [41]. These results
are consistent with the notion that chronic DOX treatment exacerbates the accumulation

of autophagosomes by inhibiting autophagic flux, which in turn induces autophagic cell
death in cardiomyocytes and cardiac dysfunction. Importantly, however, these reports did
not examine the status of the cardiomyocytes, including the degree of autophagosome
accumulation. Thus, further investigation is required to elucidate the mechanism through
which loss of Beclin 1 or Rubicon function improves cardiac function in DOX-treated
mice. In particular, whether DOX promotes autophagic cell death of cardiomyocytes in the
chronic phase remains to be clarified. It should be noted that DOX-induced suppression

of autophagic flux occurs in a time-dependent manner [42]. DOX has been shown to
promote cardiomyocyte death by exacerbating autophagic flux under some conditions [43].
suggesting that there may be conditions under which DOX induces autophagic cell death and
promotes cardiomyopathy by stimulating autophagic flux. In contrast, increased initiation
of autophagy by Atg7 rescues DOX cardiomyopathy in some conditions [42]. We speculate
that DOX-induced autophagic cell death may occur in a time-dependent manner and may
also depend upon the presence of an autophagic block at the lysosomal level.

4.2.2 Autosis during ischemia/reperfusion—Death of cardiomyocytes during
reperfusion after a period of myocardial ischemia is a major health issue since myocardial
infarction is a major risk factor for the development of heart failure. Although percutaneous
coronary interventions successfully reduce the size of myocardial infarcts caused by
ischemia, interventions effectively preventing reperfusion injury remain poorly developed.
Autophagy is activated in response to myocardial ischemia but activation of autophagy
during reperfusion is complex and appears to be time-dependent. Although an initial

study focusing on the early phase of reperfusion reported that autophagy is strongly
activated, other studies have shown that autophagic flux is inhibited during the late phase
of reperfusion [44]. Whether autophagy prevents or promotes the death of cardiomyocytes
during reperfusion has been debated [45, 46]. However, recent evidence suggests that the
role of autophagy is time-dependent and that the effect of intervention differs depending
upon how autophagy is modulated [18]. Since we have already discussed the detailed role of
autophagy during myocardial reperfusion in other review articles [2], we here focus on how
myocardial reperfusion induces autophagic cell death.

In a mouse model of ischemia/reperfusion (I/R), autophagy is activated during reperfusion,
accompanied by prominent upregulation of Beclin 1 and time-dependent accumulation

of autophagosomes and autolysosomes [47]. Accumulation of autophagosomes, but not
autolysosomes, becomes more prominent 6 hours after reperfusion. Assessment by multiple
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methods indicated that autophagic flux fell below baseline during the late stage of
reperfusion [12]. Thus, I/R induces a condition in which autophagosomes accumulate due to
the blockade of autophagic flux. Electron microscopic analyses of cardiomyocytes showed
typical morphological features of autosis, a novel form of autophagic cell death, including
marked accumulation of autophagosomes, autolysosomes and vacuoles, ballooning of

the perinuclear space (PNS), condensed mitochondria and disappearance of intracellular
organelles. Interestingly, both the morphological features of autosis and the myocardial
infarct size were decreased when mice were treated with ouabain, a cardiac glycoside and
known inhibitor of autosis, suggesting that autosis is induced by I/R and contributes to I/R
injury [12]. These results are consistent with the fact that I/R injury is attenuated by Beclin
1 haploinsufficiency [47], which also prevents the marked accumulation of autophagosomes
during reperfusion.

Autosis was originally described by Beth Levine’s group in fibroblast cell lines treated with
high doses of TAT-Beclin 1, an autophagy-inducing peptide, and in mice after starvation and
permanent brain ischemia, conditions in which autophagy is strongly activated [10, 11, 48].
Since then, autosis has also been observed in other cell types and organs under stress [10,
12, 48-50] (Table 2). Although autosis may not be the sole form of autophagy-dependent
cell death, it is certainly the most well-defined form of cell death in this category. Autosis

is rescued by inhibitors of autophagy, but not by inhibitors of apoptosis or necrosis. Thus,
autosis clearly fulfills the criteria of autophagy-dependent cell death. Furthermore, the fact
that inhibition of autosis by cardiac glycoside attenuates organ damage/dysfunction suggests
that it has functional significance.

Autosis is characterized by the presence of unique morphological and biochemical features,
and the morphological features are induced in a time-dependent manner (Table 1 and Figure
3). In phase 1a, dilated and fragmented ER and an increased number of autophagosomes,
autolysosomes, and empty vacuoles are observed. In phase 1b, a swollen PNS containing
cytoplasmic materials and electron-dense mitochondria can be observed by transmission
electron microscopy. In phase 2, the last step of autosis, cytoplasmic organelles are
drastically decreased and focal nuclear concavity and focal ballooning of the PNS are
observed. Cells that have died by autosis are generally more firmly attached to the culture
dishes than those that do not undergo autosis, and the increased adherence appears to be
another morphological feature of autosis in vitro. To date, the best method for defining
autosis is electron microscopy analysis. Alternatively, immunofluorescence assays can also
help distinguish autotic cells by detecting fragmented ER or mitochondria with nuclear
concavity. Although autosis can be inhibited by chemical inhibitors of autophagy, including
3-methyladenine, and down-regulation of the autophagic machinery, such as Beclin 1

and Atg7, it cannot be inhibited by inhibitors of apoptosis, necrosis, or any other form

of programmed cell death. Autosis can be inhibited interventions that block phagophore
assembly (e.g., 3-methyladenine) but not lysosome fusion (e.g., Bafilomycin Al). In a

high throughput screen, it was found that inhibitors of Na+, K+ ATPase, like the cardiac
glycosides ouabain and digoxin, can also inhibit autosis, which is diagnostic for autosis [10,
12].
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Since autosis is not inhibited by preventing lysosomal degradation, it is unlikely that death
is mediated by excessive degradation of cargos. This property distinguishes autosis from
other forms of autophagic cell death, including those induced by excessive activation of
mitophagy, which is accompanied by selective depletion of mitochondria. Autosis may be
initiated by excessive accumulation of autophagosomes rather than lysosomal degradation.
In fact, suppression of autophagosome maturation due to Rubicon upregulation induces
marked accumulation of autophagic vacuoles and facilitates autosis. In addition, it has
been suggested that autosis is accompanied by a shortage of essential cytosolic membranes
[12]. 1t has been speculated that excessive production of autophagosomes in the presence
of Rubicon prevents the degradation and recycling of autophagosomes by lysosomes.
Importantly, cardiomyocyte-specific conditional knockout of Rubicon restores autophagic
flux and reduces the autotic cell death rate during the late phase (over 6 hours) of
reperfusion in the heart, suggesting that inhibiting autosis through inhibition of Rubicon may
be a unique and promising approach to reduce the extent of myocardial injury in patients
with I/R [12, 18].

Na+, K+ ATPase physically interacts with Beclin 1 when autosis occurs. One could
speculate that this interaction dysregulates Beclin 1 function to induce autophagy. However,
this hypothesis remains to be tested and the role of Na+, K+ ATPase in autosis may not
necessarily be limited to the process of autophagosome formation. Interestingly, blockade of
endogenous ligands of Na+, K+ ATPase, called digitalis-like substances, with Digibind was
shown to increase cardiomyocyte autosis in the mouse heart during exercise [48]. Currently,
how digitalis-like substances affect Na+, K+ ATPase remains unclear. However, these results
suggest that the heart is protected against autosis by endogenous mechanisms, without which
autosis in the heart might be more common than previously thought.

Although more lines of evidence are required, endogenous digitalis-like substrates have been
implicated in some forms of hypertension [51]. It is fascinating to speculate that it may

be possible to control the level of autosis by stimulating the production of endogenous
digitalis-like substrates. More investigation is needed to determine the effectiveness of this
approach.

In the heart, strong activation of autophagy is also observed during the acute phase of
myocardial infarction caused by permanent coronary artery ligation [26] and in response
to severe pressure overload [52]. Since suppression of autophagy initiation due to Beclin
1 haploinsufficiency attenuates cardiac injury and cardiac dysfunction [52], autophagic
cell death of cardiomyocytes may occur in these conditions. However, whether autosis is
involved in myocardial injury in these conditions is currently unknown.

By definition, autosis should not be suppressed by inhibition of apoptosis or necrosis.
Although autosis may share upstream mechanisms with apoptosis and necrosis, unique
mechanisms not shared by apoptosis or necrosis appear essential for the induction of autosis.
Whether cell death initiated by autosis partially utilizes downstream mechanisms common to
other forms of cell death remains to be clarified.
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4.2.3 Autophagic cell death in lysosomal storage disorder—Lysosomal storage
disorder (LSD) is caused by genetic mutations in genes involved in lysosomal functions
and is characterized by increased storage of materials as a result of inhibition of

lysosomal degradation. Importantly, lysosomal dysfunction attenuates autophagy, which

in turn induces secondary accumulation of damaged proteins and organelles in cells

and functional abnormalities in major organs, including the heart, skeletal muscle and

liver [53]. In LSDs, autophagy is inhibited at the last step of the degradation process,
namely lysosomal degradation, whereas autophagosome formation is preserved or even
stimulated. Uncoupling between autophagosome formation and lysosomal degradation leads
to a prominent accumulation of autophagosomes. We have shown recently that suppressing
autophagosome formation by downregulating Atg7 attenuates the excessive accumulation
of autophagosomes and cardiac dysfunction in cardiac-specific RagA/B knock-out mice,

a mouse model of LSD caused by the failure of lysosomal acidification [19]. Since
stimulation of autophagy by TAT-Beclin 1 exacerbates autophagosome accumulation and
cardiac dysfunction, it is likely that accumulation of autophagosomes promotes organ
malfunction in this model. In the presence of severe or permanent lysosomal dysfunction,

a feedback mechanism may be activated. In fact, YAP, a transcription factor co-factor

that is degraded by autophagy, is activated in RagA/B cKO mice, and stimulates the
activity of TFEB, a master transcription factor that promotes autophagy and lysosomal
biogenesis, thereby exacerbating the accumulation of autophagosomes [19]. Interestingly,
loss of YAP function alleviated autophagosome accumulation and cardiac dysfunction in
RagA/B cKO mice. These results suggest that cardiomyopathy in LSD may be due to
excessive accumulation of autophagosomes and consequent cellular dysfunction rather than
accumulation of unmetabolized substrates of lysosomal enzymes. Although autophagosome
accumulation is caused by simultaneous inhibition of autophagic flux and activation of
autophagosome formation, as during the late phase of ischemia/reperfusion when autosis is
induced, typical morphological features of autosis, including a swollen perinuclear space,
were not observed in RagA/B cKO mice [19]. Thus, although the triggering mechanism

of cardiomyocyte death in LSD is similar to that in autosis, the form of death in these
conditions does not appear to be identical. Further investigation is needed to elucidate the
causes of cardiomyocyte death in LSDs. It should be noted that interventions to restore
autophagy have been shown to alleviate cardiomyopathy in some LSDs [54, 55]. Where
lysosomal dysfunction is reversible, restoring autophagic flux may reduce the accumulation
of autophagosomes and lysosome enzyme substrates. Thus, although the goal for treatment
of LSD in general would be to alleviate the massive buildup of autophagosomes, strategies
to reduce autophagosome accumulation could differ depending upon the reversibility of
lysosomal function. A cautionary note is that normalization of autophagosome buildup

by targeting autophagy may not be sufficient to normalize cardiac function in LSDs, and
additional problems, including accumulation of ubiquitinated proteins, oxidative stress, and
muscle atrophy, have been noted. Thus, a therapy minimizing side effects needs to be
explored [56].
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5. Therapeutic interventions

As discussed above, autophagic cell death can be separated into two groups, namely that
induced by increased cargo degradation at lysosomes and that mediated by excessive
accumulation of autophagosomes (Figure 2). Whereas the former is caused by increased
autophagic flux, the latter results from decreased autophagic flux due to a blockage in

the late stages of autophagy. When considering the prevention of autophagic cell death of
cardiomyocytes as a therapeutic intervention, it is essential to clarify which category the
death falls into. Various interventions to inhibit autophagy at the level of autophagosome
formation, lysosomal degradation, or cargo-autophagosome interaction may be considered
when the problem is lysosomal degradation. On the other hand, therapeutic options for
cell death induced by excessive autophagosome accumulation appear to be more complex.
For example, interventions to alleviate blocked autophagosome-lysosome fusion or rescue
lysosomal dysfunction, including trehalose [57] and 3,4-dimethoxychalcone [58], may
improve autophagic flux and alleviate excessive accumulation of autophagosomes. When
lysosomal dysfunction is irreversible, however, interventions to prevent autophagosome
formation should be considered. Although inhibition of autophagosome formation in

the presence of severe or permanent blockage of lysosomal degradation may alleviate

a pathological buildup of autophagosomes, additional interventions to improve cellular
quality control mechanisms independent of autophagy may be necessary, particularly in the
presence of stress.

Autosis is blocked by cardiac glycosides [10]. At present, the molecular mechanism through
which cardiac glycosides inhibit autosis remains unclear. Whether cardiac glycosides
prevent excessive accumulation of autophagosomes by regulating Beclin 1 remains to be
tested. Interestingly, Empagliflozin, an SGLT2 inhibitor, inhibits autosis in response to
glucose deprivation or myocardial ischemia through inhibition of Na+H+ exchanger 1 in
cardiomyocytes [50]. It is tempting to speculate that changes in the ionic environment

near the membrane may affect autophagosome formation. Alternatively, empagliflozin may
directly affect the mechanism of cell death. Aside from the characteristic morphological
features, including the large perinuclear space and the disappearance of intracellular
organelles [11], little is known about how excessive autophagy leads to cardiomyocyte
death by autosis. A better understanding of the underlying mechanism of autoptic cell death
should allow for the development of a unique intervention to prevent autosis.

6. Unsolved questions

Despite the increasing number of publications supporting the existence of autophagic
cell death, unresolved issues remain. Autophagic cell death is considered adaptive if

it is activated during organ development or when apoptosis, another mechanism of
programmed cell death, is inhibited [8, 9]. On the other hand, it is maladaptive and
leads to organ malfunction when autophagy mechanisms are dysregulated [12]. Current
knowledge regarding the physiological function of autophagic cell death, particularly

in the adult heart, is insufficient. For example, it is of great interest to determine
whether excessive mitophagy selectively kills dysfunctional cardiomyocytes in order to
prevent increases in oxidative stress. Investigating the molecular mechanism involved in
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physiological autophagic cell death during development may provide us with hints to
better understand how autophagic cell death controls cellular function. How autophagy

is dysregulated and becomes pathological should also be investigated. For example,
blockade at the level of autophagosome-lysosome fusion plays an important role in
mediating autosis in the heart during the late phase of reperfusion [12]. However,

blockade of autophagosome-lysosome fusion alone is usually insufficient to induce autosis.
We speculate that mechanisms to stimulate autophagosome formation are activated in

the presence of the blockade of autophagic flux in order to respond to the cellular

demand to remove managed proteins and organelles during reperfusion. Thus, a two-hit
mechanism seems to be required for autophagy dysregulation and stimulation of autophagic
cell death. The superimposing signaling mechanisms facilitating dysregulated autophagy
need to be clarified. Although existing evidence suggests that excessive accumulation of
autophagosomes leads to autophagic cell death, the detailed mechanism through which cell
death occurs is unknown. Densely packed autophagosomes could interfere with cellular
functions by mechanically damaging organelles and disrupting cellular transport. We
observed that excessive accumulation of autophagosomes is accompanied by decreases in
the endomembrane systems, including endoplasmic reticulum, and organelle dysfunction
[12]. However, these observations provide only correlative evidence and, thus, more
mechanistic proof directly connecting excessive autophagosomes and cellular dysfunction
is needed. An important feature of autosis is that autotic cell death cannot be inhibited

by suppression of other forms of cell death, including apoptosis and necrosis [11]. Thus,

in theory, one could expect that blockade of autosis should have an additive effect on

top of the current regimens of treatment for reperfusion injury targeting other forms of

cell death. If so, it would be important to explore effective combinations and timing

of interventions to reduce multiple forms of cell death during cardiovascular disease,
including ischemia/reperfusion injury. Cardiac glycosides were identified through screenings
of natural compounds inhibiting autosis [10]. A more extensive search for small molecules
affecting autophagic cell death may allow the discovery of novel interventions to reduce
death of cardiomyocytes.
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Highlights
Dysregulated autophagy can induce death in cardiomyocytes.
Autophagic cell death is characterized by strong activation of autophagy and

attenuation of cell death by suppression of autophagy but not other forms of
cell death, such as apoptosis and necrosis.

Autophagic cell death can occur through either excessive autophagic flux or a
block of autophagic flux at the level of lysosomes.

One form of autophagic cell death includes autosis characterized by unique
morphological and biochemical features, including the sensitivity to cardiac
glycosides.

Cardiomyocyte autosis occurs at the late phase of myocardial ischemia/
reperfusion and contributes to myocardial injury.
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Figure 1. Molecular mechanisms of programmed cell death.
Autophagic cell death (type Il programmed cell death, shown in blue) is mediated by

mechanisms distinct from those of other forms of cell death (necrosis indicated by purple
and apoptosis by orange). Autophagy and apoptosis affect one another through competition
for Bcl-2/Bcl-xL binding between Beclin 1 and Bax. The former inhibits autophagy

and stimulates apoptosis whereas the latter inhibits apoptosis and stimulates autophagy.
Autophagic cell death occurs through multiple mechanisms but it can be broadly classified
as either “Autophagic cell death with increased autophagic flux” or “Autophagic cell death
with reduced autophagic flux”.
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Figure 2. Two mechanisms of autophagic cell death.
There are two forms of autophagic cell death, one accompanied by increased autophagic

flux and the other by reduced autophagic flux. The former is mediated through
excessive degradation of cellular materials, the latter through excessive accumulation of
autophagosomes and/or consumption/depletion of endomembranes.
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Figure 3. Morphological features of autosis.
During the early phase (Phase 1) of autosis, the number of vacuoles, including empty

vacuoles and autophagic vacuoles, is increased. Dilated and fragmented ER is observed.
Electron dense mitochondria are observed under electron microscopy. In the later phase
(Phase 2) of autosis, CMs show ballooning of perinuclear space (PNS), one of the most
representative features of autosis. Nu= nucleus, ER= endoplasmic reticulum. White arrow
indicates ballooning of PNS. Scale bars = 2 pm.
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Comparison of biochemical and morphological characteristics of the types of cell death
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Autophagy dependent cell death(autosis)

Apoptosis

Necrosis

Morphological
features

Focal ballooning of PNS, focal concavity of the
nuclear surface, mild chromatin condensation
Extensive cytoplasmic vacuolization
Enhanced cell substrate adhesion
Focal plasma membrane rupture

Nuclear compaction and
fragmentation Marked
chromatin condensation
Cell shrinkage, membrane
blebbing
Cell rounding up, detachment
from substrate

Swelling of organelles
Breakdown of plasma
membrane and nucleus
Karyolysis and caspase-
independent DNA
fragmentation, lysis of
nucleolus, dilation of
nuclear membrane

Mechanism of

Occurs independently of apoptotic pathways
Requires core autophagy machinery

Requires apoptotic pathways
Occurs independently of core

ATP depletion

Pharmacological inhibition of genetic ablation of Na
+,K +
ATPase and Rubicon

execution Occurs independently of apoptotic pathways : mPTP opening
Depends on Na +, K + ATPase autophagy machinery
Pharmacological inhibition or genetic ablation of
key components of core autophagy machinery(not P
SES - - Caspase inhibitors
Blocked by inhibitors of apoptosis and necrosis) Genetic ablation of Necrosis Inhibitors

proapoptotic factors

Disposal of cell
corpses

Phagocytic uptake and lysosomal degradation

Phagocytic uptake and
lysosomal degradation

Leakage of organelle
contents
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Table 2

Autosis models confirmed to date

Page 22

Experiment type

Animals/Cells

Model

References

LiuY, etal. [10]

Vivo Rat Perinatal cerebral hypoxia-ischemia Fernandez AF, et al. [48]
Vivo Mice Kidneys of mice subjected to renal ischemia/reperfusion injury (IRI) | Fernandez AF, et al. [48]
Vivo Human Liver of patients with severe anorexia nervosa Kheloufi M, et al. [49]
Vivo Mice Hearts and Livers of starved mice Ferndndez AF, et al. [48]
Vivo Mice Hearts in late phase ischemia-reperfusion(I/R) Nah J, et al. [12]
vitro Cells el cols atr sarvation Liu ¥, etal. [10]

Neonatal cardiomyocytes treated with Tat-Beclinl

Nah J, et al. [12]
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