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Abstract All multicellular organisms develop during
evolution the highly regulated and interconnected path-
ways of cell death. This complex network contributes to
the pathogenesis of various cardiovascular disorders
including ischemia/reperfusion injury, myocardial infarc-
tion, heart failure, dysrhythmias and atherosclerosis.
Chronic cardiac remodeling response and transition to
overt HF have been associated with modestly increased
apoptosis, although the actual burden of chronic cell loss
attributable to apoptosis is not clear. Central mediators of
cardiomyocyte survival and death are the mitochondrial
organelles. Based on its morphological characteristics, cell
death can be classified into three major types: apoptosis,
necrosis and autophagy. Recently, a new pathway of reg-
ulated necrosis, necroptosis, has also been reported in the
failing heart. The mitochondrial (intrinsic) and the death-
receptor-mediated (extrinsic) converge at mitochondria
inducing release of mitochondrial apoptogens to initiate the
caspase cascade and eventually degradation of the doomed
cardiomyocyte. Activation of death receptors can initiate
not only extrinsic apoptotic pathway, but also necrosis. On
the other hand, autophagy, which is characterized by the
massive formation of lysosomal-derived vesicles, contain-
ing degenerating cytoplasmic contents, is primarily a sur-
vival response to nutrient deprivation, and a selective form
of autophagy, mitophagy, is also a protective mechanism
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that allows to eliminate damaged mitochondria and thereby
to attenuate mitochondria-mediated apoptosis and necrosis
in the myocardium. Further insight into the molecular
mechanisms underlying cell death will increase the effi-
ciency and repertoire of therapeutic interventions available
in cardiovascular disease.
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Introduction

The absolute percentage of apoptotic cardiac myocytes in
the failing human heart is low. However, the percentage of
cardiac myocyte apoptosis is still 10- to 100-fold higher
than that observed in control hearts. These data suggest that
in HF low but elevated levels of cardiac myocyte apoptosis
result over time in a cumulative loss of cardiac myocytes
and therefore HF. Experimental models have substantiated
the sufficiency of clinically relevant degrees of apoptosis to
induce HF, as well as the necessity of myocyte apoptosis
for the development of HF [1].

According to Hein et al. [2], cardiac myocyte necrosis
may play a role in HF. Cardiac myocyte-specific transgenic
overexpression of the B2-o subunit of the L-type Ca®"
channel resulted in Ca®* overload, mitochondrial perme-
ability transition pore (MPTP) opening, necrosis and car-
diac dysfunction. The phenotype was rescued by deletion
of peptidylprolylisomerase F encoding cyclophilin D, but
not overexpression of Bcl-2, suggesting that HF in this
model is attributable to cardiac myocyte necrosis. Transi-
tion to HF occurs by fibrosis and myocyte degeneration
partially compensated by hypertrophy involving DNA
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synthesis and transcription. Cell loss, mainly by autophagy
and oncosis, contributes significantly to the progression of
LV systolic dysfunction [2].

Autophagy can be considered as a third type of cell
death, but in contrast to necrosis, autophagic cell death
similar to apoptosis is characterized by the absence of
tissue inflammatory response. Also, in contrast to apopto-
sis, which is characterized by early collapse of cytoskeletal
elements but with preservation of organelles until late in
the process, autophagic cell death exhibits early degrada-
tion of organelles and preservation of cytoskeletal elements
until later stages.

Moreover, autophagy-related protein-5 deletion precip-
itates ventricular enlargement and cardiac dysfunction after
hemodynamic overload, implying that autophagy is a
compensatory mechanism during HF. Thus, autophagy
may be protective in response to some cardiomyopathic
stimuli and pathogenic in response to others.

Although various cardiovascular cells, such as car-
diomyocytes, endothelial cells, vascular smooth muscle
cells, fibroblasts and infiltrating inflammatory cells, are
implicated in response to oxidative stress and critical for
heart function, in this review, we will focus primarily on
cardiomyocytes and discuss recent progress in our under-
standing of the molecular mechanisms of apoptosis
extrinsic pathway, necrosis and autophagy, and these
mechanisms combined may be sufficient to account for the
progression of HF.

Mechanisms of cell death

Cells die primarily by either apoptosis or necrosis. Apop-
tosis is a highly regulated mode of cell suicide [3].
Although necrosis has traditionally been regarded as pas-
sive, recent data indicate that a substantial proportion of
necrotic deaths are actively executed by the cell in a highly
regulated manner. This form of necrosis is sometimes
referred to as regulated or programmed. Indeed, both
apoptosis and necrosis may play critical roles in normal
biology including prenatal development and postnatal
homeostasis [4].

These pathways, which mediate both apoptosis and
necrosis, are linked by multiple biochemical and functional
connections. Extrapolating this degree of connectivity, the
possibility is raised that these cell death mechanisms
comprise a single unified death mechanism.

Apoptosis induced through activation
of the extrinsic pathway and necrosis

Since the intrinsic mitochondrial pathway topic is dis-
cussed in another review in this spotlight, here it is sufficed
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to say that this pathway involves both mitochondria and the
endoplasmic reticulum.

In the death receptor or extrinsic pathway (Fig. 1), a
variety of death ligands bind their cognate receptors to
trigger cell death. Some of these ligands are soluble, e.g.,
tumor necrosis factor [TNF]-o, and some are bound to the
surface of other cells, e.g., Fas ligand. The efficiency of
these ligands to induce death varies with cell type. Recent
observations have shown that the same death ligands may
induce apoptosis or necrosis, and the choice is principally
mediated by downstream events.

Binding of ligand to receptor induces the formation of
either of two multiprotein complexes: the death-inducing
signaling complex (DISC) and complex I [5]. The DISC
signals apoptosis, whereas complex I can signal either
apoptosis, necrosis, or promote cell survival. The DISC has
been studied intensively in the context of Fas ligand/Fas
signaling and complex I in the setting of TNF/TNF
receptor 1 signaling. TNFR1-induced apoptosis involves
two sequential signaling complexes [5]. The initial plasma-
membrane-bound complex (complex I) consists of TNFRI1,
the adaptor TRADD, the kinase RIP1, and TRAF2 and
rapidly signals activation of NF-kB. In the second step,
TRADD and RIP1 associate with FADD and caspase-8 and
form a cytoplasmic complex (complex II). When NF-kB is
activated by complex I, complex II harbors the caspase-8
inhibitor FLIP(L), and the cell survives. Therefore,
TNFR1-mediated-signal transduction includes a check-
point, resulting in cell death (via complex II) in instances
where the initial signal (via complex I, NF-«xB) fails to be
activated. However, which ligand/receptor combinations
use the DISC versus complex I is still unclear.

In DISC formation, the binding of death ligand induces
a conformational change in the cytosolic domain of the
death receptor (DR), which recruits an adaptor protein
(Fas-associated via death domain, TNF receptor-associated
death domain) [6]. This adaptor protein, in turn, binds
upstream procaspase-8 or procaspase-10 to form the DISC
[6, 7]. Procaspases are the zymogen form of caspases,
cystenyl proteases that cut after aspartic acid residues [8].
Within the DISC, procaspase-8 and procaspase-10 are
activated through a forced proximity mechanism [9, 10].
Once activated, these caspases cleave and then activate
downstream procaspase-3 and procaspase-7. Caspase-3 and
caspase-7 then cut multiple cellular proteins to bring about
apoptotic death through mechanisms that are incompletely
understood. In most cells, activation of the extrinsic path-
way alone is not enough to kill and requires amplification
through the intrinsic pathway. One means by which
amplification is achieved is through the cleavage of the
B-cell lymphoma-2 (Bcl-2) family protein BH3-interacting
domain death agonist (Bid) by caspase-8, after which
truncated Bid translocates to the mitochondria and
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Fig. 1 Extrinsic apoptotic pathway. The extrinsic or death receptor
pathway is triggered by binding of death ligands (e.g., FasL, TNF-a or
TRAIL) to their cognate receptors. Engaged death receptors recruit
the adaptor protein FADD, which in turn recruits receptor-interacting
protein kinase 1 (RIP1), cellular inhibitor of apoptosis proteins
(cIAP), Flice inhibitor proteins (FLIP) and procaspase-8 (or procas-
pase-10), assembling the death-inducing signaling complex (DISC).

contributes to outer mitochondrial membrane (OMM)
apoptotic events that are described below [11].

In the assembly of complex I, the binding of death
ligand to receptor recruits TNF receptor-associated death
domain, which recruits receptor-interacting protein 1
(RIP1, a serine/threonine kinase), cellular inhibitor of
apoptosis proteins (IAP) 1 and 2, and TNF receptor-asso-
ciated factor 2 and 5 [5]. RIP1 undergoes K63-polyubiq-
uitination by cellular IAP 1 and 2 [12, 13]. This provides a
platform for the recruitment of additional kinases that
activate nuclear factor-xB, resulting in the transcription of
survival proteins. However, after dissociation of DR,
endocytosis, deubiquitination of RIP1 and recruitment of a
Fas-associated via death domain-RIP3 complex, complex I
morphs into complex II [14, 15]. Complex II signals
apoptosis when Fas-associated via death domain recruits
procaspase-8 leading to its activation by forced proximity
[5, 10]. Caspase-8 not only activates downstream caspases
to bring about apoptosis, it also cleaves RIP1 and RIP3

Effector caspases:
caspase-3, -6, -7

—
-

DISC formation triggers activation of caspase-8 (or caspase-10),
which in turn cleaves and activates downstream effector procaspases
(e.g., caspase-3, caspase-6 and caspase-7). Caspase-8 can also cleave
Bid to generate its truncated form tBid, which translocates to
mitochondria to contribute to activation of mitochondrial permeabi-
lization. cIAP attenuate caspase activation

abrogating their ability to signal necrosis [16]. If caspase-8
activity is inhibited experimentally or by certain viral or
cancer proteins, apoptosis is blocked, obligating the cell to
undergo necrosis in this pathway [17, 18]. Necrosis is
triggered by the interaction of RIP1 with RIP3 (Fig. 2), a
second serine/threonine kinase, resulting in a complex
series of crossphosphorylation events. Necrostatin-1, a
small molecule inhibitor of the kinase activity of RIPI,
ablates necrosis in the DR pathway [19]. Events in this
pathway downstream of RIP1 and RIP3 are incompletely
understood, but may include phosphorylation by RIP3 of
mixed lineage kinase domain-like protein [20]. Phospho-
glycerate mutase 5, a mitochondrial phosphatase [21], and
certain catabolic enzymes (glutamate dehydrogenase 1,
glutamate ammonia ligase and glycogen phosphorylase)
potentially elicit necrosis through the generation of reactive
oxygen species [22]. Moreover, ROS-mediated DNA
damage leads to overactivation of poly(ADP-ribose)
polymerase 1, a nuclear enzyme that consumes
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Fig. 2 Necrotic cell death. Engagement of death receptor TNFR1
triggers the assembly of the membrane-proximal complex I composed
of TNFR1, TRADD, RIP1, cIAP1/2 and TRAF2/5. Complex I can
mediate through TAKI1 recruitment activation of NF-kB pathway
leading to upregulation of survival genes. Depending on context,
complex I can also undergo endocytosis resulting in dissociation of
TNFR1, deubiquitination of RIP1 by CYLD and A20 and recruitment
of FADD and procaspase-8 to form complex II. Within complex II,

nicotinamide adenine dinucleotide leading to significant
ATP consumption, a key feature of necrosis [19]. Other
downstream events that have been implicated in DR
necrosis signaling include activation of calpains, phos-
pholipases, lipoxygenases and sphingomyelinases, and
permeabilization of lysosomes [23].

Autophagy

The continuous renewal of cellular components requires
the removal of worn-out and damaged macromolecules and
defective organelles (e.g., mitochondria) for recycling and
replacement with newly synthesized ones (Fig. 3). Several
complementary degradation systems are employed in the
turnover of cellular components. Proteins are digested by a
variety of proteases including calcium-dependent neutral
proteases (calpains) and multicatalytic proteinase com-
plexes (proteasomes) [24, 25]. More long-lived proteins,
other macromolecules, cell membranes and damaged
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procaspase-8 is activated and can promote apoptosis by activating the
caspase cascade. Caspase-8 can also cleave and inactivate RIP1 and
RIP3 inhibiting thereby either necrosis or pro-survival NF-kB-
mediated pathway. However, if caspase-8 is inhibited or deleted,
RIP1 recruits RIP3 to the complex, where they are phosphorylated,
and complex II promotes MPTP opening via its subunit CypD
activating eventually necrosis

organelles, such as mitochondria, are turned over by a
highly conserved process involving intralysosomal degra-
dation termed autophagy. Multiple specialized proteolytic
systems including matrix-associated Lon protease and the
membrane-bound AAA proteases are implicated in this
pathway [26, 27].

Cell death in heart failure
Apoptosis

The absolute percentage of apoptotic cardiac myocytes in
the failing human heart is low (0.08-0.25 % as assessed by
TUNEL). However, this percentage of cardiac myocyte
apoptosis is 10- to 100-fold higher than that observed in
control non-failing hearts (0.001-0.01 %) [28, 29]. These
data support the notion that low but increased levels of
cardiac myocyte apoptosis result over time in cumulative
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Fig. 3 Schematic representation of autophagic cell death. Various
sublethal stress stimuli induce autophagy through inhibition of the
mTOR complex 1 (mTORCI1) or activation of the class III PI3K
(Vps34). Upon normal nutrient conditions, mTORCI is associated
with and inhibits the ULK1/2 complex. Starvation inhibits the
mTORCI1 and induces its dissociation from the ULK1/2 complex.
This dissociation is coupled to activation of ULKI1 kinase activity
leading to the activation of autophagy-mediating machinery via
largely unknown mechanism. Beclin 1 (BECN1) along with Vps34,
Vpsl5 and Ambral form the BECN1 core complex, which is further
activated by the interaction with UVRAG and Bif-1 to initiate vesicle
nucleation. Rubicon interacts with the BECNI core complex

loss of cardiac myocytes and HF. This possibility was first
tested in transgenic mice with a conditionally activated
procaspase-8 allele, which showed that rates of cardiac
myocyte apoptosis as low as 0.023 % elicited a lethal
dilated cardiomyopathy (DCM). Control mice overex-
pressing an enzymatically dead procaspase-8 remained
normal [1]. Interestingly, these levels were up to tenfold
lower than those observed in failing human hearts. Con-
versely, inhibition of cardiac myocyte death in this murine
model largely prevents the development of cardiac dilation
and contractile dysfunction. These data reveal the suffi-
ciency of clinically relevant levels of apoptosis to induce
HF.

The necessity of cardiac myocyte apoptosis for HF has
been also tested using pan-caspase inhibition in an exper-
imental model of peripartum cardiomyopathy induced by
cardiac-specific overexpression of Gaq, a surrogate for
humoral stimuli in HF [30]. Pregnancy precipitated lethal

negatively regulating autophagy. A complex cascade of the ATG-
ubiquitin conjugation events mediates elongation of the pre-au-
tophagosome and attachment to damaged organelles and protein
aggregates. Maturation of the pre-autophagosome followed by its
closure generates the double-membrane autophagosome. The mature
autophagosome fuses with lysosome delivering its contents for
degradation by the lysosomal enzymes. p53 regulates autophagy in
dual fashion: Basal p53 levels (p53,) inhibit AMPK relieving
mTORC]1-mediated suppression of autophagy, while stress-activated
P53 (p53,) induces autophagy through both AMPK activation and
transcriptional upregulation of PTEN and DRAM

HF in 30 % of Goq transgenic mice. Pre-treatment with a
pan-caspase inhibitor reduced cardiac myocyte apoptosis,
preserved heart function and rescued mortality. Moreover,
reduction in cardiac myocyte apoptosis by caspase inhibi-
tion improved left ventricular function and survival in
pregnant Go(q) mice. These data therefore confirm the
necessity of cardiac myocyte apoptosis for HF. This con-
cept was also confirmed in other models; for example, after
MI in mice, deletion of Bcl-2/adenovirus E1B 19kD-in-
teracting protein 3, a BH3-like protein, reduced patholog-
ical remodeling in the periinfarct zone and the resultant HF
in 3 weeks [31]. Immediately following ischemia reperfu-
sion (IR), no significant differences were observed between
Bnip3(—/—) and WT mice. However, at 2 days after IR,
apoptosis was diminished in Bnip3(—/—) periinfarct and
remote myocardium, and at 3 weeks after IR, Bnip3(—/—)
mice exhibited preserved LV systolic performance,
diminished LV dilation and decreased ventricular
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sphericalization. Forced cardiac expression of Bnip3
increased cardiomyocyte apoptosis in unstressed mice
causing progressive LV dilation and diminished systolic
function. On the other hand, conditional Bnip3 overex-
pression prior to coronary ligation increased apoptosis and
infarct size.

Necrosis

In contrast to apoptosis, necrotic cell death is not energy-
requiring and exhibits characteristic features that include
swelling of the cell and its organelles, extensive mito-
chondrial disruption, blebbing and ultimately irreversible
disintegration of the plasma membrane. Necrotic disruption
of the plasma membrane leads to release of cellular content
into the extracellular space (e.g., release of CK from
necrotic myocardial cells), which promotes further
inflammatory reaction and subsequent damage or death of
neighboring cells. Honda et al. [32] have shown that in the
absence of phagocytic cells, which remove damaged
apoptotic cells, plasma membrane disruption of apoptotic
cells can occur leading to secondary necrosis. Furthermore,
shared signaling pathway elements between these different
modes of cell death include mitochondrial-based events
such as mitochondrial permeabilization and dysfunction
(i.e., both involve MPTP opening), although the mecha-
nistic basis of mitochondrial injury appears to vary in
different settings [33]. ATP level is a critical factor
determining which type of cell death will proceed [34-36].
If ATP levels fall profoundly, plasma membrane perme-
abilization and cell rupture will lead to necrosis. If ATP
levels are partially maintained, apoptosis, which requires
ATP for its progression, follows MPTP opening. In trans-
genic mice with enhanced sarcolemmal L-type Ca’*t
channel activity, progressive myocyte necrosis has led to
pump failure and premature death. Importantly, in this
model, necrosis associated with dysregulated Ca®" han-
dling, B-adrenergic receptor signaling and subsequent HF
could be prevented by the targeted loss of cyclophilin D, a
regulator of the MPTP [37].

Cardiac myocyte necrosis may also play an important
role in HF. Inducible transgenic mice with enhanced sar-
colemmal L-type Ca®" channel (LTCC) activity showed
progressive myocyte necrosis that led to pump dysfunction
and premature death, effects that were dramatically
enhanced by acute stimulation of B-adrenergic receptors.
Enhanced Ca”" influx-induced cellular necrosis and car-
diomyopathy were prevented with either LTCC blockers or
B-adrenergic receptor antagonists, demonstrating a proxi-
mal relationship among [-adrenergic receptor function,
Ca®*" handling and HF progression through necrotic cell
loss. Indeed, cardiac myocyte-specific transgenic overex-
pression of the B2-or subunit of the L-type Ca®" channel
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resulted in Ca®" overload, MPTP opening, subsequent
necrosis and cardiac dysfunction [37]. This phenotype was
rescued by deletion of peptidylprolyl isomerase F encoding
cyclophilin D, a mitochondrial matrix peptidylprolyl iso-
merase known to modulate opening of the MPTP encoded
by the Ppif gene, but not overexpression of Bcl-2, sug-
gesting that HF in this model is attributable principally to
cardiac myocyte necrosis. Doxorubicin-induced car-
diomyopathy was ameliorated by knockout peptidylprolyl
isomerase F. In contrast to MI, involvement of necrosis in
HF is somewhat unexpected, and its role is probably minor.

Recently, a new pathway of regulated necrosis,
necroptosis, has been reported in the failing heart. Since
this type of cell death is comprehensively discussed in
another review within this thematic issue, here it is suffice
to say that this type of cell death shows morphological
features of both passive necrosis and autophagic cell death.

Autophagy-associated cell death

While autophagy-associated cell death has been considered
the most common form of cellular demise during HF, more
robust data concerning the relationship of autophagy and
HF have been provided by genetic loss- and gain-of-
function studies [38].

Autophagy protein-5 deletion precipitates ventricular
enlargement and cardiac dysfunction after hemodynamic
overload implying that autophagy is a compensatory
mechanism during HF. In keeping with its role in disposing
of defective proteins, autophagy plays a protective role in
HF initiated by proteotoxicity. Thus, autophagy may be
protective in response to some cardiomyopathic stimuli and
pathogenic in response to others.

A study of failing human hearts has suggested that
autophagy-associated cell death is the most common form
of cellular demise in HF [39]. Explanted hearts from 19
patients with idiopathic dilated cardiomyopathy (IDC) and
seven control hearts were analyzed. Myocyte apoptosis
estimated by caspase-3 activation and TUNEL staining
occurred at a rate of 0.002 & 0.0005 % (P < 0.05 versus
control), and oncosis assessed by complement 9 labeling at
0.06 £ 0.001 % (P < 0.05). Cellular degeneration includ-
ing appearance of ubiquitin containing autophagic vacuoles
and nuclear disintegration was present at the ultrastructural
level. Nuclear and cytosolic ubiquitin/protein accumula-
tions occurred at 0.08 £ 0.004 % (P < 0.05). The ubiqui-
tin-activating enzyme El1 and the ligase E3 were not
different from control. In contrast, ubiquitin mRNA levels
were 1.8-fold (P < 0.02) elevated, and the conjugating
enzyme E2 was 2.3-fold upregulated (P < 0.005). There
was a 2.3-fold downregulation of the deubiquitination
enzyme isopeptidase-T and 1.5-fold reduction of the
ubiquitin-fusion  degradation  system-1, which in
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conjunction with unchanged proteasomal subunit levels
and proteasomal activity resulted in massive storage of
ubiquitin/protein complexes and in autophagic cell death.
However, it should be noted that the markers used to
diagnose various forms of cell death were not specific.

Autophagy can be considered as a third type of cell
death, but in contrast to necrosis, autophagic cell death,
similar to apoptosis, is characterized by the absence of
tissue inflammatory response. Also, in contrast to apopto-
sis, which is characterized by early collapse of cytoskeletal
elements with preservation of organelles until late in the
process, autophagic cell death exhibits early degradation of
organelles and preservation of cytoskeletal elements until
later stages. In addition, unlike apoptosis, caspase activa-
tion and DNA fragmentation occur very late (if at all) in
autophagic cell death [40]. Although the information cur-
rently available concerning involved signaling pathways
and interaction with mitochondria is rather limited,
autophagy appears to be triggered by mitochondrial ROS.
The role(s) of defective mitochondria in autophagosome
biogenesis and in selective cell removal in aging are being
actively explored [41].

Steps involved in autophagy include: (1) formation of a
double-membrane-enclosed vacuole (autophagosome)
within the cell; (2) sequestering of the material to be
degraded into an autophagosome; (3) fusion of the
autophagosome with a lysosome or a late endosome and (4)
the enzymatic degradation of the sequestered materials by a
large spectrum of lysosomal enzymes (i.e., acid hydrolase
or lysosomal acid lipase). Variations on this theme include
the lysosomal incorporation of cytoplasmic components
without a preliminary sequestration through invaginations
of the membrane (microautophagy as compared to
macroautophagy) and a process termed chaperone-medi-
ated autophagy in which particular cytosolic proteins are
selectively transported to lysosomes by molecular chaper-
ones, including several heat-shock proteins (HSP) [42, 43].
Multiple signaling pathways including target of rapamycin
(TOR) or mammalian target of rapamycin (mTOR),
phosphatidylinositol 3-kinase-I (PI3K-I)/PKB, various
GTPases, calcium and protein synthesis contribute to
autophagy. Evolutionary conserved autophagy-related
proteins (Atg proteins), involved in autophagosome for-
mation and function, have been identified in yeast, worms,
fruit flies and mammals [44].

Two Atg proteins (Atgl2 and Atg8) have been found to
be ubiquitin-like proteins indicating that ubiquitination
may be involved in autophagic degradation, in addition to
its well-documented role in targeting proteins for degra-
dation by the proteasome [45].

Autophagy of defective mitochondria, peroxisomes and
possibly other organelles may be selective rather than
random. The term “mitophagy” has been introduced to

describe selective autophagic removal of damaged mito-
chondria [46]. It will be of interest to find out whether this
selective mechanism is affected in HF and whether it plays
a role in selective degradation of mitochondria containing
high levels of mtDNA mutations preventing thereby their
accumulation [46].

Quantification of autophagic activity using “autophagy
reporter” was carried out by Zhu et al. [47] in mice and
found that cardiomyocyte autophagy can be induced by
short-term nutrient deprivation in vivo. Pressure overload
induced by aortic banding was followed by HF associated
with markedly increased cardiac autophagy. Load-induced
autophagic activity peaked at 48 h and remained signifi-
cantly elevated for at least 3 weeks. Interestingly, autop-
hagic activity has not been spatially homogeneous, but
rather has been seen at particularly high levels in specific
areas of the heart such as the basal septum. Heterozygous
disruption of the gene coding Beclin 1, a protein required
for early autophagosome formation, decreased cardiomy-
ocyte autophagy and diminished pathological remodeling
induced by severe pressure stress. Conversely, Beclin 1
overexpression heightened autophagic activity and accen-
tuated pathological remodeling. These findings suggest that
autophagy is implicated in the pathogenesis of load-in-
duced HF, and autophagy-mediated factors may be
important targets for therapeutic intervention.

In a hamster model of cardiomyopathy, myocardial
autophagy-related proteins, such as ubiquitin, cathepsin D
and Rab7, have been upregulated and autophagic degen-
eration and death have been found to be important con-
tributors to the loss of cardiomyocyte function [48].
Treatment with granulocyte colony-stimulating factor
(G-CSF) has significantly improved survival, cardiac
function and remodeling in these animals, and such bene-
ficial effects have been accompanied by a reduction in
autophagy, an increase in cardiomyocyte size and a
reduction in myocardial fibrosis.

The interaction between deficient mitochondria and
lysosomes has received attention as a potentially critical
element of aging, since both organelles appear to suffer
from significant age-related alterations in post-mitotic
cells. Interestingly, in multiple aging cell-types, an
increasing number of senescent mitochondria undergo both
enlargement and gradual structural alterations including
loss of cristae and swelling associated with decreased
capacity to produce energy. In addition, the aging heart
markedly increases the amount of oxidative damaged
cytosolic proteins and results in a surfeit of increasingly
indigestible (due to cross-linking) macromolecules, which
comprise the lysosomal substrates including the aging-re-
lated deposition of the undegradable pigment lipofuscin,
most of which is refractory to removal by exocytosis [49].
Moreover, the activities of both the proteasomal system
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and the lysosomal proteases have been shown to be
markedly decreased in post-mitotic human fibroblasts cul-
tured under hyperoxic conditions to facilitate age-related
oxidative senescence [50]. Lysosomes from 22-month-old
rats show lower rates of chaperone-mediated autophagy,
and both substrate binding (due to lower levels of specific
receptors) to the lysosomal membrane and transport into
lysosomes decline with age [43]. Therefore, given that
lysosomes responsible for mitochondrial removal experi-
ence a decrease in their activity, it is not surprising that the
rate of total mitochondrial protein turnover declines with
age [51]. Several mechanisms may potentially contribute to
the age-related accumulation of damaged mitochondria
following initial oxidative injury, including the clonal
expansion of defective mitochondria, a reduction in the
number of mitochondria targeted for mitophagy, sup-
pressed autophagy because of the increased load of
undegradable and irreversibly oxidized substrate, and
decreased efficiency of specific proteases [52].

Abnormal autophagic degradation of damaged macro-
molecules and organelles, termed biological “garbage,” is
also considered as an important contributor to death of
post-mitotic cells, including cardiomyocytes. A dramatic
accumulation of small mitochondria has been found in
cardiomyocytes treated with 3-methyladenine (3-MA) to
inhibit autophagocytosis, whereas the number of large
organelles is increased only slightly suggesting that small
mitochondria are autophagocytosed more efficiently [53].
However, the mechanism of the selective recruitment of
damaged mitochondria to autophagosomes remains to be
determined.

A further consequence of aging-induced accumulation
of oxidized substrates is lysosomal rupture. Due to autop-
hagy and degradation of iron-containing proteins, such as
iron-containing metalloproteins, including cytochromes
and ferritin, lysosomes contain a pool of redox-active iron,
which makes these organelles particularly susceptible to
oxidative damage; chelation of the intralysosomal pool of
redox-active iron prevents these effects. OS above a certain
limit causes lysosomal rupture due to intralysosomal iron-
catalyzed peroxidative reactions [54, 55]. Moderate release
of hydrolytic lysosomal enzymes to the cytosol can initiate
mitochondrial apoptotic pathway, whereas a more pro-
nounced release of lysosomal enzymes can result in
necrotic cell death [56]. This interrelated mitochondrial
and lysosomal damage can eventually lead to functional
failure and death of cardiomyocytes. Hence, while under
some conditions (e.g., ischemia), autophagy may provide
cardioprotection and stress resistance to chronic ischemic
insult [57], and autophagy can also lead to detrimental loss
of cardiomyocytes. Autophagic cell death has been well
documented in myocardial cells from hypertrophied, fail-
ing and hibernating myocardium, although its role in the
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cardiomyopathy of the aging heart remains to be deter-
mined and quantitated [58].

Loss of membrane potential, fission of mitochondria and
ubiquitination are important steps that direct specific
autophagic degradation of mitochondria [59], a mechanism
which is paramount for normal cardiac function during a
life span [60].

Transgenic mice haplo-insufficient for the autophagy
gene Beclin 1 have reduced autophagic activity and
improved cardiac function in HF induced by pressure
overload. Consistently, mice carrying a cardiac-specific
aMHC-Beclinl transgene, to increase autophagic capacity,
are more sensitive to pressure overload [47]. This finding
suggests that in the context of pressure overload, autophagy
may be maladaptive [59]. On the other hand, in the failing
heart, upregulation of autophagy may be an adaptive
response [40]. Complete loss of autophagy, as in the mice
with a cardiomyocyte-specific disruption of Atg5, results in
increased sensitivity to pressure overload [41].

Conceivably, mitophagy might be a significant target in
the treatment of HF and other cardiovascular diseases.
However, as it has been suggested by Iglewski et al. [59], it
is critical for the initiation of efficient therapeutic treatment
to determine at which stage mitophagy is adaptive and
when it is maladaptive. Indeed, excessive mitophagy may
deplete the mitochondrial population, and if it falls below
the required level to maintain cardiomyocyte integrity will
lead to deterioration in cardiac function and eventually to
the death of individual cardiomyocytes. On the other hand,
failure to remove damaged mitochondria could increase
cellular damage from excessive ROS generated by defec-
tive mitochondria. Obviously, further research on how to
control these processes in the management of HF appears
to be a significant challenge to be overcome.

Discussion

In comparison with the massive, short-lived burst of cell
death happening during myocardial infarction (MI), the
absolute magnitude of cell death (by TUNEL) in failing
human hearts is quite low (0.08-0.25 % of cardiac myo-
cytes), but is of orders of magnitude higher than in control
hearts (0.001-0.01 %) [29]. Moreover, cardiac myocytes
continue to die over the course of advanced HF, suggesting
that low levels of cell death could lead to significant
cumulative cardiac myocyte loss. Multiple studies have
demonstrated that cardiac myocyte apoptosis is a critical
component in the pathogenesis of HF. Transgenic experi-
ments demonstrate that very low levels of cardiac myocyte
apoptosis are sufficient to cause a lethal cardiomyopathy
[1]. Moe et al. [61] have previously reported that early and
continuous activation of myocardial apoptosis and pro-
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apoptotic factors may be an important mechanism that
contributes to the progression of HF in canine pacing-in-
duced cardiomyopathy. Conversely, genetic inhibition of
cardiac myocyte apoptosis ameliorates HF induced by a
variety of stimuli.

The frequency of necrosis in HF models has not yet been
studied intensively. Because abnormalities in Ca” handling
are a component of HF and also a trigger of MPTP open-
ing, transgenic mice have been created with inducible,
cardiac-specific overexpression of the 32-o subunit of the
L-type Ca” channel [37].These mice exhibit Ca® overload,
spontaneous myocardial necrosis and HF. Interestingly,
this phenotype is rescued by the deletion of cyclophilin D
(but not Bcl-2 overexpression), implicating necrosis (but
not apoptosis) as a causal component in pathogenesis. This
conclusion was also tested in a more clinically relevant
model of HF, doxorubicin-induced cardiomyopathy. The
absence of cyclophilin D confers significant protection
against HF in this model. Taken together, these data raise
the possibility of a role for cardiac myocyte necrosis in HF.

Besides ROS-mediated damage and cell death leading to
cardiac remodeling and eventually to HF, other processes
in mitochondria may affect the development and progres-
sion of this devastating disease. In cardiomyocytes, atten-
uation of autophagy, which appears to be cardioprotective,
can lead to apoptosis during IR injury, contributing thereby
to the development of HF. Mitophagy, induced in response
to ischemic stress, mediates the selective autophagic
elimination of dysfunctional mitochondria [62, 63]. Albeit
an essential role for mitochondrial dynamics in autophagy
has been suggested, the mechanistic link of these processes
to the pathogenesis of cardiac disease remains to be
established [64, 65].

That the genetic machinery of autophagy may be
essential for cell death in certain settings was recently
confirmed by Liu and Levine [66]. They identified a novel
form of autophagy gene-dependent cell death, termed
autosis, which is mediated by the Na"K*-ATPase pump
and has specific morphological features. As occurs with
treatment with autophagy-inducing peptides, starvation,
or in vivo during certain types of ischemia, high levels of
cellular autophagy can trigger autosis. As the authors
indicated, these findings provide new insights into the
mechanisms and new strategies to prevent cell death during
extreme stress conditions.

All things considered, the complexity of the signaling
pathways and regulatory mechanisms impinging on cell
death will require an integrative approach to bring together
diverse information obtained from functional and genome-
scale data (genomics, transcriptomics, proteomics, inter-
actomics) analyses across a number of experimental and
clinical contexts [67].

Conclusions

e All multicellular organisms develop during evolution
the highly regulated and interconnected pathways of
cell death.

e While cell death has initially been considered as an
accidental process, it is now well recognized that many
aspects of cell death are tightly regulated.

e Based on its morphological characteristics, cell death
can be classified into three types: apoptosis, necrosis
and autophagy.

e In comparison with the massive, short-lived burst of
cell death that occurs during MI, the absolute magni-
tude of cell death in the failing human heart is quite
low, but is of orders of magnitude higher than in control
hearts

e Apoptosis and necrosis are mediated by distinct, while
overlapping central pathways

e Experimental models have substantiated the sufficiency
of clinically relevant degrees of apoptosis to induce HF,
as well as the necessity of myocyte apoptosis for the
development of HF.

e Activation of death receptors can initiate not only
extrinsic apoptotic pathway, but also necrosis.

e In the death receptor or extrinsic pathway, a variety of
death ligands bind their cognate receptors to trigger cell
death.

¢ Binding of ligand to receptor induces the formation of
either of two multiprotein complexes: the death-induc-
ing signaling complex (DISC) and complex I. The
DISC signals apoptosis, whereas complex I can signal
either apoptosis, necrosis, or promote cell survival.

e Cardiac myocyte necrosis may also play a role in HF.
Cardiac myocyte-specific transgenic overexpression of
the B2-ou subunit of the L-type Ca*" channel resulted in
Ca®* overload, MPTP opening, necrosis and cardiac
dysfunction

e Necrosis is triggered by the interaction of RIP1 with
RIP3, a second serine/threonine kinase, resulting in a
complex series of crossphosphorylation events.

e Autophagy can be considered as a third type of cell
death, but in contrast to necrosis, autophagic cell death
similar to apoptosis is characterized by the absence of
tissue inflammatory response.

e Autophagy, which is characterized by the massive
formation of lysosomal-derived vesicles, containing
degenerating cytoplasmic contents, is primarily a
survival response to nutrient deprivation.

e A study of failing human hearts suggested that
autophagy-associated cell death is the most common
form of cellular demise in HF.
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A selective form of autophagy, mitophagy, is a
protective mechanism that allows to eliminate damaged
mitochondria and thereby to attenuate mitochondria-
mediated apoptosis and necrosis in the myocardium.
Mitophagy might be a significant target in the treatment
of HF and other cardiovascular diseases. However, it
has been suggested that it is critical for the initiation of
efficient treatment to determine at which stage
mitophagy is adaptive and when it is maladaptive.
Since autophagy is implicated in the pathogenesis of
load-induced HF, autophagy-mediated factors may be
important targets for therapeutic intervention.
Heterozygous disruption of the gene coding Beclin 1, a
protein required for early autophagosome formation,
decreased cardiomyocyte autophagy and diminished
pathological remodeling induced by severe pressure
stress.

Autosis, a novel form of autophagy gene-dependent cell
death, has particular morphological features and is
mediated by the NatK"-ATPase pump.
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