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HIGHLIGHTS

� Autosis is an autophagy-dependent, nonapoptotic, and non-necrotic form of cell death that is characterized by unique

morphological and biochemical features, including the presence of ballooning of perinuclear space (PNS) and sensitivity to

cardiac glycosides, respectively.

� Autotic cell death may be initiated by excessive accumulation of autophagosomes rather than lysosomal degradation.

� Autosis is stimulated during the late phase of reperfusion after a period of ischemia in the heart when up-regulation of

rubicon in the presence of continuous autophagosome production induces massive accumulation of autophagosomes.

� Suppression of autosis, which may reduce death of cardiomyocytes during the late phase of reperfusion, in combination

with inhibition of apoptosis and necrosis targeting the early phase of injury, may enhance the effectiveness of treatment

for I/R injury in the heart.
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Excessive autophagy induces a defined form of cell death called autosis, which is characterized by unique morphological

features, including ballooning of perinuclear space and biochemical features, including sensitivity to cardiac glycosides.

Autosis is observed during the late phase of reperfusion after a period of ischemia and contributes to myocardial

injury. This review discusses unique features of autosis, the involvement of autosis in myocardial injury, and the

molecular mechanism of autosis. Because autosis promotes myocardial injury under some conditions, a better

understanding of autosis may lead to development of novel interventions to protect the heart against myocardial

stress. (J Am Coll Cardiol Basic Trans Science 2020;5:857–69) © 2020 The Authors. Published by Elsevier on behalf

of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
M acroautophagy (hereafter autophagy) is
an essential process bywhich cells degrade
intracellular organelles and cytosolic ma-

terials, characterized by the presence of double-
membrane structures called autophagosomes that
fuse with lysosomes. Traditionally, autophagy is
believed to be a protective mechanism because it
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eliminates misfolded or dysfunctional proteins or or-
ganelles and supplies energy by recycling the amino
acids and fatty acids obtained through degradation
(1). However, emerging evidence suggests that the
genetic machinery of autophagy is also essential for
cell death under some conditions (2). Cell death
mediated by autophagy, or autophagic cell death,
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ABBR EV I A T I ON S

AND ACRONYMS

ATG = autophagy-related

ATPase = adenosine

triphosphatase

ER = endoplasmic reticulum

HIV = human

immunodeficiency virus

I/R = ischemia-reperfusion

LBR = lamin B receptor

PI3K = phosphatidylinositol 3

kinase

PNS = perinuclear space

Tat = transactivation of

transcription

Nah et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 8 , 2 0 2 0

Autophagy-Dependent Cell Death A U G U S T 2 0 2 0 : 8 5 7 – 6 9

858
was originally classified as a type II pro-
grammed cell death, defined by massive
cytosolic vacuolization in dying cells. Auto-
phagic cell death has been reported in cardi-
omyocytes during ischemia-reperfusion
(I/R), pressure overload, and doxorubicin-
induced cardiomyopathy (3–5). However,
because of technical limitations that make
it difficult to distinguish autophagic cell
death from other forms of death accompa-
nied by autophagy, the causative role of
autophagy in cardiomyocyte cell death is
largely unknown. Recently, a unique form
of cell death induced by activation of auto-
phagy was identified and termed autosis
(6). Autosis is distinct from other forms of
cell death, including necrosis and apoptosis, and is
characterized by the presence of unique morpholog-
ical and biochemical features. Increasing lines of ev-
idence suggest that cell death through autosis occurs
in various cell types and organs in response to some
types of stress. We have also shown recently that
cardiomyocytes die by autosis during reperfusion af-
ter a short period of ischemia in the heart (7,23).
Here, we review the current understanding of auto-
phagic cell death, with a focus on autosis, and we
discuss the involvement of cardiomyocyte autosis
in myocardial injury and the underlying molecular
mechanisms.

AUTOPHAGY AND AUTOPHAGIC CELL DEATH

IN THE HEART

To explain how autophagy can kill cells under some
conditions, we will first describe the physiological
function of autophagy and its molecular machinery.
Autophagy is an essential catabolic process that is
highly conserved in eukaryotes. The autophagy
pathway primarily consists of evolutionarily
conserved autophagy-related (ATG) proteins. These
ATG proteins generate double-membrane vesicles,
termed autophagosomes, which engulf cellular ma-
terials, generally in a nonselective manner but also in
a selective manner under some conditions. The
autophagy process is initiated by activation of the
Unc-51-like kinase 1/Atg1 complex, which is regulated
by mammalian target of rapamycin complex 1 and
adenosine monophosphate–activated protein kinase
(8). The Unc-51-like kinase 1/Atg1 complex activates
the class III phosphatidylinositol 3 kinase (PI3K)
complex, consisting of PI3K, beclin 1, vacuolar protein
sorting 15 (VPS15), and/or additional partners, to
initiate autophagosome nucleation. As a scaffold
protein, beclin 1 recruits several proteins, such as
Atg14l, autophagy and beclin regulator 1 (AMBRA1),
ultraviolet resistance–associated gene (UVRAG), and
rubicon, to the nucleation site to regulate the lipid
kinase activity of the PI3K complex (9). Although
most beclin 1 interactors enhance beclin 1 activity,
rubicon negatively regulates both the autophagic and
endocytic pathways by interacting with beclin 1 or
Rab7, a member of the RAS oncogene family (10).
Unlike in yeast, there is no pre-autophagosomal
structure in mammalian cells. Instead, the endo-
plasmic reticulum (ER) exit sites, mitochondria,
ER-mitochondria contact sites, the ER-Golgi inter-
mediate compartment, the Golgi apparatus, and the
plasma membrane have all been reported as sources
of isolation membranes in mammalian cells (11).
Whether dysregulated autophagosome formation
leads to depletion of the aforementioned structures
and contributes to malfunction of intracellular or-
ganelles is an open question. In subsequent steps,
elongation and completion of autophagosomes are
regulated by the ubiquitin-like conjugation system.
First, the E1-like enzyme Atg7 binds to the
ubiquitin-like protein Atg12, which promotes conju-
gation of Atg12 to Atg5 in the presence of an E2-like
enzyme, Atg10, finally forming the Atg5-Atg12/Atg16
multimeric complex. The Atg5-Atg12/Atg16 complex
localizes at expanding phagophores and acts as an
E3-like ligase to conjugate another ubiquitin-like
molecule, Atg8 (light chain 3-I), to phosphatidyl-
ethanolamine to form LC3 (MAP1LC3; a light chain
of the microtubule-associated protein 1, ortholog of
yeast Atg8), which is essential for targeting auto-
phagosomes to lysosomes (12). Finally, autophago-
somes fuse with lysosomes to degrade the
sequestered materials. On completion of autopha-
gosome formation, syntaxin 17, localized on the
outer autophagosomal membrane, interacts with
synaptosomal-associated protein 29 and lysosomal
synaptosomal-associated protein receptor vesicle-
associated membrane protein 8 to enable fusion
with the lysosomes (13) (Figure 1). Within the lyso-
somal compartment, membrane components and
proteins are degraded by phospholipases and pro-
teolytic enzymes, respectively, and degraded phos-
pholipids and amino acids are recycled (14). Because
autophagy is executed through the coordinated ac-
tions of: 1) autophagosome formation; 2) fusion be-
tween autophagosomes and lysosomes; and 3)
degradation of autophagosomes and its cargo in ly-
sosomes, dysregulation of any step could potentially
induce malfunction of autophagic degradation and
disturb cellular homeostasis, thereby leading to cell



FIGURE 1 Molecular Mechanism of Autophagy

The process of autophagy comprises multiple steps, including initiation, nucleation, elongation and completion, and fusion and degradation.

In the initiation step, the Unc-51-like kinase 1 (ULK1)/autophagy-related protein 1 (Atg1) complex is regulated by mammalian target of

rapamycin (mTOR) inhibition in response to autophagy-inducing conditions, such as starvation. Thereafter, the ULK1/Atg1 complex activates

the phosphatidylinositol 3 kinase complex to nucleate autophagosomal membranes. In the elongation step, 2 ubiquitin-like conjugation

systems, the Atg12 and light chain 3 (LC3) conjugation systems, expand autophagosomes. After completion of elongation, autophagosomes

fuse with lysosomes to degrade cargo materials. Rubicon associated with the phosphatidylinositol 3 kinase complex negatively regulates the

fusion process. Atg13 ¼ autophagy-related protein 13; Atg16L ¼ autophagy-related protein 16 like; Bcl2 ¼ B-cell lymphoma 2; FIP200 ¼ FAK

family kinase-interacting protein of 200 kD; mLST8 ¼ mammalian lethal with SEC13 protein 8; p ¼ phosphorylation; PE ¼ phosphatidyl-

ethanolamine; UVRAG ¼ ultraviolet radiation resistance–associated gene; Vps15 ¼ vacuolar protein sorting 15; Vps34 ¼ vacuolar protein

sorting 34.
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death. For example, blocking autophagy at the level
of lysosomal degradation could lead to accumulation
of undigested autophagosomes and depletion of
membrane sources that would otherwise be recycled
to form new autophagosomes.

Autophagic cell death was originally identified by a
massive cytoplasmic vacuolization with autophagy
activation (2). It is important to note that the presence
of autophagic vacuoles in dying cells does not
necessarily mean that autophagy promotes cell death.
Because autophagy is often activated in response to
stress as an adaptive mechanism, the presence of
autophagy in dying cells could indicate that the last
resort to prevent cell death may have failed. Unfor-
tunately, because most of the currently available in-
hibitors are not 100% specific for autophagy, chemical
inactivation of autophagy may not provide definitive
evidence of autophagic cell death. Similarly, many
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molecules involved in autophagy, such as Atg, have
autophagy-independent functions (15), which makes
the use of genetically altered animal models for loss-
of-function studies of autophagy challenging as well.
For these reasons, autophagic cell death has been
defined by the Nomenclature Committee on Cell
Death as a cell death that is suppressed by at least 2-
independent interventions to inhibit the autophagy
pathway (16).

With these technical challenges in mind, under
what conditions is autophagy involved in cell death?
In many examples, autophagy is activated strongly,
and molecules involved in autophagosome formation,
including beclin 1, are up-regulated when autophagy-
dependent cell death takes place. For example, these
conditions are observed in the heart in response to
some pathologically relevant stresses, including I/R,
acute pressure overload, and doxorubicin-induced
cardiotoxicity. It is noteworthy that several in-
terventions to suppress the autophagic machinery,
including down-regulation of beclin 1 and chemical
inhibitors of autophagy such as 3-methyladenine, an
inhibitor of class III PI3K activity and autophagosome
formation, significantly suppress death of car-
diomyocytes and myocardial injury. If we include
other types of cell death that are suppressed when
autophagy is inhibited, autophagy-dependent cell
death may also include the following forms of cell
death. First, some forms of autophagy selectively
degrade proteins essential for cell survival. For
example, in flies, autophagy selectively degrades
Drosophila BIR repeat containing ubiquitin-conju-
gating enzyme (dBruce) dBruce, a caspase inhibitor,
thereby activating caspase-dependent cell death,
namely apoptosis (17). Autophagy may also degrade
catalase, an antioxidant, which in turn disrupts the
intracellular redox balance and induces cell death in
mouse fibroblast cell lines (18). Second, activation of
nonselective autophagy in a mouse model of diabetes
reciprocally suppresses mitophagy, thereby inducing
mitochondrial dysfunction and death in car-
diomyocytes. Inhibition of autophagy by down-
regulation of Becn1 or Atg16 improves diabetic
cardiomyopathy by activating mitophagy through an
unknown mechanism (19). Although autophagy is
involved in these 2 types of cell death, the cell death
itself is mediated through other forms of cell death,
including apoptosis and necrosis. It has thus been
recommended to use the terms “autophagy-associated
cell death” or “autophagy-mediated cell death” unless
the death is prevented only by multiple autophagy-
inhibiting interventions but not by inhibition of
other forms of cell death, such as apoptosis or necrosis.
Along these lines, it is preferable to use the term
“autophagy-dependent cell death” when the afore-
mentioned criteria have been clearly proven (20).

NEW FORM OF AUTOPHAGIC CELL

DEATH, AUTOSIS

Although autophagy is associated with multiple forms
of cell death as discussed, an important question re-
mains as to whether autophagy-dependent cell death
has any morphological or biochemical features that
distinguish it from other forms of cell death. Recently,
Liu et al. (6) characterized a new form of autophagy-
dependent cell death, which is triggered by high
doses of autophagy-inducing peptides, starvation, and
permanent brain ischemia, conditions in which auto-
phagy is strongly activated. This form of cell death,
termed autosis, is characterized by the presence of
unique morphological and biochemical features and
can be rescued by inhibitors of autophagy, but not by
inhibitors of apoptosis or necrosis. Thus, autosis
clearly fulfills the criteria of autophagy-dependent cell
death. 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.

The unique morphological features of autotic cell
death are induced in a time-dependent manner
(Figure 2). In phase 1a, dilated and fragmented ER and
an increased number of autophagosomes, autolyso-
somes, and empty vacuoles are observed. In phase 1b, a
swollen perinuclear space (PNS) containing cyto-
plasmic materials and electron-dense mitochondria
can be observed by transmission electron microscopy.
In phase 2, the last step of autosis, cytoplasmic or-
ganelles are drastically decreased and focal nuclear
concavity and focal ballooning of the PNS are observed
(21). Cells that have died by autosis are generally more
firmly attached to the culture dishes than are those
that do not undergo autosis, and the increased adher-
ence 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 in-
hibitors 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. It should be mentioned that
suppression of lysosomes fails to inhibit autosis in
either HeLa cells or cardiomyocytes. This suggests
that autosis may be induced by excessive activation
of autophagosome formation, but not by excessive



FIGURE 2 Morphological Features of Autosis

During the early phase of autosis, the numbers of autophagosomes (APs), autolysosomes (ALs), and empty vacuoles (EVs) are drastically

increased and separation of the inner and outer nuclear membranes is observed. The later phase is characterized by focal nuclear concavity,

focal ballooning of the perinuclear space (PNS), and disappearance of subcellular organelles. ER ¼ endoplasmic reticulum; Nu ¼ nucleus.
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degradation. We will discuss this issue in the section
on the underlying mechanism of autosis.

Another important feature of autosis is its sensi-
tivity to cardiac glycosides. A compound library
screen revealed that inhibitors of Naþ,Kþ

–adenosine
triphosphatase (ATPase) effectively suppress autosis
(6,22). Consistent with this finding, cardiac glycoside,
a chemical inhibitor of Naþ,Kþ-ATPase, dramatically
reduces Transactivator of transcription (Tat)–beclin 1–
induced autosis in vitro and the autosis observed in
neonatal rats subjected to brain ischemia in vivo (6).
Moreover, injection of ouabain into cardiac
glycoside–sensitive mice significantly reduces
myocardial I/R injury in adult mice (23). We also
noted that protein expression of Naþ,Kþ-ATPase was
up-regulated in the heart in response to I/R, the time
course of which coincides with that of autosis. One
caveat here is that Naþ,Kþ-ATPase in rodent hearts is
less sensitive to cardiac glycosides than that in hu-
man hearts is. Thus, it is difficult to test whether
cardiomyocyte death can be rescued by cardiac gly-
cosides in the murine heart. Humanized Naþ,Kþ-
ATPase a1 subunit knock-in mice can be used to
overcome this issue (23). Alternatively, the a1 subunit
of Naþ,Kþ-ATPase can be down-regulated with short
hairpin ribonucleic acid without obvious effects on
contractility.

The features of autosis compared with other forms
of programmed cell death are summarized in Table 1.
Currently, no other criteria are available to distin-
guish autotic cell death from other forms of cell
death. We expect, however, that progress in the field



TABLE 1 Comparison of Biochemical and Morphological Features Among Autosis, Apoptosis, and Necrosis

Autosis Apoptosis Necrosis

Biochemical features

Features Inhibited by inhibitors of autophagy but not
by inhibitors of apoptosis or necrosis

Caspase activation and internucleosomal
DNA fragmentation

Rapid, extensive thiol oxidation and high
level of intracellular Ca2þ

Regulators ATG genes, rubicon, Naþ,Kþ-ATPase Caspases, PARP RIP1, RIP3

Morphological features

Nucleus Focal ballooning of PNS, focal concavity of
the nuclear surface, mild chromatin
condensation

Nuclear chromatin condensation, fragmentation
of DNA, irregularity of nucleus

Karyolysis and caspase-independent DNA
fragmentation, lysis of nucleolus, dilation
of nuclear membrane

Plasma membrane Focal plasma membrane rupture Intact, altered orientation
of lipids

Disrupted

Cell size Minor changes Reduced (shrinkage) Increased (swelling)

Mitochondria Electron-dense mitochondria, abnormal
internal structure, and swollen
mitochondria

Release of cytochrome c, mitochondrial
dysfunction

Failure of ATP production, collapse of
mitochondrial membrane potential, and
mPTP opening

Specific features Ballooning of PNS under EM, increased
adherence of cultured cells to culture dishes

Apoptotic bodies,
pseudopod retraction

Swelling of ER and mitochondria, lysosome,
and plasma membrane rupture

ATG ¼ autophagy-related; ATPase ¼ adenosine triphosphatase; DNA ¼ deoxyribonucleic acid; EM ¼ electron microscopy; mPTP ¼ mitochondrial permeability transition pore; PARP ¼ poly adenosine
diphosphate ribose polymerase; PNS ¼ perinuclear space; RIP1 ¼ receptor interacting serine/threonine kinase 1; RIP3 ¼ receptor interacting serine/threonine kinase 3.
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may provide additional criteria to help identify
autosis more easily and precisely.

AUTOSIS-INDUCING CONDITIONS

Although autosis was initially identified in HeLa cells
when very high levels of autophagy were induced by
Tat–beclin 1 in vitro (6), autosis has also been
observed in vivo under various conditions (Central
Illustration).

Hypoxia-ischemia and reperfusion appear to be
common conditions in which strong activation of
autophagy and autosis are observed in multiple or-
gans. Cerebral hypoxia-ischemia in the brain of
neonatal rats promotes autosis, and cardiac glyco-
sides, such as neriifolin, digoxin, and digitoxigenin,
rescue autotic cell death in vivo (6). Autosis is also
induced in mouse kidneys subjected to I/R (22). More
recently, autosis was also observed in the heart and
the cardiomyocytes therein during the late phase of I/
R. The fact that inhibition of autosis with cardiac
glycosides reduces the size of infarct in all of these
models suggests that autosis is widely involved in
tissue injury in response to I/R (23).

Although human immunodeficiency virus (HIV)
ultimately kills infected cells, HIV-infected macro-
phages escape cell death (24). Interestingly,
autophagy-inducing peptides, including Tat–beclin 1
and Tat-viral FLICE inhibitory protein-a2, preferen-
tially kill chronically HIV-infected human macro-
phages, whereas the cell death is inhibited by
knockdown of ATG genes and Naþ,Kþ-ATPase a1 (25).
A major reservoir of HIV latent infection is resting
central memory CD4þ T cells. Under antiretroviral
treatment, HIV escapes clearance by staying inside
CD4þ T cells (26). However, HIV-infected CD4þ T
cells are also selectively killed by autophagy-inducing
peptides through autosis (27). Thus, autosis selec-
tively kills HIV-infected macrophages and CD4þ T
cells. This is intriguing in that HIV utilizes autophagy
proteins for replication (28) but down-regulates
autophagy to avoid proteolytic degradation in acti-
vated CD4þ T cells (29). The molecular mechanisms
through which HIV-infected macrophages and CD4þ
T cells selectively undergo autosis remain to be
elucidated.

Activation of autophagy in response to hypoxia has
dichotomous functions in cancer cells (30,31). Auto-
phagy inhibits cancer cell death 4 h after hypoxia but
promotes cell death 72 h after hypoxia (21). Auto-
phagic cell death at late time points of hypoxia
showed morphological features of autosis and was
inhibited by cardiac glycosides in A549 cell lines.
During the initial stage of hypoxia, epidermal growth
factor receptor (EGFR) is activated and interacts with
beclin 1, which activates autophagy at physiological
levels and contributes to survival of cancer cells.
When hypoxia persists, however, EGFR is deactivated
by autophagic degradation of caveolin 1 and dissoci-
ates from the beclin 1 complex, which in turn stimu-
lates autophagic flux above physiological levels,
thereby triggering autosis. The detailed mechanism



CENTRAL ILLUSTRATION Biochemical Features of Autosis

Nah, J. et al. J Am Coll Cardiol Basic Trans Science. 2020;5(8):857–69.

Autosis is activated by the autophagy-inducing peptide, tyrosine aminotransferase (Tat)–beclin 1, hypoxia-ischemia in neonatal cerebral brain

and ischemia-reperfusion in the heart. Autosis is regulated by the physical interaction between beclin 1 and Naþ,Kþ
–adenosine triphos-

phatase (ATPase), which is inhibited by cardiac glycosides, by up-regulation of rubicon, which attenuates fusion of autophagosome and

lysosome, and by the core autophagy machinery. Atg5 ¼ autophagy-related protein 5.
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through which protein-protein interaction between
beclin 1 and EGFR regulates the level of autophagic
flux and autosis is not well understood. Whether
cancer cells become susceptible to autosis in response
to prolonged hypoxia due to higher autophagic ac-
tivity alone or whether additional modulatory mech-
anisms are needed to promote cell death remains to
be elucidated. The fact that HIV-infected macro-
phages and/or T cells and cancer cells are more sen-
sitive to autosis under some conditions is intriguing
and suggests that induction of autosis may be utilized
for selective elimination of certain cell populations.

Autosis has been reported in humans as well.
Death of hepatocytes in patients with severe anorexia
is accompanied by the presence of convoluted nuclei,
electron-dense mitochondria, dilated ER, and
numerous autophagic vacuoles and empty vacuoles,
suggesting that these cells die by autosis (32). It
would be interesting to test whether hepatic injury
and decreased function in anorexia patients can be
alleviated by cardiac glycosides. We recently showed
that Tat–beclin 1 treatment induces autosis in human
induced pluripotent stem cell–derived car-
diomyocytes, suggesting that autosis can take place
in human cells (23).

We expect that progress in the field will identify
more examples of autosis in many other cell types
under diverse conditions. It will be important to learn
from the available examples when and how autosis is
induced.
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INDUCTION OF AUTOSIS IN THE HEART IN

RESPONSE TO I/R

Because I/R strongly induces autophagy in the heart, it
is natural to speculate that autosis is induced, as in the
case of I/R injury, in the brain and kidney. In fact, we
have shown recently that autosis of cardiomyocytes is
induced in the heart in vivo in response to I/R (23).
Here, we describe the key findings of this study and
discuss the underlying mechanism of autosis induced
by I/R. Autophagy is up-regulated by a short period of
ischemia and further stimulated during reperfusion in
the heart, whereas myocardial injury is attenuated
when autophagy is suppressed by down-regulation of
beclin 1 or other interventions (3). Cardiomyocytes
located in the ischemic area exhibit accumulation of
autophagosomes and autolysosomes, fragmented ER,
electron-dense mitochondria, and mild chromatin
condensation in response to reperfusion in a time-
dependent manner. Cardiomyocytes start to show a
characteristic PNS during the late phase of reperfu-
sion, namely 6 h after reperfusion and thereafter,
which is consistent with the induction of autosis.
These morphological findings, which are consistent
with autosis, and myocardial injury, as evaluated with
2,3,5-triphenyl tetrazolium chloride staining, in
response to I/R, were significantly suppressed in the
presence of ouabain treatment in humanized Naþ,Kþ-
ATPase knock-in mice, suggesting that I/R induces
autosis, which contributes significantly to the overall
I/R injury in the heart.

Interestingly, autosis is increased in the late phase
of reperfusion. Although the consensus has been that
the process of cell death in the ischemic area should
be completed within 1 to 2 h of reperfusion, our re-
sults suggest that cardiomyocytes die continuously
throughout the late phase of reperfusion via mecha-
nisms distinct from apoptosis or necrosis. This pro-
vides a strong rationale for extending interventions
to prevent reperfusion injury through the late phase
of reperfusion.

MOLECULAR MECHANISMS OF AUTOSIS

Here, we discuss why strong activation of autophagy
leads to autotic cell death (Figure 3). An important
consideration is the fact that induction of autosis
cannot be alleviated by lysosome inhibitors. Thus,
autosis is not mediated through lysosomal degrada-
tion. Increasing lines of evidence suggest that
excessive accumulation of autophagosomes may
mediate autotic cell death. Excessive accumulation of
autophagosomes can take place when the balance
between synthesis and degradation of
autophagosomes is disrupted. We will discuss this
issue, using the induction of autosis in response to
myocardial I/R as an example.

Although autophagic flux is up-regulated during
the initial hours of myocardial reperfusion, it gradu-
ally decreases thereafter (23). We found that autosis is
observed 6 h after reperfusion, when autophagic flux
is attenuated. This appears counterintuitive because,
by definition, autosis should be stimulated by auto-
phagy. Importantly, however, marked accumulation
of autophagosomes is observed during the late phase
of reperfusion due to a high level of autophagosome
formation despite decreased lysosomal degradation.
Interestingly, rubicon, a molecule known to inhibit
fusion between autophagosomes and lysosomes, is
up-regulated during the late phase of reperfusion,
thereby inhibiting autophagic flux. When autophagic
flux is slowed down by rubicon, cardiomyocytes
appear to try compensating for the reduced level of
autophagic flux by making more autophagosomes.
Thus, we speculate that up-regulation of rubicon
dramatically stimulates accumulation of autophago-
somes during the late phase of reperfusion. Cardiac-
specific heterozygous down-regulation of rubicon
restores autophagic flux and inhibits accumulation of
autophagosomes, suggesting that rubicon plays an
important role in inhibiting autophagic flux and, in
turn, inducing accumulation of autophagosomes.
Loss of rubicon function attenuates autosis and re-
duces myocardial infarct size, similar to the results
observed in ouabain-treated humanized Naþ,Kþ-
ATPase knock-in mice. These results suggest that
endogenous rubicon plays an essential role in medi-
ating autosis during myocardial reperfusion.
Although down-regulation of rubicon may reduce
myocardial injury solely by improving autophagic
flux, we believe that the consequent prevention of
excessive autophagosome accumulation is also
important because treatment with Tat–beclin 1, which
stimulates autophagy, exacerbates autosis if it is
given during the late phase of reperfusion (23).

Why is excessive accumulation of autophago-
somes detrimental for cells? Because endomem-
branes are used as a membrane source for
autophagosomes (33), excessive formation of auto-
phagosomes may occur at the expense of intracel-
lular organelle membranes, including ER,
mitochondria, and even plasma membrane. Consis-
tent with this hypothesis, activation of autosis in the
heart is accompanied by decreases in intracellular
membranes and a consequent reduction in the
function of intracellular organelles, including depo-
larization of mitochondrial membrane potentials. On
the other hand, down-regulation of vesicle-



FIGURE 3 Cause of Autotic Cell Death

(Top) Excessive generation of autophagic vacuoles in response to tyrosine aminotransferase (Tat)–beclin 1 causes excessive consumption of

intracellular membrane in cardiomyocytes in vitro. (Bottom) Accumulation of autophagic vacuoles induced by up-regulation of rubicon

causes excessive consumption of intracellular membrane in cardiomyocytes in vivo. Abbreviations as in Figure 2.
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associated membrane protein-associated proteins,
which establish ER contact with autophagosome
precursors, inhibits the consumption of ER mem-
branes and even rescues Tat–beclin 1–induced
autotic cell death (23). Importantly, whether de-
creases in intracellular membrane sources contribute
to autotic cell death remains to be tested. To address
this issue, it is necessary to investigate whether in-
terventions to restore the endomembrane system
level or intracellular organelles can rescue cells from
autosis.

One of the most unique morphological features of
autosis is the ballooning of the PNS. Previous reports
showed a similar abnormal perinuclear morphology
in human osteosarcoma U2OS cells, in the presence of
overexpressed disease-associated mutant lamin B
receptor (LBR) (34). LBR has sterol reductase activity,
which is important for cholesterol biosynthesis (35).
Expression of mutant LBRs and the related sterol re-
ductases transmembrane 7 superfamily member 2 and
7-dehydrochlesterol reductase causes massive ER and
PNS expansion, similar to the PNS in autosis. Because
sterol content is not altered by overexpression of
mutant LBRs, the sterol reductase activity may not
be the direct trigger for the PNS-like structure.
Alternatively, mutant LBRs or wild-type trans-
membrane 7 superfamily member 2 and
7-dehydrocholesterol reductase may change the
membrane fluidity or permeability, thereby affecting
osmolarity and signaling (34). Whether these mech-
anisms are involved in the pathogenesis of autosis
remains to be elucidated.
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Currently, the sensitivity to cardiac glycosides is
among the most important clues to elucidating the
molecular mechanism of autosis. Naþ,Kþ-ATPase
physically interacts with beclin 1 to stimulate autosis.
Cardiac glycosides disrupt the interaction between
Naþ,Kþ-ATPase and beclin 1 by interacting with
Naþ,Kþ-ATPase (22). It is possible that this interaction
alters ion pump activity or ion exchange–dependent
effects of Naþ,Kþ-ATPase. Naþ,Kþ-ATPase modulates
calcium signaling through interaction with its steroid
agonist ouabain (36). However, treatment of car-
diomyocytes with a calcium chelator, 1,2-Bis(2-ami-
nophenoxy)ethane-N,N,N’, N’-tetraacetic acid
tetrakis(acetoxymethyl ester), did not affect autosis
(23), suggesting that calcium may not be involved in
autosis. Interestingly, the interaction between
Naþ,Kþ-ATPase and beclin 1 takes place at many
intracellular membranes, including ER, perinuclear
membranes, mitochondria, and endosomes. Thus, the
Naþ,Kþ-ATPase/beclin 1 interaction may trigger
autosis through its effect on membrane ion, osmo-
lyte, and fluid homeostasis across intracellular
membranes (37). Further investigation is required to
elucidate the role of the Naþ,Kþ-ATPase/beclin 1
interaction.

Another possibility is that Naþ,Kþ-ATPase alters
the function of beclin 1, thereby affecting autophagic
activity or vesicle trafficking. Because rubicon also
physically interacts with beclin 1 (38), modulation of
beclin 1 may play a key role in mediating autosis.
However, the interaction between Naþ,Kþ-ATPase
and beclin 1 alone may not affect the function of
beclin 1 in such a way as to induce autophagy. Further
investigation is required to clarify how the interac-
tion between beclin 1 and either Naþ,Kþ-ATPase or
rubicon affects the function and modulates the ac-
tivity of autosis.

CLINICAL IMPLICATIONS

Acute myocardial infarction is among the main causes
of morbidity worldwide (39). Preventing death of
cardiomyocytes is a major goal in the treatment of
cardiac disease. Unfortunately, however, medical
treatments targeting any single form of cell death in
cardiomyocytes do not appear to be significantly
effective for alleviating cardiac dysfunction in many
clinical conditions (40). A possible reason for this
could be that cardiomyocytes die by many mecha-
nisms, with different time courses in response to
different forms of stress. Thus, it is important to
determine specifically how cardiomyocytes die in the
presence of a given stress and clarify the time course
of death. For example, the fact that autosis is
observed during the late phase of I/R is unexpected in
that it has generally been believed that death of car-
diomyocytes takes place within the first few hours of
reperfusion; thus, it has never been targeted. How-
ever, this might partially explain why a therapy
focusing on either apoptosis or necrosis alone may
not be able to reduce reperfusion injury. If autosis
continuously kills cardiomyocytes during the sub-
acute phase of I/R injury, it might prove useful to add
a treatment targeting autosis to other forms of treat-
ment targeting apoptosis and necrosis, which pri-
marily take place during the early phase of I/R.
Because autosis is induced by signaling mechanisms
molecularly distinct from those of apoptosis and ne-
crosis, treatment targeting autosis should show ad-
ditive effects to those targeting other forms of cell
death.

The human body produces endogenous cardiac
glycoside–like substances. Inhibiting endogenous
cardiac glycoside–like substances with DigiFab (BTG
International Inc., West Conshohocken, Pennsylva-
nia) exacerbates cardiac autosis during exercise (22),
suggesting that endogenous cardiac glycoside–like
substances have the ability to limit autosis during
stress. Thus, if one could find an intrinsic mechanism
to up-regulate endogenous cardiac glycosides, stim-
ulation of this endogenous mechanism might prevent
autosis and myocardial injury during I/R. Given that
cardiac glycosides have the general side effect of
inducing cardiac arrhythmia, however, it would be
essential to develop a safer intervention to inhibit
autosis.

Currently, other cardiac conditions besides I/R
injury where autosis contributes to cardiomyocyte
death and either myocardial injury or heart failure
remain to be identified. For example, the level of
autophagy is dramatically increased 3 to 4 days after
permanent coronary ligation, during the acute phase
of pressure overload or in response to doxorubicin-
induced cardiomyopathy (4,41). In these conditions,
suppression of autophagy effectively reduces
myocardial cell death and improves either left ven-
tricular function or the survival of the animals (4,42)
(Table 2). Marked accumulation of autophagosomes in
the heart is also observed in lysosomal storage dis-
ease (43). It would be important to investigate
whether autosis is involved in any of these cardiac
conditions and, if so, to test whether interventions to
block autotic cell death can alleviate cardiac injury or
cardiac dysfunction. It should be noted that the



TABLE 2 Examples of Maladaptive Autophagy in the Heart

Insult Model
Autophagy
Modulator Autophagy Activity Result Ref. #

I/R Adult mouse Beclin 1þ/� mouse Autophagy is drastically activated
during I/R in the heart

Reduced myocardial infarct size with reduced
autophagy in beclin 1þ/� mice

Matsui et al.
(3)

Rubiconþ/� mouse Autophagic flux is increased during ischemic
period but attenuated during reperfusion

Myocardial infarct size is reduced by
restoration of autophagic flux in
rubiconþ/� mice during I/R

Nah et al. (23)

LncRNA CAIF LncRNA CAIF directly binds to p53 and
inhibits p53-mediated autophagy
activation during I/R

Knockdown of myocardin inhibits autophagy
and attenuates myocardial infarction
during I/R

Liu et al. (44)

(ALDH2) ALDH2 activates autophagy during ischemic
period but inhibits autophagy during
reperfusion

Overexpression of ALDH2 rescues myocardial
injury by inhibiting autophagy during
reperfusion

Ma et al. (45)

H/R Neonatal
rat CMs

Overexpression or
knockdown of beclin
1

Autophagosome clearance is impaired
during I/R and H/R

Beclin 1 knockdown restores
autophagosome processing and
attenuates cell death by H/R

Ma et al. (46)

DOX-induced
cardiomyopathy

Adult mouse Beclin 1þ/� mouse DOX blocks autophagic flux in the heart Beclin 1 haploinsufficiency protects against
DOX cardiotoxicity

Li et al. (42)

Neonatal
rat CMs

Transcription factor
GATA4

GATA4 inhibits DOX-induced autophagy Overexpression of GATA4 reduces DOX-
induced CM death by inhibiting autophagy

Kobayashi
et al. (5)

Cardiac
hypertrophy

Adult mouse HDAC inhibitors HDAC inhibitors attenuate autophagy
during TAC

HDAC inhibitors alleviate TAC-induced
hypertrophy by inhibiting autophagy

Cao et al. (47)

miR-30 miR-30 attenuates autophagy by
targeting beclin 1

Angiotensin II-induced cardiac hypertrophy is
attenuated by miR-30 through
down-regulation of beclin 1

Pan et al. (48)

Diabetic
cardiomyopathy

Adult mouse Beclin 1þ/� mouse Autophagy activity is reduced in type 1
diabetic heart

Further reduction in autophagy by beclin 1þ/�

protects the heart against diabetic
cardiomyopathy

Xu et al. (19)

Neonatal
rat CMs

3-MA, shAtg7,
and shbeclin 1

Hyperglycemia reduces
autophagic flux

Additional suppression of autophagy
by 3-MA or shAtg7 and shbeclin 1
attenuates high glucose-induced CM death

Kobayashi
et al. (49)

Arrhythmia Rabbit Lentivirus-mediated
Atg7 knockdown or
(CQ)

Autophagic flux is markedly
activated in AF patient and
rabbit model

Atg7 knockdown or CQ restored the shortened
atrial effective refractory period and
alleviated the AF vulnerability by inhibiting
autophagy in rabbit

Yuan et al.
(50)

3-MA ¼ 3-methyladenine; AF ¼ atrial fibrillation; ALDH2 ¼ aldehyde dehydrogenase 2; Atg7 ¼ autophagy-related protein 7; CAIF ¼ cardiac autophagy inhibiting factor; CM ¼ cardiomyocyte;
CQ ¼ chloroquine; DOX ¼ doxorubicin; GATA4 ¼ GATA binding protein 4; HDAC ¼ histone deacetylase; H/R ¼ hypoxia-reoxygenation; I/R ¼ ischemia-reperfusion; LncRNA ¼ long noncoding ribonucleic acid;
miR-30 ¼ microribonucleic acid 30; sh ¼ short hairpin; TAC ¼ transverse aortic constriction.
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molecular mechanisms through which excessive
autophagy induces cell death and, consequently, in-
terventions to alleviate cell death induced by auto-
phagy in these cardiac conditions may not be
identical. For example, inhibition of rubicon may not
be effective when a genetic defect responsible for a
lysosomal disease causes an irreversible defect in
lysosomal function.

If depletion of intracellular membranes is a key
facilitator of autosis, molecular interventions to
facilitate generation of the endomembrane system
may be considered to prevent the loss of intracellular
organelles during autosis. For example, testing
whether facilitating the production of membrane
phospholipid can restore cellular function and pre-
vent cell death would be of great interest.

In summary, autosis is an attractive therapeutic
target in cardiac disease because it is activated
through unique signaling mechanisms with a distinct
time course compared with other forms of cell death.
Thus, one could expect additive effects when autosis
inhibitors are applied in conjunction with existing
modalities of treatment. Further investigation should
be focused on identification of medical conditions in
which autosis is activated and the elucidation of un-
derlying signaling mechanisms.

CONCLUDING REMARKS

There is increasing evidence that cardiomyocytes
can die through autosis under some conditions. This
suggests that it may be possible to reduce the
extent of cardiomyocyte death and myocardial
injury in some conditions by targeting autosis. Even
if autophagy is initially activated as an adaptive
mechanism, it can become maladaptive in a time-
and dose-dependent manner. Thus, if autosis is
targeted for treatment of myocardial injury, it is
important to correctly evaluate the extent of auto-
phagy and identify the morphological and
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biochemical features of autosis to confirm that
autophagy is no longer protective in a given con-
dition. To date, several cardiac conditions have
been shown to exhibit very strong autophagy and
down-regulation of autophagy protects the heart in
such conditions. It will be interesting to test
whether autosis is observed in these conditions
and, if so, whether cardiac glycosides can reduce
cardiomyocyte death and improve cardiac function.
If autotic cell death is identified in a given condi-
tion, it would be important to investigate how
autophagy becomes dysregulated in that condition
and how autosis kills cardiomyocytes. Apoptosis can
be an orderly process and, thus, is physiological
under some conditions. It remains unclear whether
cardiomyocytes use autosis as a salutary mecha-
nism. Because marked accumulation of autophago-
somes is often accompanied by a mismatch between
autophagosome formation and lysosomal degrada-
tion, how the mismatch takes place and amplifies
the accumulation of autophagosomes should be
clarified. Because beclin 1–interacting proteins,
including Naþ,Kþ-ATPase and cardiac glycosides,
have been shown to be involved in autosis, it will
be interesting to further investigate how beclin 1,
rubicon, Naþ,Kþ-ATPase, and possibly other inter-
acting proteins induce cell death. By conducting a
genome-wide small, interfering ribonucleic acid
screen, Fernandez et al. (22) identified potential
mediators of autosis besides Naþ,Kþ-ATPase,
including some involved in ion transport and cell-
to-matrix adhesion. Further investigation to deter-
mine how those molecules participate in autosis
would clarify the molecular mechanism of autosis.
It would also be interesting to test whether chemi-
cal inhibitors against the molecules identified by
the small, interfering ribonucleic acid screen can
inhibit cardiac autosis in response to I/R. Because
disappearance of intracellular organelles is an
important feature of autosis and is likely to induce
cellular malfunction, molecular mechanisms
through which dysregulation of autophagosome
formation leads to the disappearance of intracellular
organelles should also be investigated. Elucidation
of the underlying molecular mechanism of autosis
should provide multiple options for identifying the
occurrence more easily and conveniently and,
eventually, should allow for the development of
novel and selective interventions to treat cardiac
disease. Because specific therapy for autosis has
never been combined with therapies for other forms
of cell death and because autosis occurs with a time
course different from that of other forms of cell
death, the development of a specific therapy for
autosis could potentially represent a breakthrough
in the treatment of myocardial I/R injury. Thus,
further investigation regarding autosis in the heart
is warranted.
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Sadoshima, Department of Cell Biology and Molecular
Medicine, Cardiovascular Research Institute, Rutgers
New Jersey Medical School, 185 South Orange
Avenue, MSB G609, Newark, New Jersey 07103.
E-mail: sadoshju@njms.rutgers.edu.
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