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Apoptosis occurs in a wide variety of physiological
settings and diseases, including cardiovascular
diseases. The fact that features of both apoptosis
and necrosis are found in cardiomyocyte death
following ischemia/reperfusion (I/R) has prompted
research into ways of blocking specific events of
apoptosis. In isolated cardiomyocytes, reduction of
intracellular acidification or calcium accumulation,
activation of vacuolar proton ATPase,
and inhibition of caspases appear to exert a
protective effect, but whether this would translate
into preservation of the myocardium after I/R in
vivo remains to be determined. The apparent
"bottleneck" provided by caspase activation in
apoptosis is the current target of antiapoptotic
interventions, but other potential targets need to be
investigated, such as the Bcl family proteins,
or preconditioning. The hypothesis that inhibition
of the caspase cascade will reduce ischemic injury
remains to be tested in vivo. A direct causal
connection between apoptosis and progressive
myocyte loss in congestive heart failure has yet to
be established. However exciting the prospects of
therapeutic interventions based on modulation of
apoptosis may be, we should nevertheless be on the
lookout for unexpected adverse reactions.

A

poptosis is a term originally coined by Kerr,
Wyllie, and Currie1 to describe a form of cell
death characterized by cell shrinkage and
nuclear condensation, and derives from the
Greek term for the shedding of leaves or petals.
Subsequent investigation has shown this form of cell
death to be a physiologic, tightly regulated process
initiated by a cell in response to internal or external
cues. Because of its occurrence at defined times and
locations in development, it has also been termed
programmed cell death, and its occurrence has been
studied in detail in the nematode Caenorhabditis
elegans. Programmed cell death is also familiar to us
as the mechanism by which tadpoles lose their tails
and the resorption of interdigital webs in the
developing human fetus. It is a critical process during
embryogenesis, where remodeling requires highly
regulated cell death. Apoptosis occurs in all
multicellular organisms as the means to balance cell
proliferation in continuously renewing tissues in
order to maintain a constant organ size. An excess of
proliferation or a decrease in the frequency of apoptosis
leads to organ enlargement (hyperplasia), while a
decrease in cell proliferation or an increase in
apoptosis results in progressive loss of organ mass.
In the case of nonrenewing tissues, such as the brain
and myocardium, the development of any apoptosis
will be problematic. In the heart, as myocytes are lost,
an increased load may be placed on the remaining
cells; this in turn may promote further cell death,
as overstretch has been shown to promote apoptosis.

Keywords: apoptosis; cardiomyocyte; ischemia/reperfusion;
preconditioning; caspase; mitochondria; ion transport
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Three of the most important genes that control
apoptosis have been identified through studies of
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development in C elegans. The body plan of the adult
nematode calls for 1090 cells to be formed and for
131 cells to die during the course of development.
By mutational analysis, two genes were shown to be
essential for programmed cell death to occur,
designated ced-3 and ced-4 (C elegans death gene),
and one gene was shown to be essential for opposing
cell death, ced-9.2 Subsequent investigation has
shown that these genes are conserved throughout
evolution, being represented—with considerably
more complex-ity and diversity—in mammals.
The antiapoptosis gene ced-9 is represented by
the mammalian homolog bcl-2, which was first
identified as an oncogene created by a chromosomal
8;14 translocation in B-cell malignancies. The role of
the antiapoptotic protein, Bcl-2, and its relatives—
both antiapoptotic and proapoptotic—will be
discussed below. CED-3 is a cysteine protease with
the unusual characteristic of cleaving peptides after
aspartic acid residues. The first mammalian homolog
of CED-3 to be identified was interleukin-1ß
converting enzyme, or ICE. Subsequently, a family of
ten related cysteine proteases (“death proteases”)
have been identified, and have been designated as
caspases, for Cysteine ASPartASES.3 The function of
each caspase is still being elucidated, but most
interest has been directed to caspase-3 (previously
designated as CPP32/Yama/apopain), which is widely
expressed and believed to be responsible for cleaving
many of the important intracellular protein substrates
that are degraded during apoptosis.4 Most cells
express multiple caspases, probably related to the
observed redundancy in pathways that initiate cell
death; caspases also appear to work in a cascade
fashion, perhaps analogous to the amplification seen
in the clotting system. The role of caspases will be
discussed in more detail below. The second nematode
death gene, ced-4, has been more mysterious in its
function. It interacts, in mammalian systems,
with Bcl-2. Apoptotic protease activating factor–1
(Apaf-1), the recently identified mammalian homolog
of CED-4, is a cofactor along with cytochrome c and
caspase-9 for activation of downstream caspases such
as caspase-3.5 It is presumed that CED-4 similarly
participates in caspase activation.

fragmentation. Cell surface markers (phosphatidylserine externalization, adhesion markers) identifying
the cell for ingestion are expressed. In the intact
organism, apoptotic cells are rapidly ingested by
neighboring cells or professional phagocytes before
membrane integrity is lost. This prevents spillage of

SELECTED ABBREVIATIONS AND ACRONYMS

FEATURES OF PROGRAMMED
CELL DEATH

Apaf

apoptotic protease activating factor

CED

Caenorhabditis elegans death gene

CFTR

cystic fibrosis transmembrane
conductance regulator

COS

transformed African green monkey kidney
cell line

CrmA

caspase-inhibiting cowpox virus protein

DFF

DNA fragmentation factor

ERK

extracellular signal–regulated kinase

FADD

Fas-associated death domain protein

Fas

APO-1, CD95 (member of the TNFreceptor family)

FLICE

FADD-like interleukin 1ß–converting
enzyme

G-CSF

granulocyte colony–stimulating factor

HSP

heat shock protein

ICE

interleukin-1ß converting enzyme

IF-1

initiation factor–1

JNK

Jun N-terminal kinase

MAPK

mitogen-activated protein kinase

MEKK1

mitogen-activated protein kinase /ERK
kinase kinase 1

NF-B

nuclear factor kappa B

PARP

poly(ADP-ribose) polymerase

SAPK

stress-activated protein kinase

SEK-1

stress-activated protein kinase/ERK
kinase–1

TdT

terminal deoxynucleotidyl transferase

TNFR

Tumor necrosis factor receptor

TRAIL

TNF (tumor necrosis factor)–related
apoptosis-inducing ligand

VPATPase vacuolar proton ATPase
zVAD-fmk benzyloxycarbonyl-Val-Ala-Aspfluoromethylketone

Upon initiation of the death program, cells undergo
a dramatic volume loss, membrane blebbing,
and nuclear condensation, followed by chromatin
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inflammatory cellular contents (actin, DNA), which is
a characteristic of necrosis. Thus, cell elimination by
apoptosis is quite a tidy process that is not usually
accompanied by inflammation. Programmed cell death
is also associated with dramatic cytoskeletal rearrangement and loss of contact with neighboring cells.
In the myocardium, one can envision the consequence
for neighboring myocytes, in which cell-cell contact is
essential for electrical conduction, force transduction,
and distribution of stress. Additional biochemical
features of programmed cell death include cytoplasmic
acidification, mitochondrial inactivation, and activation
of the Jun N-terminal kinase (JNK) pathway.
JNK signaling is associated with induction of a variety
of genes, which may be associated with the divide-ordie response. We will consider each of these features
in more detail.

signals including cytokines, loss of survival factors,
DNA damage, oxidative stress, and others act through
various signaling pathways that may also be
countered by simultaneous survival signals (perhaps
reflected by the intracellular pH). The “effector phase”
is a common pathway that is generally characterized
by activation of caspases. Caspase activation may be
achieved directly through activation of the upstream
caspases -8 and -10, or through an alternate pathway
involving mitochondria. One aspect of these
processes under study in our laboratories is pH
regulation and acidification, which is of particular
relevance to myocardial ischemia. The role of
cytoplasmic pH in the relative activity of the
apoptotic processes is a largely unexplored field.

The general working model for initiation and completion of apoptosis is depicted in Figure 1. A variety of

Membrane blebbing is a characteristic feature of cell
death that probably arises as a consequence of the

Membrane blebbing

Fas, TNFR, TRAIL

Caspase-10

Cellular stressors
loss of growth factors or ECM,
DNA damage, oxidative stress,
staurosporine

Caspase-8

CrmA,
p35

Caspase-3
(downstream effector)

H+
Bax

IAPs

Cell
death

Bcl-2

Cytochrome c
Apaf-1 + caspase-9
dATP

Figure 1. Two main signaling cascades lead to caspase activation. Extracellular signaling from the death receptors TNFR, Fas, and TRAIL lead to
activation of caspase-8 and/or -10, which leads to activation of caspase-3 and other end-effectors of apoptosis. Caspase-8 and -10 are inhibited by CrmA.
Cell stressors lead to mitochondrial alterations, resulting in caspase-3 activation through the interaction of Apaf-1, cytochrome c, and caspase-9.
Bcl-2 opposes the pathway dependent upon mitochondria. Activation of caspases, cytoplasmic acidification, and mitochondrial dysfunction lead to death
of the cell. Apaf-1, apoptosis protease activating factor–1; Bax, proapoptotic regulator protein; CmrA, caspase-inhibiting cowpox virus protein; dATP,
deoxyadenosine 5'-triphosphate; ECM, extracellular matrix; IAP, inhibitor of apoptosis protein; TNFR, tumor necrosis factor receptor; TRAIL,
TNF-related apoptosis-inducing ligand.
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Regulation of intracellular pH

cytoskeletal rearrangement and the cleavage of a key
membrane skeleton protein, fodrin (spectrin). Fodrin,
a cytoskeletal protein that underlies and stabilizes
the plasma membrane, is cleaved by a caspase during
apoptosis. This, coupled with other events, leads to
externalization of phosphatidylserine (or “flipping”)
and the bulging and disorderly ruffling of the plasma
membrane that are referred to as blebbing.
Eventually, cellular contents, including nuclear
remnants, are lost through blebbing as successive
bits of the cell are shed in membrane-bound packets.

The general model that we are examining is depicted
in Figure 2. Although many other signals play a role,
pH homeostasis can modulate many of these aspects,
with acidification favoring propagation of the death
signal.6 Many survival signals, shown on the left,
promote alkalinization and confer protection.
Cells possess a number of mechanisms to maintain
pH homeostasis. Passive systems that depend upon
electrochemical gradients include the sodium/
hydrogen exchanger, the sodium/bicarbonate cotransporter, and the anion exchanger. Cells can also
eliminate organic acids such as lactate via a coupled
transporter. The sodium/hydrogen exchanger usually
exchanges extracellular sodium for intracellular
protons. However, under conditions of low extracellular pH, the exchanger may run in reverse, or may
exchange protons for protons, nullifying its activity.
Its activity is increased by phorbol esters via many
growth factor receptors as well as integrins.
The sodium/bicarbonate cotransporter utilizes the
sodium gradient to import bicarbonate and alkalinize the cell. Activity of this cotransporter is upregulated in response to angiotensin II; there are species
differences regarding the response of this symporter
to purinergic stimulation and α- and ß-adrenergic
stimulation (reviewed in 8). The anion exchanger,
which exchanges chloride and bicarbonate,
generally functions to acidify cells, and is most active
at pHi greater than 7.4, serving to counteract
alkalinization. A proton-sensing polyhistidine site
at the amino terminus is responsible for inactivating
the anion exchanger as the pH drops. Any signals or
stimuli that alter the function of these pH regulatory
mechanisms could affect apoptosis.

Cytoplasmic acidification
During the process of apoptosis, intracellular pHi
falls. It is not clear whether this is due to diminished
proton elimination or increased proton production.
Some evidence suggests that the sodium/hydrogen
exchanger is less active in apoptotic cells.
Another postulated mechanism is mitochondrial
dysfunction, which might increase glycolysis and result
in lactate accumulation. Additionally, ATP hydrolysis
liberates protons; ATP depletion is a common feature
of apoptosis. Acidification may be a general and
requisite feature of apoptosis, since cytoplasmic
alkalinization has been shown to delay or prevent
apoptosis in some settings. However, the protective
effect of alkalinization is not observed in every case.
Findings from our laboratory and others have indicated
that, under some circumstances, prevention of
cytoplasmic acidification delays or prevents apoptosis
(reviewed in 6). We found that organic bases delay
acidification and apoptosis in Jurkat cells.
The characteristic elevated pHi in cystic fibrosis (CF)
cells confers resistance to apoptosis induced by
cycloheximide or etoposide. Cells expressing the functional CFTR (cystic fibrosis transmembrane conductance
regulator) undergo cytoplasmic acidification in response
to an apoptotic stimulus, while those expressing a
mutant form of the CFTR do not acidify. In addition,
the cells expressing the functional CFTR and treated
with cycloheximide or etoposide demonstrate nuclear
condensation consistent with apoptosis, while those
with the mutated CFTR show no evidence of apoptosis.
We also found that overexpression of bcl-2 or treatment with the caspase inhibitor benzyloxycarbonylVal-Ala-Asp-fluoromethylketone (zVAD-fmk) blocks
acidification and apoptosis. Granulocyte colony–stimulating factor (G-CSF) delays neutrophil acidification
and apoptosis by activating a proton pump, which we
also found to be expressed and functional in
cardiomyocytes subjected to metabolic inhibition.7

In addition to these passive transport systems, cells also
possess an energy-dependent proton pump.
This proton ATPase is generally used to sequester
protons in acidic organelles (hence its name,
the vacuolar proton ATPase, or VPATPase), but this
multisubunit pump can also be assembled at the
plasma membrane to export protons at the expense of
ATP. The metabolic consequences of proton elimination via the different pathways vary considerably.
For instance, in cells that also possess a Na+/Ca2+
exchanger, proton elimination via the sodium/
hydrogen exchanger will lead to sodium elimination
via Na+/Ca2+ exchange, with a subsequent increase in
intracellular Ca2+. By this mechanism, calcium overload has been implicated in myocyte dysfunction and
death after ischemia. The compensatory elimination of
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Figure 2. Yin-yang of cell pHate. Cellular pH homeostasis reflects a balance between survival signals and proapoptotic stimuli. Extracellular signals
that act as survival factors promote activation of ion transporters that alkalinize the cell, such as the sodium/hydrogen exchanger or VPATPase.
In contrast, apoptotic signals promote cytoplasmic acidification through as yet undefined mechanisms. Cytoplasmic pH shifts may affect the activity of
many classes of enzymes and mitochondria. Intracellular pH may represent a mechanism by which the cell integrates conflicting signals (survival signals
vs proapoptotic ones) to arrive at a survive-or-die decision. CFTR, cystic fibrosis transmembrane conductance regulator; NHE, sodium/hydrogen
exchanger; VPATPase, vacuolar proton ATPase.

protons by VPATPase will have a high energy cost,
but will not result in sodium or calcium influx.
Our studies have led us to focus on VPATPase as
a protective response in cardiomyocytes, to be
discussed below.

Studies of VPATPase in neutrophils and monocytes
have led to a number of insights. Stimulation of
human neutrophils results in increased VPATPase
activity that was due to fusion of secretory vesicles
with the plasma membrane.

VPATPase is a multisubunit enzyme that consists of a
complex of transmembrane proteins (Vo), which serve
as the proton pore, and a cytosolic complex (V1),
which has ATP hydrolytic activity (reviewed in 9).
When the two complexes assemble, transmembrane
proton pumping takes place. VPATPase is potently and
specifically inhibited by bafilomycin A1, a macrolide
antibiotic, which binds to the 100-kd subunit of Vo.
Regulation of VPATPase is still under study, but it has
been shown in neutrophils and monocytes that catalytic
activity is upregulated by exposure to phorbol esters,
and G-protein signaling also activates the pump.
The pump may also be regulated by assembly and
disassembly of the Vo and V1 complexes, although the
regulation of this assembly and disassembly is unclear.

Mitochondrial alterations
The current model for caspase activation is based on
the observation that certain cellular stressors result
in the appearance of cytochrome c in the cytosol of
apoptotic cells. Cytochrome c is postulated to interact
with Apaf-1 (the mammalian homolog of CED-4),
caspase-9, and deoxyadenosine 5'-triphosphate (dATP),
to promote the activation of caspase-3 (see below).
Interestingly, it has been shown that ischemia results
in the loss of cytochrome c from mitochondria.
At the time that this observation was made (1985),
its significance with respect to the activation of
caspases could not have been recognized.10 Now it is
important to reconsider this finding in the context of

71

Dialogues in Cardiovascular Medicine - Vol 3 . No. 2 . 1998
Cardiovascular apoptosis - Engler & Gottlieb

commitment to apoptosis. Mitochondrial release of
cytochrome c is prevented by overexpression of the
antiapoptotic protein Bcl-2, although the mechanism
is still unclear.11,12 Alterations in the mitochondrial
membrane are likely very important in apoptosis,
perhaps permitting caspase entry and activation
and/or cytochrome c release, where it may activate
caspases in the cytosol. This alteration may be pHdependent, thus allowing the cell a means to integrate
information from survival signals (alkalinizing) as well
as proapoptotic signals. Loss of cytochrome c from its
normal association with the electron transport chain
prevents delivery of electrons to complex IV,
and thence to oxygen. However, it may be possible for
electrons to “bleed off” at the upstream site of
ubiquinone, leading to superoxide production.
This may explain the production of free radicals frequently observed in apoptosis. Effective mitochondrial
respiration is shut down and ATP cannot be generated.
In the case of transformed cell lines, which have
adapted to the somewhat hypoxic conditions of cell
culture, decreased mitochondrial ATP production is of
marginal significance. However, in the case of
cardiomyocytes, whose contractile machinery depends
upon massive turnover of ATP, this mechanism may
be critical. Interestingly, a compensatory switch to
glycolysis may not be possible for cells undergoing
apoptosis, as the enzyme poly(ADP-ribose)
polymerase (PARP) becomes activated and rapidly
consumes nicotinamide adenine dinucleotide (NAD)
stores. NAD is required for two steps in glycolysis.
Thus, both pathways to ATP generation are shut down
during the process of apoptosis. These observations
have been made in transformed cell lines; this pathway
has not been completely studied in the heart.

ment with cisplatinum. Additional correlative evidence
exists (reviewed in 14); however, stimuli able to activate
SAPK do not necessarily induce apoptosis in all cases.
Caspase activation is suggested to be linked to SAPK
activity. Heat stress and ceramide-induced apoptosis
through a SAPK/JNK pathway is inhibited by expression
of heat shock protein (HSP) 70. This observation may
be very relevant to the heart because of the role of
HSPs in delayed onset (the late window) of
preconditioning. In the cardiac system of ischemia/
reperfusion, a strong correlation has been drawn
between the activation of the stress-activated protein
kinases and the induction of apoptosis. Whether there
is a causal relationship remains to be demonstrated.
If these pathways are linked to apoptosis in
cardiomyocytes, then this family of kinases represents
a therapeutic target for amelioration of cell death
following ischemia/reperfusion injury.

Caspase activation
Activation of caspases may be accomplished through
either of two general pathways (Figure 1),
one involving a cell surface receptor such as Fas,
which causes activation of caspase-8 or -10 through
association with an intermediate protein. Caspase-8
or -10 may directly activate caspase-3 and related
effector caspases. An alternate pathway exists
involving alteration of the mitochondria, which makes
cytochrome c available to interact with Apaf-1, dATP,
and caspase-9, to support the activation of caspase-3
through proteolytic processing (Figure 1).5 Bcl-2 is able
to prevent apoptosis initiated through the mitochondria-dependent pathway. Caspases are synthesized as
a proenzyme with an amino-terminal prodomain,
which is removed by proteolytic processing.
The enzyme is further processed into large (~20 kd)
and small (~10 kd) fragments, which form a
heterodimer. Two heterodimers assemble to form the
active tetrameric protease (Figure 3). Caspases are
capable of autoprocessing, but the mechanisms
leading to caspase activation are still under
investigation. Generally, caspases can be grouped
into two categories, based on the size of the
prodomain. Those with a large prodomain, such as
caspase-8 (FLICE [FADD-like interleukin1ß–converting enzyme]), are suggested to respond to
signaling events, and may play a key role in
transducing apoptotic signals. In contrast, those with
a short prodomain (~3 kd), such as caspase-3,
are presumed to be effectors, cleaving the majority of
intracellular substrates, possibly after one or more
amplification steps.

JNK signaling
Activation of members of a family of stress- and
mitogen-activated protein kinases (SAPK and MAPK)
has been noted to occur in response to hypoxia/
reoxygenation in cardiac myocytes.13 Activation is
attributed to their regulation by redox events.
To date, little evidence in the cardiomyocyte system
exists to suggest that activation of a subset of these
kinases is required for apoptosis to be initiated.
However, several studies from other cell systems have
demonstrated that activation of the SAPK and p38
MAPK pathway induces apoptosis, and that expression of dominant negative SEK (stress-activated
protein kinase/ERK [extracellular signal-regulated
kinase] kinase-1), a kinase that activates SAPK,
prevented apoptosis induced by heat shock or treat-
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Figure 3. Current model for caspase activation.
Members of the cysteine aspartate protease
(caspase) family are characterized by an
amino-terminal prodomain and a catalytic
domain, which is processed into a longer
(~20 kd) and a shorter (~10 kd) fragment.
The two fragments assemble into a heterodimer.
Two heterodimers form a tetramer in the active
form of the caspase. Caspase-3 is activated
through an interaction with caspase-9, Apaf-1,
and cytochrome c. The reaction is normally
held in check by sequestration of cytochrome c
within the mitochondria. However, in response
to apoptotic stimuli, cytochrome c becomes
accessible to the other components,
and activation of caspase-3 results in
widespread cleavage of cellular proteins,
committing the cells to apoptosis. Apaf-1,
apoptotic protease activating factor–1; ASP,
aspartate cleavage site; dATP, deoxyadenosine
5'-triphosphate; Pro, prodomain.

Nuclear alterations

It is generally considered that activation of proteases
constitutes an irreversible event and that the
caspases are the ultimate effectors of apoptotic cell
destruction. There are exceptions, however: recently,
it has been shown that CPP32 (caspase-3) is activated
in T cells without leading to apoptosis. Inhibition of
caspases may not completely prevent cell death,
at least in some systems. Gerard Evan’s group15 has
shown that inhibition of caspases may prevent
certain morphologic features of apoptosis. However,
the cell is still unable to replicate, and if observed
long enough, falls apart in a necrotic form of death.
These findings are particularly relevant to
experimental interventions in myocardial
ischemia/reperfusion, indicating that long
observation intervals are required to evaluate survival
end points. Since multiple enzymatic pathways are
activated in apoptosis, it is reasonable to think that
completion of any subset of processes will result in
the death of the cell. Indeed, some of these pathways
may be common to both necrotic injury and
apoptosis. During physiologic programmed cell death
(such as during development) the classic apoptotic
morphology is displayed. In contrast, in injured cells,
the two processes may compete and lead to evidence
of some typical morphology of apoptosis, while other
aspects may be absent, or evidence of necrosis may
appear. It may be a “race to the finish line”; if caspase
cleavage of substrates and chromatin degradation
occurs before the cell membrane disintegrates,
then morphologically it looks like apoptosis.
If, however, ATP stores are depleted rapidly and the
cell swells and ruptures before caspases and
endonucleases complete their work, the appearance
is that of necrosis.

The classic histologic manifestation of apoptosis is
the condensation of nuclear chromatin and fragmentation of the nucleus. DNA condensation and classic
apoptotic body formation depends on activation of
nuclear lamin degrading enzymes.16 Another characteristic feature is digestion of the DNA by several
distinct endonucleases, eventually resulting in
fragments representing multiples of the ~200 base
pair nucleosome (the so-called nucleosomal ladder).
The search for the responsible endonuclease has
yielded several candidates, including DNase I
(deoxyribonuclease) and DNase II. DNA fragmentation factor (DFF) is cleaved by a caspase to stimulate
DNA fragmentation in a cell-free model of apoptosis.17
In the case of DNase I, it has been shown that the
activity can be extracted from thymocytes, and in
transfected transformed African green monkey kidney
cell line (COS) cells, its overexpression leads to
nucleosomal fragmentation. DNase I is a Ca2+- and
Mg2+-dependent enzyme, which is inhibited by Zn2+.
The addition of zinc ions to cells undergoing apoptosis has been shown to inhibit oligonucleosomal
fragmentation, although high-molecular-weight
fragments are still generated, implicating an
additional endonuclease. However, in other cell
types, other nucleases have been implicated: a 15-kd
endonuclease has been identified in renal proximal
tubules, which is activated by hypoxia/reoxygenation
and is Ca2+-dependent. Finally, evidence for an acidic
endonuclease (DNase II) has been published by a
number of laboratories (reviewed in 6). DNase II is
active at pH 6.8 and below, and is independent of
divalent cations. Its activity has been demonstrated
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in neutrophils and the promyelocytic cell line HL-60,
as well as in Chinese hamster ovary cells, lens cells,
and cardiomyocytes. Since many cells undergo
cytoplasmic acidification during apoptosis or in
settings of metabolic stress, DNA degradation by this
ubiquitously expressed enzyme may occur readily.
One unique feature of DNase II is that it generates
5'-hydroxyl ends (in contrast to the other nucleases,
which generate 3'-hydroxyl ends). Such ends would
not be efficiently labeled by the widely used assays of
apoptosis that rely on terminal deoxynucleotidyl
transferase (TdT), unless endogenous phosphatases
or exonucleases process the termini of the fragmented
DNA to yield the 3'-OH ends necessary for labeling by
TdT. Detection assays for DNA fragments with 5'-OH
ends are not commercially available, and it is unclear
what might be learned from such a labeling system.
It has been suggested that the process of DNA
fragmentation is not essential for apoptosis, and in
C elegans the endonuclease is not present in apoptotic cells, but only in the tissue phagocytes that
ingest the apoptotic remnants. In addition, it has
been shown that DNA fragmentation, and even the
nucleus itself, are not required for apoptosis.
Thus, efforts aimed at inhibiting the endonuclease
as a means of preventing apoptosis have largely been
abandoned. The physiologic importance of DNA
fragmentation is unclear. It has been suggested that
this has evolved as a means to prevent the release of
oncogenic fragments of DNA which might be taken up
and expressed by neighboring cells. Fragmentation of
the DNA may also be important in settings where the
apoptotic cells are continuously shed, such as the
lumen of the airways and intestines. In these organs,
shedding of apoptotic cells with undigested highmolecular-weight DNA, which is highly viscous and
inflammatory, may contribute to mucus viscosity and
airway inflammation in cystic fibrosis.18

mental defects. However, genetically defined abnormalities in known elements of the process of apoptosis
have not been identified in human developmental
disorders. Some insights have been derived from
gene knockout studies in mice. Deletion of the gene
encoding caspase-3, arguably the most important
death protease, results in mice that die in utero or
soon after birth with an excess of brain tissue, owing
to a failure of programmed cell death during neuronal
development. The contribution of apoptosis to other
developmental disorders remains to be explored;
however, the extensive remodeling required during
development of the cardiovascular system suggests
that many insights could be gained from investigation
of the role of apoptosis in this setting.19
In the immune system, deletion of self-reactive T cells
is essential to prevent autoimmune disorders.
Signaling for lymphocyte deletion is accomplished
through engagement of one or more cell surface
receptors, including a molecule known as Fas/APO1/CD95. Engagement of Fas by its ligand results in
aggregation of proteins (FADD [Fas-associated death
domain protein] and FLICE) through self-association
regions known as death domains, culminating in
caspase activation and death of the cell. Fas is widely
expressed on lymphocytes and is one means by which
unwanted T cells are eliminated. Mutation of Fas or
its ligand in mice results in a disease that strongly
resembles systemic lupus erythematosus; however,
a similar defect has not yet been demonstrated in the
human disorder. Experimentally, Fas expression is
induced in hypoxic rat cardiomyocytes in vitro.20
However, a mechanistic role of Fas in cardiomyocyte
apoptosis has not been demonstrated.
In areas of immune sanctuary, such as the testis,
Sertoli cells express high levels of Fas ligand and
prevent invading T cells from surviving long enough
to mount an immune response against sperm cells
(whose haploid nature is somehow recognized as
foreign by the body). A similar mechanism of protection is involved in limiting inflammatory responses in
viral infections in sensitive organs such as the eye.
Immune mediated rejection of transplanted organs
rests in part upon the induction of apoptosis in the
foreign cells. This mechanism has been exploited by
genetic manipulation to express Fas ligand on
pancreatic islet cells to prevent induction of apoptosis
in the transplanted cells, with resulting prolonged
survival of the allograft. This strategy may be useful in
cardiac transplants, using, eg, adenovirus to transfect
the heart ex vivo with Fas ligand.

APOPTOSIS IN HUMAN DISEASE
The occurrence of apoptosis in pathophysiologic
settings, as well as its absence in physiologic settings,
results in human disease. More simply, we can group
diseases according to whether there is too much
apoptosis or too little.

Too little apoptosis
Since apoptosis must occur at defined times during
development, failure for it to occur in the appropriate
settings would be expected to give rise to develop-
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A number of viral proteins block apoptosis signaling
or effector pathways. Baculovirus p35 and cowpox
viral protein CrmA (caspase-inhibiting cowpox virus
protein) directly inhibit caspases; adenovirus E1B
inhibits caspase-3 activation, and herpesvirus/
poxvirus FLICE inhibitor proteins block downstream
death domain signaling. The function of these proteins may be critical to viral virulence by blocking the
organism's defense against viral replication; infected
cells engage the apoptotic machinery and mark
themselves for phagocytic ingestion, thus limiting the
extent of viral infection. The role of apoptosis in
myocarditis has recently been studied in the murine
model of encephalomyocarditis virus (EMCV).21
A ubiquitous signaling pathway through NFB
(nuclear factor kappa B) p65 and p50 prevents
apoptosis. Apparently, the EMCV picornavirus induces
NFB p50–dependent signaling to prevent apoptosis
sufficient to allow the virus to replicate. Wild type
mice have 80% mortality from EMCV, whereas the p50
knockout mice are completely resistant and nearly
100% survive, because p50(-/-) cardiomyocytes can
undergo apoptosis to limit the spread of the virus.
Isolated murine embryonic p50 (-/-) fibroblasts
undergo apoptosis more rapidly than wild type upon
exposure to EMCV, and there is a gene/dosedependent intermediate effect in heterozygotes. Thus,
cardiomyocyte apoptosis is a critical defense against
this virulent myocarditis; if this observation applies
to human viral myocarditis with the related Coxsackie
virus or with adenovirus, it has important therapeutic
implications. Inhibiting myocyte apoptotic death
would be detrimental. The evolutionary survival value
of preserving constitutive expression of apoptotic
pathways in terminally differentiated cells may lie in
limiting the extent of viral infection.

that regulate the cell cycle and induce apoptosis.
Mutations of p53 have been found in many malignant
tumors and in some families with hereditary
carcinoma. Thus, the first step in oncogenesis may
be a failure of apoptosis.
Modulation of apoptosis is widely considered to be a
key target for cancer therapy. Although malignant cells
are generally considered to be more resistant to the
induction of apoptosis, they still possess the necessary
cellular machinery, and when exposed to appropriate
chemotherapeutic agents (or radiation), usually die
by apoptosis, not necrosis. Efforts to decrease their
resistance to apoptosis are directed at targets such as
Bcl-2. Recently, it has been shown that the clonal
disorder paroxysmal nocturnal hemoglobinuria is
associated with an increased resistance to apoptosis
in the clone of red cell precursors. The red cells
produced are unusually sensitive to lysis by
complement, resulting in episodes of hemoglobinuria.
In the peripheral vascular system, it may be desirable
to increase apoptosis in the setting of preventing
restenosis, or preventing or shrinking atherosclerotic
plaques. Apoptosis is clearly involved in the regulation
of vascular smooth muscle proliferation, interaction
with macrophages, and foam cell formation. This area
is under active investigation.22
One hypothesis about the mechanisms of aging is that
too little apoptosis occurs, permitting the survival of
cells that have sustained DNA damage. Such damaged
cells would function inefficiently at best, owing to
the accumulation of mutations in essential genes,
and could undergo malignant transformation.
Eventually, such marginally functioning and
precancerous cells would predominate, with more
generalized organ hypofunction as time went on.

In the field of oncology, it has been useful to view
tumor growth as an imbalance between apoptosis
and mitosis. For example, the Bcl-2 gene product was
discovered because its overexpression prevents the
normal death of B cells leading to a leukemia associated with a normal rate of proliferation, but reduced
apoptosis. A malignant cell may arise when a cell
fails to undergo apoptosis when it should have.
Loss of a necessary growth factor or removal from
the normal extracellular matrix should trigger a cell
to commit suicide. If, however, the cell fails to die,
it may survive and proliferate sufficiently for its
progeny to acquire other mutations, including loss of
p53 and activation of other oncogenes. The p53 gene
product is a transcription factor activated by DNA
damage to induce a family of p53-dependent genes

Too much apoptosis
Excessive cell death is of particular concern in organs
that are populated by terminally differentiated,
nondividing cells. Any cells lost, whether by apoptosis
or necrosis, are irreplaceable. In settings where cell
death is inevitable, inhibiting the enzymatic processes
of apoptosis may not salvage the cell, but merely
convert its demise to a necrotic form. However, if a cell
is damaged beyond repair, a tidy, noninflammatory
apoptotic death may still be preferable, avoiding
collateral damage from inflammation.
Interventions aimed at preventing apoptosis may
need to consider this possible adverse outcome.
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This cautionary note aside, there are many degenerative
diseases in which it would be desirable to prevent
cell loss by apoptosis.

Mechanisms whereby ischemia induces apoptosis
need further study. Free radicals may be implicated,
but no specific data are available. Overexpression of
p53 in ventricular myocytes can induce apoptosis.
However, in an elegant study in transgenic mice
lacking p53, the extent of apoptosis after ischemia was
the same as in controls.31 Identification of specific
signals for ischemia that induce apoptosis might lead
to therapeutic interventions.

Neurodegenerative diseases, including amyotrophic
lateral sclerosis, Alzheimer’s disease, and Parkinson’s
disease, are all accompanied by neuronal loss
through apoptosis. In some cases, overexpression of
Bcl-2 or the caspase-inhibiting cowpox virus protein
CrmA has been shown to prevent neuronal cell loss
in cell culture models. Alzheimer’s disease is characterized by the deposition of an abnormal peptide (Aß)
derived from the ß-amyloid precursor protein.
This peptide aggregates and causes neuronal
apoptosis. The mechanism by which cell death is
signaled by the Aß peptide is unclear. Stroke has also
been shown to result in neuronal loss through
apoptosis (reviewed in 23). The potential to ameliorate
these disease processes by preventing apoptosis is
under extensive investigation.

Preconditioning is the most effective means of
preventing ischemia/reperfusion injury; accordingly,
we tested and confirmed that preconditioning
isolated myocytes prevents myocyte apoptosis.7
Preconditioning the heart by a short period of ischemia,
pharmacological intervention, or other stress,
results in a smaller infarct size, fewer arrhythmias,
less myocardial stunning, and diminished coronary
vascular injury after a subsequent test of ischemia
and reperfusion. In various animal models,
preconditioning can be induced with adenosine,
phorbol esters, adrenergic stimulation, bradykinin,
and heat shock. These interventions produce a shortduration preconditioning effect that lasts about
2 hours, and a delayed or second window of
protection after 24 hours that requires synthesis of
HSPs. As noted above, HSPs have been found to block
apoptosis signals through SAPK/JNK pathways.
One of the most consistent features of ischemic
preconditioning is the reduction in cytoplasmic
acidification during ischemia. The basis for this effect
is unclear, and may run counter to the “pH paradox,”
which holds that acidosis is protective. This is
paradoxical because ample evidence supports the
contention that sequentially linked H+, Na+, and Ca2+
overload results in cell injury or death. Inhibition of
the sodium/hydrogen exchanger, which has no effect
on intracellular pH during ischemia, or may even
exacerbate acidification, is highly protective.32
In addition to pH, calcium fluxes, high-energy
phosphate metabolism, and mitochondrial substructure are noted to be altered in preconditioned cells
during ischemia and reperfusion. Protection by
preconditioning has been shown to be effective in
every animal model tested and in man.
Preconditioning can also be demonstrated in cell
culture with adult rabbit myocytes subjected to
metabolic inhibition with deoxyglucose and
potassium cyanide.

Apoptosis in myocardial
ischemia/reperfusion
Myocardial ischemia and reperfusion are accompanied
by extensive cell death, which includes both apoptosis
and necrosis. In 1994, we discovered that in the rabbit,
myocardial ischemia and reperfusion were associated
with apoptosis.24 We identified chromatin condensation
present in cells which did not show morphologic
features of necrosis at the electron microscopic level.
The detection of oligonucleosomal DNA fragmentation
was consistent with apoptosis. In addition, using the
nick translation assay on fixed tissue sections,
we found extensive DNA nicking of myocytes in the
central ischemic zone as well as in marginal areas of
reperfused tissue. The predominant cell type
demonstrating DNA nicking was the cardiomyocyte
(Figure 4). A number of studies have investigated
myocardial apoptosis induced by ischemia and
reperfusion. Isolated neonatal cardiomyocytes
subjected to hypoxia and reoxygenation upregulate
Fas antigen and undergo apoptosis,20 and tumor
necrosis factor has been shown to induce apoptosis
in neonatal and adult cardiomyocytes.25
In some studies, persistent ischemia is also able to
induce cell death with characteristics of apoptosis.
Overstretch and congestive heart failure are also
accompanied by apoptosis.26,27 In human hearts,
apoptosis has been recognized in cardiac failure and
arrhythmogenic right ventricular dysplasia.28-30
Thus, terminally differentiated cardiomyocytes
undergo apoptosis in response to a variety of stimuli.

In order to examine the relationship between apoptosis
and preconditioning, we established the isolated
cardiomyocyte model using adult rabbit cardiomyocytes

76

Dialogues in Cardiovascular Medicine - Vol 3 . No. 2 . 1998
Cardiovascular apoptosis - Engler & Gottlieb

Figure 4. Evidence of apoptosis in the myocardium after ischemia/reperfusion. Nuclei containing fragmented DNA are labeled. Scattered nuclei are
positive, while striations are preserved, reflecting an apoptotic death with preservation of plasma membranes.

obtained after collagenase perfusion and Ficoll sedimentation. We simulated ischemia and reperfusion
with 2-deoxyglucose and cyanide metabolic inhibition
(MI). Preconditioning was induced with a brief
(2-minute) period of MI and a 5-minute rest interval,
which conferred protection against a 30- to 40-minute
period of ischemia and a 4-hour recovery. When we
extended the recovery period to 20 hours we saw no
increase in cell death; however, functional recovery
and longer periods of recovery have not been studied.
Both preconditioning and activating protein kinase C
(PKC) with phorbol myristate acetate before MI
improved survival, and PKC inhibitors prevented
preconditioning. We used the nick translation assay to
detect DNA fragmentation as an indicator of apoptosis.
Positive DNA nicking could be detected in 29% of
cells after MI and 20 hours of recovery, compared to
7.5% of control cells not subjected to MI.
Preconditioning reduced the DNA nicking after MI
and recovery to 17.7%, which was significantly less
than MI alone, but still more than control cells
(P<0.05). DNA nicking was detected in rod-shaped
cells as well as in rounded-up cells, and precondi-

tioning reduced the number of cells with DNA nicking
in both the rod-shaped and rounded cell populations.
Rod-shaped cells exclude trypan blue and are metabolically active, as measured by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) reduction.
About half of the rounded-up or hypercontracted cells
exclude trypan blue and reduce MTT. We suspect that
the rod-shaped cells that show DNA nicking will
progress to cell death if observed for longer intervals.
Prevention of apoptosis by preconditioning has also
been confirmed in the intact rat heart.33
As noted above, one of the most consistent features
of preconditioning is that intracellular acidification is
minimized during the subsequent ischemia. Based on
the observation in neutrophils that VPATPase can
participate in proton export to protect neutrophils
against apoptosis, we hypothesized that VPATPase
might be active in the heart, and might be upregulated
in preconditioned hearts. Accordingly, we examined the
ability of bafilomycin, a VPATPase inhibitor, to block
the protective effect of preconditioning in cardiomyocytes subjected to MI and recovery. We found that
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bafilomycin did not increase the amount of cell death
after MI and recovery, but that it completely abrogated
the protection conferred by preconditioning.7
Furthermore, we found that preconditioning attenuated
the extent of acidification that occurs with MI,
and that bafilomycin actually increased the severity
of acidification. These results support the idea that
VPATPase plays a role in preconditioning in adult
rabbit cardiomyocytes.

using neonatal rat myocytes. Inhibition of VPATPase
with bafilomycin resulted in increased calcium
accumulation during MI. Inhibition of the sodium/
hydrogen exchanger and VPATPase resulted in
increased apoptosis after MI and recovery.
Since caspases appear to participate in almost every
observation of apoptosis to date, we examined
whether they might also be involved in the cell death
induced by ischemia and reperfusion simulated by MI
and recovery. We initially showed that the general
caspase inhibitor zVAD-fmk was able to protect
cardiomyocytes from injury following MI and recovery,
with observations extended out to 24 hours.
In subsequent investigations using IDUN#1965
(a peptidomimetic caspase inhibitor from IDUN Inc,
San Diego), we were able to show that even if the
caspase inhibitor was added at the end of MI, or even
as long as 15 minutes into recovery, salvage of a
significant number of myocytes was still possible.
This suggests that irreversible commitment to
apoptosis does not take place until sometime after
the beginning of recovery. At this time, attempts to
restore ion homeostasis are ongoing, and ATP stores
are being regenerated. This may be consistent with
recent evidence suggesting that apoptosis involves at
least two energy-dependent steps. From a clinical point
of view, this implies that it may be possible to salvage
additional myocardium after ischemia, by including a
caspase inhibitor at the time of reperfusion.

Blockade of the sodium/hydrogen exchanger protects
cells against injury from MI and recovery by delaying
the rise in intracellular calcium. We confirmed this
finding, but found that when VPATPase was inhibited
simultaneously, the protection conferred by inhibition
of Na+/H+ exchange was lost. We suggest that acidification and calcium overload can both be lethal insults.
The scenario depicted in Figure 5 describes this
dynamic interaction. Proton elimination via Na+/H+
exchange leads to Na+/Ca2+ exchange and calcium
overload, which would lead to cell death. Blockade of
Na+/H+ exchange might lead to proton accumulation,
but is compensated for by the VPATPase. However,
inhibition of this route of proton elimination
(by bafilomycin) would lead to cell death with features
of apoptosis. Prolonged inhibition with bafilomycin
alone leads to apoptosis in neonatal rat cardiomyocytes.
This model predicts that VPATPase should diminish
calcium accumulation during MI and recovery.
We have recently obtained direct evidence of this,

NCX

NHE-1

VPTAPase

ATP
ADP
Ca2+

Na+

H+

Figure 5. Proposed interactions of two pathways for proton export in myocytes. Blockade of Na+/H+ exchange reduces Ca2+-mediated cell injury, provided
other mechanisms of proton elimination are active. One such mechanism is VPATPase. When VPATPase is inhibited, Na+/H+ blockade is no longer
protective. Preconditioning reduces apoptotic cell death through enhanced VPATPase activity and reduced acidosis. NCX, Na+/Ca2+ exchanger; NHE-1,
Na+/H+ exchanger–1; VPATPase, vacuolar proton ATPase.
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CONCLUSIONS

However, these findings remain to be demonstrated
in vivo in an animal model. Evidence from other
laboratories is accumulating to support the idea that
caspase activation is a feature of cell death following
ischemia and reperfusion, and the caspases involved
will soon be identified. Other potential approaches
to therapeutic intervention in cardiomyocytes
include overexpression of Bcl-2 or signaling through
initiation factor-1 (IF-1), both of which inhibit
cardiomyocyte apoptosis.

Cardiomyocyte death due to ischemia/reperfusion
injury can have features of both apoptosis and necrosis.
It appears that many of the biochemical processes
are shared (eg, altered ion homeostasis, proteolysis),
but that the sequence of events may differ. The potent
protective effect of preconditioning suggests that
myocardial tissue can be salvaged, at least by
interventions before ischemia that reduce subsequent
apoptosis. Whether interventions that block a specific
event in apoptosis will preserve myocardium after
ischemia and reperfusion in vivo remains to be
determined. Our studies in isolated myocytes suggest
that a reduced intracellular acidification and diminished
calcium accumulation may be essential. In rabbit
cardiomyocytes, activation of VPATPase appears to be
important to this process. It would appear that inhibition of caspases may also be protective. The apparent
“bottleneck” provided by caspase activation in
apoptosis is the current target of antiapoptotic
interventions, but further work is needed to identify
additional targets in the cell death program that could
be blocked or augmented (eg, Bcl family proteins)
during or even after the injury.

Apoptosis in heart failure
Apoptosis contributes to the progressive cell loss in
patients with chronic heart failure.28
Experimental chronic heart failure caused by coronary
microembolization in dogs or hypertension in
spontaneously hypertensive (SHR) rats, and myocyte
loss from aging in rats, are all associated with
myocyte loss and cardiomyocyte apoptosis.27,34,35
The failing heart attempts to compensate for an
increased load by hypertrophy of myocytes.
A number of years ago, Wyllie et al proposed that
activated or injured cells might be faced with a
“divide or die” situation; recent data from model
systems lend support to this conjecture.1 In the heart,
it is plausible that the same signal transduction
pathways that drive hypertrophy also trigger
apoptosis. The basis for this contention is taken from
the mammalian ultraviolet response, in which the
signal transduction pathways activated and the
pattern of gene expression induced by exposure to
ultraviolet light lead to apoptotic death in some cells
and proliferation in the surviving cells.
However, in both cases the signal transduction events
are similar, involving activation of the JNK pathway
and Jun/Fos transcriptional activation. The parallel
may be even closer, since ischemia/reperfusion results
in JNK activation in the heart. The significance of
JNK activation is made more interesting by the recent
report that MEKK1 (mitogen-activated protein
kinase/ERK kinase kinase 1), an upstream kinase in
the JNK pathway, is cleaved by a caspase, and a
cleavage-resistant mutant form of MEKK1 prevents
further caspase activation, implying the existence of
a positive feedback loop between MEKK1 and
caspases. This observation raises the possibility that
inhibition of upstream or downstream components
of the JNK pathway may also prevent apoptosis,
either directly or through inhibition of caspase
activation.

In the Expert Answers section of this issue of Dialogues,
Heinz Rupp and Bernhard Maisch answer the question

ALTERNATIVE NAMES OF HUMAN CASPASES
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Caspase-1

ICE

Caspase-2

Nedd2, ICH-1

Caspase-3

CPP32, Yama, apopain

Caspase-4

ICErelII, TX,ICH-2

Caspase-5

ICErelIII, TY

Caspase-6

Mch2

Caspase-7

Mch3, ICE-LAP3, CMH-1

Caspase-8

MACH, FLICE, Mch5

Caspase-9

ICE-LAP6, Mch6

Caspase-10

Mch4
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"What are the prospects for beneficial manipulation?"
One approach to identifying these targets is to
recognize those that are modulated by preconditioning.
Caspase cascade inhibition is particularly attractive
because of its position in the apoptotic process,
but the hypothesis that this intervention will reduce
ischemic injury remains to be tested in vivo.

3. Alnemri ES, Livingston DJ, Nicholson DW, et al.

Circumstantial evidence implicates a role of apoptosis
in progressive myocyte loss in chronic congestive
heart failure, but a direct causal connection has not
been made, a point gone into by Giorgio Olivetti,
Roberta Maestri, Domenico Corradi, and Federico
Quaini, who reply to the question "Does apoptosis
play a role in the progression of heart failure?"
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Evidence demonstrating the occurrence of apoptosis
in a wide variety of clinical disorders has been
presented and is compelling in the heart. As new tools
for inhibiting components of the apoptotic pathway
are moved from the laboratory to the clinical setting,
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understand the biochemistry of apoptosis in both the
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Inhibiting apoptosis systemically or as a long-term
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this prompts the question "Is cardiac apoptosis
invariably bad?" which is answered by Michael
Schneider. Inhibition of apoptosis may lead to tumor
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Apoptosis: what prospects for beneficial
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Pharmacological manipulation of
programmed cell death could
provide a breakthrough in the
prevention and treatment of
congestive heart failure,
inflammatory heart diseases,
and vascular lesions. This novel
therapeutic approach is based on
the inhibition or induction of cell
death, depending on the type of
disease and cardiovascular cell.
Unexplored drug targets should be
identified with a view to modulating
gene expression in cardiac myocytes.
Induction of apoptosis of fibroblasts
or myofibroblasts by selective and
potent compounds could limit
fibrosis. Specific elimination of
activated macrophages at the level
of vascular lesions might be useful,
but selective manipulation of
apoptosis or survival of cardiac
myocytes, endothelial cells,
fibroblasts, and leukocytes should
take into account the role of proand antiapoptotic factors that are
recruited during the progression of
a given disease.
Keywords: apoptosis; heart failure;
fibrosis; inflammation; restenosis
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C

ell death in the cardiovascular system has been
associated with necrosis for
decades. Such catastrophic
death of a multitude of cells is
primarily the result of impaired
oxygen delivery by the coronary
arteries and is associated with
inflammatory reactions. Since it was
assumed that an energy deficit of
the cardiac myocyte was the major
cause of necrosis, there were only
a few limited possibilities of
preventing necrosis. A consequence
of the concept of catastrophic cell
death was that potential pharmacological interventions (eg, to limit
restenosis after balloon angioplasty)
only recently began to be explored.
Alongside the pattern of catastrophic
cardiac myocyte death characterizing necrosis, an intriguing and
unexplained observation had been
made, that of the death of scattered
myocytes in overloaded or senescent
hearts, suggestive of apoptosis.
However, studies on apoptosis in
the cardiovascular field only started
long after “programmed cell death”
had been recognized as an important
physiological process required for
thymic involution, the removal of
autoreactive lymphocytes during
development, and the removal of
excess cells after completion of an
immune response, and long after
dysregulation of apoptosis had
been shown to underly the pathogenesis of autoimmune diseases
associated with the survival of
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abnormal autoreactive lymphocytes.
One of the reasons for this longstanding lack of interest in the
cardiovascular field can be seen in
the nature of the cardiac myocyte.
In contrast to lymphocytes or cancer
cells, the terminally differentiated
cardiac myocyte has only a limited
capacity to divide. Thus, therapeutic
interventions seeking to act on the
homeostatic balance between cell
proliferation and cell death are
irrelevant, and the only alternative
is to prevent all cardiac myocyte
death whatsoever.
The inadequacy of focusing solely
on necrosis is, however, apparent
when one considers the progression
of fibrosis during hypertensive heart
disease. The concept of necrosis
implies a catastrophic death of
cardiac myocytes and a corresponding replacement by fibrosis.
Another hypothesis postulates
excessive stimulation of fibroblasts
by angiotensin II (Ang II) or
aldosterone, resulting in marked
collagen deposition. Both mechanisms suffer, however, from lack of
evidence that severe oxygen
deprivation persists in hypertensive
heart disease. It is also unlikely that,
in the absence of left ventricular
failure, raised Ang II or aldosterone
levels could, by themselves,
account for excessive collagen
synthesis of fibroblasts.
Necrotic cardiac myocyte death
appears thus not to be the main
factor responsible for the progres-
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sion of hypertensive heart disease
or congestive heart failure (CHF).
Likewise, at the vascular level,
the simplistic concept of cell necrosis with subsequent extracellular
remodeling appears inadequate to
explain the excessive proliferation
of intimal cells after angioplasty.
It is therefore timely to explore the
possible benefits of manipulating
the death or survival of cardiovascular cells. Despite great efforts,
attempts to stem the progression
of congestive heart failure,
adequately treat various inflammatory heart diseases, and halt
restenosis after angioplasty have
largely failed. What would the
prospects be if apoptosis of
cardiovascular cells could be
controlled? Would this translate
into a benefit for major cardiovascular disorders? This paper seeks to
provide evidence in favor of this
hypothesis.

CARDIAC MYOCYTES
It has often been argued that CHF
in pressure-overloaded hearts was
closely linked to the hypertrophy
process. Since cardiac myocytes
have a limited capacity to divide,
hypertrophy remains the only mechanism for coping with an increased
workload. Hypertrophied, exercized
hearts do not fail, however, and it
thus appears that the hypertrophy
per se should not necessarily be
associated with the onset of failure.
The answer seems to lie in the
expression of a variety of genes
that cause the heart to be unable
to cope with the workload. There is
increasing evidence that an
overloaded heart is insulin resistant1
and that genes are expressed that
are typical of diabetic hearts.
Accordingly, interventions that
increase glucose oxidation of heart
muscle improve the pump performance of pressure-overloaded

hearts.2 One of the key features of
pressure-overloaded hearts is diastolic overloading, which represents
a crucial trigger for apoptosis.3 If,
in addition, Ang II is raised due to
neuroendocrine activation,
the threshold for apoptosis of the
cardiac myocyte could be reached.
Furthermore, an impaired rate of
Ca2+ sequestration by the sarcoplasmic reticulum is expected to reduce
the rate of isovolumic relaxation of
the heart and would thus impair
coronary perfusion. The fact that the
reexpression of fetal genes depends
on the wall stress gradient could
explain that cardiac myocyte death
ensues in an apparently scattered
manner. Furthermore, the pleiotropic
cytokine tumor necrosis factor–α
(TNF-α) is increased in heart failure.4
TNF-α can be a potent inducer of
apoptosis through the TNF
receptor–1 (TNFR1), acting probably
via a TNFR1-associated “death
domain” protein (TRADD).5

Hypoxia
Dilation
Myocyte apoptosis

CARDIAC MYOCYTE
Insulin resistance
Fetal phenotype

Collagen deposition
Interleukins
Myocyte apoptosis

Myocardial
contractility reduced
Diastolic
overload

Fibroblast proliferation
Inflammatory reactions
Myocyte apoptosis

Myocyte
apoptosis

Norepinephrine, renin
Ang II, aldosterone

Figure 1. Detrimental processes occurring during progression of heart failure due to pressure overload.

86

Dialogues in Cardiovascular Medicine - Vol 3 . No. 2 . 1998
Apoptosis: what prospects for beneficial manipulation? - Rupp & Maisch

This scenario of a borderline
depression in pump performance
could be sufficient to initiate progression of heart failure. Any loss
of cardiac cells would, however,
result in reduced performance of
the heart muscle. Furthermore,
a lost cardiac myocyte would have
to be replaced by collagen, leading
to diffuse fibrosis and impaired
cardiac compliance (Figure 1).
What would the prospects be if the
progressive scattered loss of cardiac
myocytes could be prevented?
At the very best, a chronically
pressure- or volume-overloaded
heart would maintain normal
performance. How could this be
achieved? In the most straightforward approach, the simultaneous
occurrence of various cell
death–promoting factors would
have to be prevented.
Unexplored drug targets of the
cardiac myocyte should thus be
identified in order to modulate
myocyte gene expression.
Promising avenues might include
insulin-like growth factor–1,6
cardiotrophin-1,7 and Bcl-2,8
which can inhibit apoptosis of cardiac
myocytes. Thus, overexpression of
insulin-like growth factor–1 was
shown to prevent activation of cell
death in the viable myocardium
after infarction and limited dilation.6
In favor of the hypothesis that
improved heart function is associated with a reduced incidence of
apoptotic cardiac myocyte death
are recent findings showing that
angiotensin-converting enzyme (ACE)
inhibitors can reduce apoptosis.
Thus, quinapril was found to normalize ACE activity and apoptosis
in treated spontaneously hypertensive rats (SHRs) with heart failure
associated with increased numbers
of apoptotic cells,9 while captopril
ameliorated heart failure and
reduced the exaggerated apoptosis.10
It appears that the major effect of

ACE-inhibitor treatment results
from a reduction in workload and
Ang II influence. Reducing the
workload is expected to reduce the
levels of catecholamine radicals,
and thus the associated apoptosis.
Apoptosis of cardiac myocytes
occurring during the transition
from a nonfailing to a failing heart
with increased wall stress could be
one of the long-searched for causes
of dilation of the ventricular chambers. Although the phenomenon of
fiber slippage has been known for
decades, it remains ill-defined and
no drug approach is targeted at
cardiac dilation. Increased wall stress
in response to overload is initially
offset by compensatory myocyte
hypertrophy. However, if scattered
myocyte loss occurs, dilation accompanied by wall thinning ensues.
Dilation and increase in wall
thickness result in increased oxygen
consumption, thus favoring the
occurrence of transient ischemic
episodes. Pathological dilation
of the heart chambers therefore
increases the overall incidence
of apoptosis of cardiac myocytes.
The functional importance of
transient ischemic events is also
underscored by the fact that rapid
ventricular pacing results in a high
incidence of apoptosis of cardiac
myocytes.11 Bradycardic agents
might thus be expected to have a
protective action.
It remains to be shown whether
the transduction signal of hypoxiainduced apoptosis can provide a
unique drug target. In other cell
types, hypoxia-induced apoptosis
depends on the ubiquitous DNAbinding protein p53. If p53 is
transfected in normal myocytes,
they exhibit the morphological
changes and genomic DNA
fragmentation characteristics of
apoptosis.8 Since DNA damage is
typically associated with
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upregulation of p53, it would contribute to the elimination of injured
cells. Although p53 is induced by
hypoxia in cardiac myocytes,
it appears that a p53-independent
pathway exists that mediates
myocyte apoptosis during myocardial infarction.12 The occurrence of
apoptosis—particularly in the border
zone of an infarcted area—and of
reperfusion-related apoptosis
would be promising targets for
limiting cardiac myocyte loss in
myocardial infarction. Of particular
interest could be interventions
that interfere with the enhanced
expression of the death-promoting
membrane-bound Fas/Apo-1
receptor, which is in excess when
compared with the smaller increase
of the apoptosis-inhibiting factor
Bcl-2.13 Alternatively, caspase
inhibitors could be used to block
the execution of the cell. Thus,
Z-Val-Ala-Asp(OMe)-CH2F (ZVADfmk), a tripeptide inhibitor of the
caspase interleukin-1ß–converting
enzyme family of cysteine proteases,
was shown to be effective in
reducing myocardial reperfusion
injury, an action at least partially
attributable to the attenuation of
cardiac myocyte apoptosis.14

FIBROBLASTS
Cardiac fibroblasts differ greatly
from cardiac myocytes with respect
to apoptosis. Cardiac myocytes are
prone to go into apoptosis due to
proapoptotic factors or loss of survival factors. By contrast, cardiac
fibroblasts appear to be resistant
to apoptosis. Hypoxia induced
apoptosis in myocytes, but not in
nonmyocytes such as fibroblasts.15-17
In hypoxic conditions, Fas messenger
RNA was upregulated twofold
compared with controls in cardiac
myocytes, whereas that of nonmyocytes was downregulated.16
This differential response could
explain the progression of various
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cardiovascular disorders that are
characterized by an excessive deposition of collagen. Since fibrosis not
only adversely affects the mechanical
performance of heart muscle and
also severely limits oxygen supply,
it is a major contributing factor to
the progression of heart failure.
The question obviously arises as to
whether the induction of apoptosis
of proliferating fibroblasts could be
a useful drug target to limit fibrosis.
Although specific compounds that
induce apoptosis of fibroblasts or
activated myofibroblasts could be
envisaged, it appears that apoptosis
of fibroblasts may also be achieved
by withdrawal of growth factors.
Deprivation of trophic factors is
known to induce apoptosis in
various cells that depend on them
for survival. In the case of human
cardiac fibroblasts, P1, a cyclic
peptide analog of platelet-derived
growth factor-BB (PDGF-BB),
induced apoptosis.17 It was concluded that this compound might be
useful not only for studying the
balance of cellular proliferation/
apoptosis in wound healing,
but might also provide a promising
approach to interfering with
atherosclerosis and restenosis.
Thus, adventitial myofibroblasts
contribute to postangioplasty
restenosis by proliferating,
forming a fibrotic scar surrounding
the injury site, and migrating into
the neointima.18 The induction of
apoptosis of fibroblasts or myofibroblasts could, therefore,
have important therapeutic implications for limiting fibrosis,
and efforts should be made to
design compounds with greater
potency and selectivity. If differential apoptosis of vascular smooth
muscle cells (VSMCs) and fibroblasts
could be induced, novel approaches
would be available for interfering
with vessel injury.

MACROPHAGES AND
LYMPHOCYTES
In the initial stage of atherosclerosis
during fatty streak formation,
monocytes adhere to the endothelium, migrate into the subendothelium, and become transformed into
macrophages. Macrophages are
transformed into foam cells by
uptake of oxidized low-density
lipoproteins. Alternatively,
macrophages form foam cells
subsequent to infection with,
for example, Chlamydia pneumoniae.19
Since the accumulation of
macrophages is associated with
inflammatory reactions arising from
the release of cytokines and matrixdegrading enzymes, they appear to
have a detrimental influence on the
progression of atherosclerosis.
Any intervention which locally interferes with the activation of
macrophages could thus be of
therapeutic interest. The principal
potential of such an approach is
shown by sites of “immune privilege”
in the body. Since any cellular
immune mechanism can damage
nearby tissue, the stroma cells of the
eye and the Sertoli cells of testes
form tissues where dangerous inflammatory reactions cannot occur.20
This immune privilege does not arise
from physical barriers, but rather
from an active process involving
the expression of the Fas ligand
(FasL).21 FasL was originally thought
to occur only in cytotoxic T cells
and natural killer cells. FasL has,
however, recently been demonstrated
in all immunologically privileged
sites. By expressing FasL, the eye
can kill any infiltrating activated
cells by apoptosis, preventing the
impairment of vision. The important
role of FasL in controlling apoptosis
is also demonstrated by those
cancer cells that express FasL.22
Such cells can kill cytotoxic T
lymphocytes and other activated T
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cells, thereby evading the specific
immune surveillance and inducing
immune suppression in the host.23
The crucial role of FasL expression
in terminating inflammatory
reactions has also been established
in models of rheumatoid arthritis.
Zhang et al24 showed that although
the expression of Fas was markedly
upregulated in activated synovial
cells and infiltrating leukocytes at
the site of inflammation, the level of
FasL was extremely low, and that
injection of a recombinant
replication-defective adenovirus
carrying FasL gene into inflamed
joints conferred high levels of FasL
expression. Apoptosis of synovial
cells was induced and the collageninduced arthritis was ameliorated.
The authors concluded that FasL
gene transfer at the site of inflammation effectively ameliorated the
autoimmune disease.
Although certain cancer cells express
both Fas and FasL, they can escape
from self-inflicted injury by
mechanisms that make them
resistant to Fas-induced apoptosis.
One such mechanism involves overexpression of Bcl-2, which can block
cell death induced, for example,
by chemotherapeutic drugs.
The expression of Bcl-2 is repressed
by p53. If functional p53 is lost,
Bcl-2 levels will be elevated and
apoptosis of cancer cells will be
inhibited. Overexpression of Bcl-2
has indeed been observed in
various human cancers and has
been correlated with a poor response
to chemotherapy.25 Compounds that
perturb protein-protein interactions
of cell death inhibitors (Bcl-2 family)
or cell death effectors (Bax family)
could, therefore, be useful in tumor
therapy.
What can we learn from these studies
on lymphocytes and cancer cells?
One obvious question is whether the
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transient generation of an immune
privileged site within a vascular
lesion could terminate chronic
inflammation. Such an approach
could involve expression of FasL or
use of antisense oligonucleotides
to downregulate members of the
Bcl-2 family. Although the selectivity
of such interventions cannot be
predicted at the current time,
they could, in principle, provide a
novel regimen for interfering with
vascular disorders.
Late vascular lesions could also be
of great importance. A particularly
detrimental process involves rupture
of a destabilized plaque, thrombus
formation, and arterial occlusion.
Plaque rupture typically occurs in
areas where a thinned plaque has
a fibrous cap. During this process,
macrophages accumulate and
become involved in inflammatory
reactions. Matrix-degrading enzymes
released by macrophages contribute
to the destabilization of the fibrous
cap. Various cytokines released
from macrophages can induce
apoptosis of VSMCs that are
required for stabilization of the
plaque. Accordingly, apoptosis was
found greatest in VSMCs subjacent
to the endothelium.26
Specific elimination of activated
macrophages would therefore
appear to be a useful approach.

VASCULAR SMOOTH
MUSCLE CELLS AND
ENDOTHELIAL CELLS
The integrity of the vessel wall
depends on a well-balanced equilibrium between proliferation and
apoptosis of endothelial cells and
VSMCs. After restenosis, both cell
proliferation and apoptosis are
thought to play a role. A relative
decrease in apoptosis of VSMCs may,
however, contribute to hyperplastic
restenosis by prolonging the life span
of intimal cells. Hyperplasia of

VSMCs is also the most likely cause
of in-stent restenosis, and therapeutic interventions inhibiting VSMC
proliferation would greatly enhance
the utility of endovascular stents.
The survival factor Bcl-xL, which
inhibits caspase activation and thus
cell execution, was found to be
more abundantly expressed within
intimal cells compared with medial
VSMCs.27 By contrast, the cell
death–promoting factor Bax was
expressed equally throughout the
vessel wall in human atherosclerotic
lesions.27 Downregulation of intimal
cell Bcl-xL with use of antisense
oligonucleotides induced apoptosis
of intimal VSMCs and acute regression of vascular lesions.27 It was
concluded that targeted apoptosis
of VSMCs may be an effective
therapy for intimal vascular disease.

FUTURE PROSPECTS
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Does apoptosis play a role in the progression
of heart failure ?
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The failing heart is characterized
by an increase in chamber volume
and a reduction in wall thickness,
leading to marked reduction in
the mass-to-chamber volume ratio.
These changes result from extensive
myocyte loss, compensatory myocyte
hypertrophy, and remodeling of
the interstitial compartments.
Myocyte loss in heart failure appears
to result from the combined effect
of myocyte necrosis and apoptosis.
DNA strand breaks—the hallmark
of apoptosis—have also been
recently demonstrated in normal
cardiac aging and myocardial
infarction. Apoptosis is activated
by ischemia and mechanical stress.
Reactive oxygen species, atrial natriuretic peptide, angiotensin II,
tumor necrosis factor–, the Fas
molecule, and cell-cycle reentry
appear to play a role in this process.
Intracellular molecular control
mechanisms of apoptosis have been
evidenced, suggesting therapeutic
strategies to prevent apoptosis with
a view to increasing survival in
patients with cardiac diseases.
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D

espite the high incidence
and ominous outcome of
heart failure (HF), very little
information is available on
the mechanisms by which, in many
cardiac diseases, pump dysfunction
and overt failure progressively develop over time. It is only recently that
quantitative results have been
collected on the structural characteristics of the hearts of patients in
end stage failure examined at the
time of cardiac transplantation.1,2
These data demonstrate that in
ischemic and idiopathic dilated
cardiomyopathies, despite extreme
degrees of hypertrophic growth of
the entire heart (by 80% or more in
weight), the ventricles have cavity
volumes 4 to 5 times larger than
controls. Thus, the myocardial
mass–to–chamber volume ratio is
approximately 50% below the normal
range. The myocardium is composed
of myocytes almost double in size
with a predominant increase in
length (of more than 50%) to accommodate the enlarged chamber
volume. Ventricular wall thickness,
however, remains within control
limits, so that the ratio of wall thickness to chamber volume decreases
by almost four. Scars, consisting of
segmental, replacement, and interstitial fibrosis, occupy between 13%
to 28% of the ventricular myocardium, indicating extensive myocyte
cell loss. In essence, these findings
are consistent with the notion that
myocyte cell loss, myocyte hypertrophy, and remodeling of the interstitial
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compartment all contribute to the
decompensated eccentric ventricular
hypertrophy of the failing heart.
Myocyte cell loss in the heart may
be attributed to necrosis, apoptosis,
or both. Before 1994, only necrosis
was described in the myocardium
as the outcome of severe and
prolonged ischemia. Necrosis is a
late morphological event that follows
a series of biochemical reactions
and functional alterations leading
to irreversible myocyte damage.
Tiny breaks in the plasmalemmal
membrane and amorphous densities
in the mitochondria are considered
irreversible morphological indexes of
this death process. Myocyte necrosis
is accompanied by tissue repair
involving an inflammatory reaction
activated by the release of intracellular materials and the participation
of granulocytes, macrophages, and,
in later stages, fibroblasts and
collagen deposition. The final result
is a scar, which may alter the structural and functional properties of
the myocardium.
Apoptosis is an earlier event
activated by an energy-requiring
genetic program in which a Ca2+dependent endogenous endonuclease cleaves the DNA in regular
fragments of 180 to 200 bp. These
characteristic DNA double-strand
breaks are associated with intact
cytoplasm, indicating that DNA
damage is the first event of apoptotic
cell death. An additional feature of
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apoptosis that differs from necrosis
is the disappearance of affected
cells with residual apoptotic bodies,
but no obligatory reparative fibrosis.
This property has been considered
a suicidal sacrifice of at-risk cells
that may protect the remnant tissue
from more deleterious and permanent consequences of the necrotic
process.
Although difficulties exist in distinguishing between myocyte cell
death by necrosis and by apoptosis,
techniques have been developed
and used in different experimental
conditions to measure the number
of myocytes involved in both processes.3 Apoptosis can be confirmed
by the presence of DNA strand
breaks in agarose gel electrophoresis.
However, in most cases, only qualitative observations have been
reported, and the amount of myocyte
cell death via this mechanism is still
controversial. This is a relevant issue
because there is evidence that the
entire process of death by apoptosis
takes minutes or hours, and, since
myocyte proliferation is a limited
process, the whole heart may disappear within days or months assuming that apoptotic cell death is an
ongoing phenomenon.
The adult human heart contains
approximately 4 to 6×109 myocytes,
and aging does not affect myocyte
cell numbers in the female heart.
In contrast, in the male heart,
64 million myocytes/year are lost
and this phenomenon is compensated by hypertrophic growth of the
remaining viable cells.4 Despite this
reactive growth, the heart weight
progressively decreases with time
and this imbalance between loss
and growth may explain the higher
incidence of HF in elderly male
subjects compared with females in
whom such a loss is not apparent.
In Fischer 344 rats, a well-established
rat strain for studies on aging,

myocyte cell loss by necrosis and
apoptosis has been measured at
different ages.5 In the entire heart,
myocyte necrosis precedes apoptosis
and involves almost 1500 myocytes
at 3 months, increasing to 32 000
myocytes at 24 months.
Myocyte apoptosis was restricted to
the left ventricle and involved 140
myocytes at 3 months and less than
1000 cells at 24 months. Myocyte cell
loss was associated at 16 and
24 months of age with ventricular
dysfunction and failure. Thus, in men
and rats, a progressive drop-off of
cells occurs with aging, explaining
at least in part the functional
deterioration.
In the terminal stages of failing
human hearts, myocyte apoptosis,
documented by DNA strand breaks,
was found to account for an average
of 2318 myocyte nuclei per million,
a figure 232 times higher compared
to controls. In 77% of apoptotic
myocyte nuclei, characteristic morphologic features of apoptosis were
found by confocal microscopy.6
Additionally, DNA laddering was used
to document DNA fragmentation
biochemically. In several cases,
myocardial fibrosis indicative of
previous necrotic cell death was
present and ranged from 1% to 44%.
No difference was found in the
amount of apoptosis among
ischemic and idiopathic dilated cardiomyopathies and valvular disease.
The circumstantial evidence for the
occurrence of apoptosis in cardiac
diseases resulting in HF does not
explain the stimulus that may trigger
myocyte apoptotic cell death. It has
been demonstrated that oxygen
deprivation, a very well-known cause
of necrosis in the myocardium,
is able to elicit myocyte apoptosis.
Experimentally, apoptosis precedes
necrosis after coronary artery ligation
in the rat.3 In the hearts of patients
who died shortly after acute myocar-
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dial infarction and intractable congestive heart failure, DNA fragmentation was found in 12% of myocyte
nuclei in the region bordering the
infarcted area, while in only 1% of
cells was apoptosis in progress in
the remote myocardium.7 However,
following extensive myocardial
infarction, in addition to the
ischemic event, the remaining viable
tissue is exposed to an abrupt elevation in diastolic transmural stress
that persists during the healing
phases and cannot return to normal
in the absence of external intervention. This is because chamber volume increases and ventricular wall
thickness decreases. Wall thinning
is characterized by a reduced number
of cells across the wall, a phenomenon termed side-to-side lateral
cell slippage, which is seen in both
human and rodent failing hearts.
In an attempt to interpret the
mechanism of myocyte translation
from the inner to the outer layers of
the ventricular wall, it has been suggested that stress may be concentrated on a single cell of a hypothetical
ring of myocytes, producing
irreversible damage and eventually
death of the target cell.8
More recently, data have accumulated
to show that in conditions in which
abnormal stress is applied to the
myocardium, reactive myocyte
growth is associated with apoptotic
death signals. Overstretching papillary muscles in vitro, as well as
simulating the diastolic overload in
vivo, produces myocardial remodeling and apoptotic myocyte cell
death.9 Increased systolic and diastolic wall stress is equally effective
in inducing myocyte apoptosis in
animals and humans.10
Terminal stages of HF that are
accompanied by severe and prolonged stress are associated with
myocyte loss by apoptosis.6,7
Interestingly, after a period of wellcompensated cardiac hypertrophy
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in the spontaneously hypertensive
rat model, cardiac failure develops
only in some animals in which a
greater degree of cardiac myocyte
apoptotic cell loss can be demonstrated.11 Reducing the pressure
overload on these hearts by
angiotensin-converting enzyme
inhibition decreases the amount
of apoptosis.
Thus, there is no doubt that stress
may play a critical role, but very
limited information is available on
the signal transduction pathway
followed by the stimulus from the
surface of the cell to the nucleus
and on how mechanical, hormonal,
or chemical signals can be transformed into intracellular messages.
Myocyte apoptosis appears to be
modulated by multiple factors promoting or opposing myocyte death.
Among others, the members of the
Bcl-2 family have been quite extensively evaluated, although their role
is still unclear.3,6,9 Bcl-2, which promotes cell survival, is decreased in
HF, whereas Bax, a gene of the
same family promoting apoptosis,
is unchanged. The precise mechanisms by which the two members
of the same family have opposite
effects is still unclear. The suggestion
has been made that apoptosis is
the result of the ratio between
proapoptotic and antiapoptotic
proteins that probably act as
homodimers and heterodimers.
Fas antigen, a cell surface molecule
that belongs to the tumor necrosis
factor and nerve growth factor
receptor family, can also stimulate
apoptotic myocyte cell death,
and Bcl-2 may interfere with this
process. Acute coronary occlusion
or hypoxia are able to upregulate
Fas expression in the ischemic
myocytes.3 However, passive overstretching of isolated papillary muscles produces Fas overexpression,
but myocyte apoptosis seems to be
dependent upon superoxide anion

formation.9 p53 and Waf-1 may
promote myocyte apoptosis directly
or through the renin-angiotensin
system.11 The interleukin-1ß-converting enzyme family, which, in humans,
includes caspase 1 to caspase 10,
seems to have a direct role in
myocyte cell death.12 Tumor necrosis
factor–α is elevated in patients
with HF, is known to signal through
functionally active receptors on
myocyte sarcolemma, and may
induce myocyte apoptosis in vitro by
increasing intracellular sphingolipids.12 Atrial natriuretic peptide
provokes apoptosis in neonatal
myocytes, suggesting an important
role of this molecule alone or in
combination with other neuroendocrine effectors.13 Angiotensin II
has been able to increase apoptotic
cell death in isolated myocytes
through enhanced Ca2+ entry into the
cytoplasm. This effect was inhibited
by specific angiotensin-1 (AT1)
receptor blockade.14 Angiotensinconverting enzyme inhibition,
by reducing the pressure overload on
the hypertrophic hypertensive rat
heart, seems to be able to protect
against apoptosis.11 Pioneering studies to promote myocyte survival
from apoptotic cell death with
growth factors are promising.15
Finally, the existence of similarities
between apoptosis and the different
phases of the cell cycle has been
noted for some time in several cell
systems and, as an extreme view,
apoptosis has been considered an
unsuccessful mitotic process.
Although adult cardiac myocytes
have been considered as being postmitotic cells, several studies in
humans and animals have demonstrated that HF is associated with
enhanced DNA synthesis in myocyte
nuclei.16 This phenomenon is also
accompanied by upregulation of
molecular markers for cell-cycle
progression and mitotic figures.
The simultaneous presence of apop-
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tosis and DNA synthesis in HF supports the concept that in order to
maintain pump function, extremely
stressed, still viable myocytes could
be induced to reenter the cell cycle.
However, this maneuver may result
in myocyte proliferation and/or
death depending upon the ability to
produce intact or damaged DNA.
In this regard, it is well known that
cell-cycle progression in the face of
DNA damage is, in general, a potent
stimulus to apoptotic suicidal induction in order to maintain intact the
genomic DNA. In the heart, the suicidal apoptotic program of some
myocytes in stressful conditions may
be viewed as a positive attempt to
avoid more dangerous consequences
produced by necrotic cell death.
The hypothesis that apoptosis is
involved in the progression of various cardiac diseases leading to irreversible failure is based on several
facts: (i) heart failure develops more
frequently in patients with hypertension and cardiac hypertrophy and
survivors from acute myocardial
infarction, conditions in which apoptotic myocyte cell death has been
demonstrated; (ii) the presence of
programmed myocyte cell death
has been found in the myocardium
of patients in end-stage cardiac
failure; (iii) myocyte apoptosis can
be elicited in isolated myocytes
exposed to substances present at
high levels during the developmental
phases of HF; (iv) elevations in
mural stress characteristic of HF of
various origins may induce myocyte
apoptosis; (v) agents that ameliorate
survival in humans with HF reduce
apoptotic myocyte cell death;
and (vi) aging of the heart resulting
in HF is accompanied by apoptotic
myocyte cell loss.
In the majority of these conditions,
however, necrotic myocyte cell death
is present, and the final destiny of
the failing heart should be attributed
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to the cumulative effects of both
death processes on the number of
dying or surviving cells. The advantage of recognizing that apoptosis
is consistently involved in abnormalities underlying heart dysfunction
depends on the possible prevention
of myocyte loss by pharmacological
intervention or gene therapy.
Once general and specific mechanisms, gene inducers and protectors,
modulators, and other variables
involved in apoptosis have been
discovered, strategies to promote
myocyte rescue will be generated,
thereby preventing cell loss by this
mechanism. Since the amount of
myocyte apoptosis is not trivial in
the pathologies where it has been
found, patient survival or death may
depend on the number of myocytes
preserved from dying.
In conclusion, cardiac myocyte cell
death by apoptosis is found in
different diseases that progress
acutely or chronically to HF,
decreasing the number of viable
myocytes. Thus, the answer to the
original question—does apoptosis
play a role in the progression to
HF?—is yes. On the other hand,
apoptosis cannot be considered
the sole factor responsible for the
progression of cardiac diseases to
dysfunction and failure. Necrosis is
also present, and the total amount
of myocyte cell loss, in addition to
the anatomical and structural
remodeling of the myocardium, is a
prominent factor in pump dysfunction. However, the complexity of
events involved in the genesis of
HF cannot be attributed to any one
process alone, and gene expression,
regulation of contractility,
changes in the cytoskeleton and
extracellular matrix, ion homeostasis, and other unknown factors
may all contribute to cardiac
failure. In any event, there is still
the hope that therapeutic efforts
aimed at myocyte preservation

from apoptotic cell death may
provide a further tool to improve
prognosis in HF.
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Is cardiac apoptosis invariably bad?
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The prevailing assumption that loss
of cardiac myocytes via apoptosis
would contribute to the loss of
cardiac pump function and,
therefore, is undesirable, is highly
plausible, but untested in
mechanistic terms. Four potential
counterexamples are discussed:
altruistic cell sacrifice, genome
surveillance, cell cycle surveillance,
and immunological surveillance.
Despite the logic underlying the
proposed use of antiapoptotic
drugs or genes as countermeasures
in heart failure, these considerations
suggest the need for vigilance
to avoid unforeseen complications.
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A

s summarized elsewhere in
this issue of Dialogues in

Cardiovascular Medicine

and in other recent
reviews,1,2 apoptosis of cardiac
muscle cells (programmed cell
death) is a form of cell demise
distinct from necrosis, which has
been observed to occur in diverse
experimental settings of cardiac
pathobiology including hypoxia,
ischemia, reperfusion injury,
myocarditis, aortic banding,
spontaneous hypertension,
and senescence. Cardiac myocyte
apoptosis can be triggered by
certain autocrine/paracrine
factors that are more abundant
in diseased hearts (angiotensin II,
atrial natriuretic factor,
tumor necrosis factor–α), and,
conversely, may be susceptible
to inhibition by “survival factors”
(insulin-like growth factor–I,
cardiotrophin-1) or by the forced
expression of antiapoptotic
genes (Bcl-2).1,2 In humans,
cardiac apoptosis has been noted
in myocardial infarction, dilated
cardiomyopathy, arrhythmogenic
right ventricular dysplasia,
myocarditis, and familial heart
block (in the conduction system).1,2
Together, these findings suggest
the highly plausible premise that
pharmacological or genetic
countermeasures to interrupt the
molecular cascade for apoptosis
merit investigation, the 1990s
version, perhaps, of salvaging
jeopardized myocardium.
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In his role as agent provocateur for
this issue, Bob Engler has posed
the question: is cardiac apoptosis
necessarily and invariably a bad
thing? For clinical adult cardiology,
much of which comprises a race to
avert the death of ischemic muscle
cells, this question might seem
needlessly contrarian. Indeed,
our own research has come to view
infarction and heart failure each as
a “myocyte-deficiency disease.”
From this perspective, clinical
recovery is seen as confounded
by three intrinsic biological
limitations in the adult heart:
first, the postmitotic phenotype
(a virtually complete loss of the
ability of ventricular muscle to
generate new daughter cells and
restore pump function through an
increase in cell number); second,
the so-called “fetal” phenotype
during compensatory hypertrophy
of surviving myocytes (quantitative
and qualitative changes in cardiac
gene expression, which are
nominally adaptive, but whose
eventual effect may be maladaptive
and contribute to heart failure);
and, third, the lack of an obvious
stem cell population, equivalent
to satellite cells in skeletal muscle,
which might be recruited into a
cardiac differentiation pathway as
an alternative source of cardiac
myocytes in response to cardiac
injury. Thus, the single most
obvious expectation regarding
cardiac apoptosis is its presumptive
role as a contributor to impaired
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pump function, whether in the
context of acute myocyte loss in
the first hours of infarction,
the setting of iatrogenic cell loss
upon successful reperfusion,
or the more chronic situation of
established compensatory
hypertrophy and an inexorable
progression to heart failure.
These consequences would
encompass not only the direct
effects of cell loss on net
mechanical performance, but also
the confounding effects of wall
thinning, increased wall stress,
and adverse remodeling.
A pathogenic role of apoptosis
likewise would seem straightforward, when this form of cell death
is seen in cardiac conduction
tissue. Recently, apoptosis has
also been associated with a number
of teratogenic interventions that
induce abnormal cardiac
morphogenesis, affecting both
intrinsic myocardial cells
themselves and cells of the cranial
neural crest, which migrate to
cardiac structures.3 Cardiac myocyte
apoptosis can be provoked in P19
cells, a pluripotent embryonal
carcinoma cell line,
when cardiogenesis in vitro is
blocked using antisense methods
to interfere with the transcription
factor GATA-4,4 a zinc finger
protein that is needed for normal
heart tube formation.5
Although little or no evidence
thus far links apoptosis to
congenital heart disease in
humans, it is reasonable to
anticipate this association at
least for a subset of congenital
heart disorders.
In short, it is attractive, plausible,
and uncomplicated to reason that
cell death is bad for the heart, that
apoptosis is a cause of cardiac cell
death, and that apoptosis, in turn,
likewise is bad. Quod erat demon-

strandum. Is there even a need for
a counterhypothesis? As formal
possibilities, two scenarios seem
especially germane: first,
the circumstances (if any) in which
cardiac apoptosis might ordinarily
exert a beneficial effect, and,
second, the related circumstances
in which efforts to prevent cardiac
apoptosis might therefore have
unforeseen adverse effects.
The potential salutary functions
that relate to cardiac disease in
adults can be summarized
succinctly as cell sacrifice, genome
surveillance, cell cycle surveillance,
and immunological surveillance,
in addition to potential roles of
apoptosis in normal cardiac
morphogenesis that will not be
discussed here.
CELL SACRIFICE
By cell sacrifice, I allude to the
postulate that regulated cell death
might even be an altruistic
adaptation in underperfused
myocardium, sacrificing a portion
of jeopardized cells to the benefit
of others.1 Although this concept
might be an example of teleological
and anthropomorphic reasoning,
one of the strengths of this notion
is to alert investigators to the
possibility, even if remote,
that antiapoptotic drugs and genes
could therefore prove to be another
proverbial “two-edged sword.”

GENOME
SURVEILLANCE
A stronger foundation exists for the
concept of genome surveillance—
that apoptotic pathways become
activated upon oxidative DNA
damage or other genotoxic stress,
to prevent the survival
(and expansion) of cells whose
DNA has become defective.6
In postmitotic ventricular muscle,
the molecular sensors of DNA
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damage and their resulting
effectors have not been characterized thoroughly and might differ
from those that have been studied
in proliferating cells.

CELL CYCLE
SURVEILLANCE
Cell cycle surveillance refers to the
cardiac myocyte’s “irreversible” exit
from the cell cycle under normal
conditions, and to the compelling
association between apoptosis and
forced cell cycle reentry in many
settings. In our own experiments,
we have shown that reinitiation of
DNA synthesis can be efficiently
provoked in cardiac myocytes
(even adult ventricular muscle
cells, in vitro and in vivo) by forced
expression of the transcription
factor E2F-1 after adenoviral
gene delivery.7 In cells that are
quiescent with regard to
proliferative growth, E2F-1
resides in the “pocket” of tumor
suppressor pocket proteins,
of which the archetype is the
retinoblastoma gene product Rb.
By binding simultaneously to Rb
and to the promoters of certain
genes controlling DNA synthesis,
E2F-1 can tether Rb to these
promoters and keep the genes
repressed. Mitogenic signaling
cascades induce cell cycle–dependent proteins known as cyclins,
which then activate cyclindependent protein kinases that
phosphorylate Rb (and other
essential targets). Rb phosphorylation releases E2F-1 from the
“pocket,” allowing the E2Fdependent genes to be induced,
and thus enabling DNA synthesis.
The fact that cell cycle reentry
provoked by E2F-1 is lethal in the
absence of bcl-2 or a related
antiapoptotic gene suggests there
is additional information during
normal mitogenic signaling that
is absent when Rb is bypassed in
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this way. Similarly, apoptosis is
prevalent during G1 exit induced
by viral proteins that bind the
“pocket” and inactivate Rb (E1A,
SV40 large T antigen). Although
increased DNA synthesis and
even sporadic mitoses have been
reported in heart failure, the exact
signal and mechanisms for G1
exit in this setting are unknown.
Consequently, the tight association
between apoptosis and cardiac
pathologies that are permissive
for G1 exit is consistent with
this biochemical explanation
(protection from incomplete or
abortive cell cycle reentry), as well
as the more conventional
explanation that cycling is not
“meant” to occur in adult
myocardium (eg, given the complex
constraints of sarcomere
disassembly and reassembly,
or more macroscopic considerations such as the mechanical
integrity of the ventricle).

IMMUNOLOGICAL
SURVEILLANCE
Beneficial effects of apoptosis also
appear to exist in connection with
immunological surveillance in the
myocardium, during myocarditis or
allograft acceptance. To illustrate,
apoptosis was not seen following
cardiac isografts in mice (DBA/2 to
DBA/2) and was sporadic
(<1% of cells) even in rejecting
cardiac allografts (DBA/2 to
C57BL/6). By contrast, apoptosis
was prevalent (20%) in the
periarterial cell infiltrate of
accepted cardiac allografts
(DBA/2 to C57BL/6, treated with
anti-CD4 monoclonal antibody or
gallium nitrate).8 Analogously,
it has been proposed that the
longevity of graft-infiltrating
myocytes seen in certain human
cardiac allografts (“Quilty effect”)
results from the failure of normal
apoptosis to occur and is

associated with high-level
expression of Bcl-2 in the
lymphocytes.9 As in the murine
study cited above, apoptosis of
ventricular myocytes was not
seen even during acute rejection
in humans.9 Together, these experimental and clinical studies
suggest the inference that the
principal target of apoptosis in
cardiac transplantation is the
infiltrating lymphocyte,
under conditions that are
permissive for graft survival.
An especially striking cardioprotective effect of apoptosis was
described following experimental
infection of mice with a
picornavirus, the principal agent
for viral myocarditis. The mortality
following encephalomyocarditis
virus infection was 80% in wildtype mice, but 0% in genetically
engineered mice lacking the p50
subunit of nuclear factor kappa B
(NFB), a transcription factor that
suppresses certain forms of
apoptosis.10 Although virus
replication was equivalent in
both genetic backgrounds,
early apoptosis occurred in the
p50-deficient cells, hours before
the viral “burst.”10 Hence,
the improved survival in p50deficient mice was attributed to
rapid apoptosis (allowing early
phagocytosis) of the infected cells.
Notwithstanding these specific
latter counterexamples, it appears
appropriate for now to regard the
premise that apoptosis contributes
to the disease phenotype as the
default hypothesis in the more
general settings of ischemic heart
disease and congestive heart
failure. As a cautionary note,
however, it is vital to stress the
null hypothesis (that apoptosis
does not measurably alter cardiac
function in these settings),
given that the available information
is largely confined to observational
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studies, and Koch’s postulates
have yet to be tested systematically
here, eg, through overexpression
or deletion of apoptotic and
antiapoptotic genes, or through the
use of existing pharmacological
inhibitors.
One recently published study
reports the reduction of myocardial
reperfusion injury by a caspase
inhibitor, benzyloxycarbonyl-ValAla-Asp-fluoromethylketone
(zVAD-fmk)11; however,
more extensive work of this kind
is clearly needed to substantiate
these conclusions, to address
other models and conditions,
and to permit an extrapolation to
clinical benefit.
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Cell death: the significance of apoptosis
A.H. Wyllie, J.F. Kerr, A.R. Currie
Int Rev Cytol. 1980;68:251-306

his classic review by the initial describers of
apoptosis is of relevance today primarily for
its superb discussion of the morphology of
apoptosis. Specifics of the light and electron
microscopic characteristics of apoptosis are
presented in a wide variety of cell types. In addition,
appropriate credit is given to the unifying features that
define this process in most cell types.

The observation that myocyte apoptosis can result from
marked decreases in myocardial perfusion suggests,
however, that the general applicability of this maxim
requires reexamination.

T

As can be reasonably expected from a review written
almost two decades ago, the portions dealing with
molecular mechanisms are somewhat limited.
Even here, however, the authors showed foresight in
anticipating that apoptosis would be regulated at both
the posttranscriptional and transcriptional levels.

In this discussion, the review takes considerable care to
differentiate the morphological aspects of apoptosis from
those of necrosis. This approach has been important over
the years in the recognition of the existence of apoptosis
as an entity and has served as a useful paradigm in
efforts to understand its mechanism. It should be pointed
out, however, that, in more recent years, questions have
been raised as to whether the dichotomy between
apoptosis and necrosis is absolute and (blasphemous as
it may sound) and whether these two processes may
represent different phenotypic expressions of the same
or similar molecular death mechanisms.
Although additional work will be needed to sort these
issues out, it is conceivable that, in the future,
cellular death will be described primarily by the
molecular pathways involved (eg, caspase-dependent
vs caspase-independent cell death).
In addition to morphology, the review provides a survey
of situations in fetal and adult life in which apoptosis
occurs and may play important roles. One interesting
aspect of the discussion relating to the maintenance of
homeostasis in adult tissues concerned estimates that
rates of apoptosis balance those of proliferation in some
normal tissues.

1980

Several pathological situations were also discussed.
Of particular relevance, given the currently hypothesized
role of cardiac myocyte apoptosis in ischemic heart
disease, is the authors’ belief that ischemia-induced
apoptosis results from only mild degrees of ischemia.
For example, the authors cite their early description of
apoptosis in a liver model in which the portal vein was
occluded with maintenance of hepatic artery flow.

Ronald Reagan wins a landslide victory to become
the 40th president of the USA;
John Lennon is shot dead outside
his apartment in New York;
and Sir Alfred Hitchcock,
British film director, dies, aged 80
100
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Genetic control of programmed cell death
in the nematode C elegans
H.M. Ellis, H.R. Horvitz
Cell. 1986;44:817-829

the egl-1 defect, in a recessive manner. Both ced-3 and
ced-4 are epistatic to ced-1 and two other mutations that
affect disposal of the dying cells, ced-2 and nuc-1.

rogrammed cell death—or apoptosis—was first
identified as a morphologically distinct mode
of cell death in the 1970s. In the 1980s,
Robert Horvitz catapulted the field of cell death
into the realms of molecular and cellular biology.
The nematode Caenorhabditis elegans. proved to be a
particularly useful organism in which to study apoptosis,
as 131 out of its original 1090 cells are genetically
programmed to die during development. Furthermore,
cell lineage is fixed and well documented, making it
relatively easy to track the fate of individual cells.
Lastly, dead cells can easily be identified in the transparent
organism by differential interference contrast microscopy.

P

The following pathway was proposed: ced-3 and ced-4 are
necessary for the death process itself. In the absence of
functional gene products, the 131 cells that are normally
fated to die survive. Downstream of these genes are ced-1
and ced-2, which are required for engulfment of cells that
have exhibited death features. Finally, nuc-1 is responsible
for degradation of the DNA of the engulfed cells.
The C elegans death pathway is now known to be much
larger. The death process can be divided into three stages.
1. Cell-specific genes determine a cell’s individual decision
to die. 2. Execution of death is controlled by ced-3, ced-4,
and ced-9. Ced-9 lies upstream of ced-3 and ced-4 and
antagonizes their activities. Ced-4, in turn, lies upstream
of, and activates, ced-3. Egl-1 has recently been placed
upstream of all three of these genes, and negatively
regulates ced-9. (The egl-1 mutation described here was
a gain of function mutation.) The last phase of death
involves engulfment and breakdown of the dying cell.
This is controlled by ced-1, ced-2, ced-5, ced-6, ced-7,
and ced-10, and nuc-1. The function of these genes has
been and continues to be an area of much interest.
The discovery of mammalian homologs of ced-3 (caspases),
ced-4 (Apaf-1), and ced-9 (Bcl-2) gave further insight into
the actions of these regulators and the central apoptotic
machinery. Recent cloning of egl-1, ced-5, and ced-7
revealed that these three also have mammalian
counterparts. The field of apoptosis research owes not
only its humble beginnings to the nematode, but also its
continuing progress.

In this paper, the authors identify the genes that regulate
programmed cell death. Dying cells are normally removed
by phagocytosis within 1 hour of the first signs of cell death.
In the ced-1 mutant, however, engulfment is delayed for
many hours. A second mutant, egl-1, was also utilized.
This worm is defective in egg laying because the
hermaphrodite-specific neurons (HSNs) required for
proper egg laying are removed inappropriately by
programmed cell death. These mutants were subjected to
mutagenic screens to uncover additional genes that affect
cell death. In this manner, ced-3 and ced-4 were identified.
Two recessive mutations in the ced-3 gene were found in
the original screen. While the phenotype of these worms
was normal, embryonic and postembryonic cell death was
not observed. Furthermore, ced-3 mutations rescued the
egl-1 phenotype; HSNs survived in the double mutant
ced-3; egl-1 hermaphrodites and egg laying was normal.
Ced-3 is therefore required for programmed cell death
to occur, in all cell types. The cell death survivors did not
divide, and did not affect the cell lineage of other cells.
Some, however, were capable of differentiating and
adopting the functional capabilities of their normal,
surviving sister cells.

1986
Imelda Marcos leaves 1060 pairs of shoes in the
presidential palace in the Philippines;
William Hurt wins an Oscar (Best Actor) for his role
in “Kiss of the Spider Woman”; and Christopher
Isherwood, British novelist, dies, aged 81

Mutations in the second gene, ced-4, showed a similar
phenotype as those in the ced-3 mutants.
Recessive mutations were also identified that resulted
in survival of cells that would normally be deleted by
programmed cell death. Ced-4 mutations also suppressed
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Bcl-2 is an inner mitochondrial membrane protein that blocks
programmed cell death
D. Hockenbery, G. Nuñez, C. Milliman, R.D. Schreiber, S.J. Korsmeyer
Nature. 1990;348:334-335

n the late 1980s, an interesting oncogene,
the product of a translocation between
chromosomes 14 and 18, was described and
named bcl-2. The genetic rearrangement inserted
bcl-2 in the immunoglobulin locus, resulting in
the ectopic expression of the gene in B cells. This in turn
led to B cell lymphoma. It turned out that, unlike other
known oncogenes, Bcl-2 did not affect the rate of
proliferation. Rather, it affected the rate of cell survival.

the mechanism of Bcl-2 action. It not only showed that
Bcl-2 is an antiapoptosis factor, but it also suggested that
its localization may facilitate this activity. In fact, work in
the next decade demonstrated the close fundamental link
between Bcl-2, mitochondria, and apoptosis.

I

In this short but seminal paper, the authors demonstrated
that overexpression of Bcl-2 in FL5.12 cells,
an interleukin-3– (IL-3) dependent pro-B lymphocyte cell
line, blocked apoptosis induced by IL-3 withdrawal.
This was the first demonstration that Bcl-2’s oncogenic
properties derived from its ability to block cell death.
Furthermore, the authors performed cell fractionation
and indirect immunofluorescence studies to determine
the localization of Bcl-2 in both the overexpressing
FL5.12 cells and in RL-7 cells that bear the t(14, 18)
translocation. Immunofluorescence staining for Bcl-2
revealed a punctate, cytoplasmic distribution that
coincided with markers of the mitochondria, but not
other organelles. Bcl-2 contains a hydrophobic segment
in its carboxy terminus that is likely to target it for
mitochondrial membrane insertion. In fact, upon cell
fractionation, Bcl-2 was localized to the heavy membrane
fraction, which contains mitochondrial membranes.
Further fractionation revealed that it was localized to
the inner mitochondrial membrane.
Interestingly, this observation was contradicted by a later
paper that demonstrated that Bcl-2 is associated with the
outer mitochondrial membrane, with all but the carboxy
terminus of the protein exposed to the cytoplasm.
The discrepancy may be explained by the possibility
that Bcl-2 lies in regions of the outer mitochondrial
membrane that maintain direct contact with the inner
membrane. It is now accepted that Bcl-2 is localized to
the outer mitochondrial, endoplasmic reticular,
and nuclear membranes.

1990
Popeye celebrates his 60th birthday;
Jessica Tandy wins an Oscar (Best Actress)
for her role in “Driving Miss Daisy”;
and US composer and conductor
Leonard Bernstein dies, aged 72

Thus, while erroneous in one of its conclusions, this was
a landmark paper in that it established the first clue as to
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Ischemic preconditioning slows energy metabolism and delays
ultrastructural damage during a sustained ischemic episode
C.E. Murry, V.J. Richard, K.A. Reimer, R.B. Jennings
Circ Res. 1990;66:913-931

he objectives of this study were to determine the
effect of preconditioning on the ultrastructural
and metabolic changes that characterize
ischemia. To do this, dogs were subjected to
4 episodes of ischemia (5 minutes) followed by
reperfusion (5 minutes). This was immediately followed by an
additional 5, 10, 20, or 40 minutes of sustained ischemia.
The major observation was that preconditioning slows
down—but does not ultimately change—the evolution of
these parameters. Controls underwent identical periods
of sustained ischemia but without prior preconditioning.

Despite this lower starting point, the amount of ATP in
preconditioned hearts exceeded that in control hearts
subjected to 10 minutes of ischemia (50% vs. 37% of normal
ATP levels respectively). Following 20 to 40 minutes of
ischemia, however, preconditioned and control hearts both
contained similar amounts of ATP (11% of normal ATP
levels). Lactate levels were similar in preconditioned and
control hearts during the first 5 minutes of sustained
ischemia. In contrast, lactate levels were significantly lower
in preconditioned as compared with control hearts subjected to 10, 20, and 40 minutes of ischemia. The authors
believed the increased ATP levels in preconditioned hearts
subjected to 10 minutes of ischemia to result from decreased
ATP utilization rather than increased ATP production.
This opinion was based on the fact that: (i) differences in
aerobic ATP production were unlikely given similar
collateral blood flows in preconditioned and control
groups; and (ii) differences in anaerobic production could
not explain the higher ATP levels in preconditioned hearts
as these hearts had lower lactate levels than controls.

T

After 5 minutes of ischemia, some control hearts showed
mild, reversible ultrastructural abnormalities including
myofibrillar stretching and mitochondrial swelling.
These changes became more marked and uniform by
10 minutes and were joined by condensation and margination of chromatin. After 20 minutes of ischemia, amorphous
matrix densities, a marker of irreversible injury, could be
detected in some mitochondria. By 40 minutes, all of these
changes were more severe and uniform and, in addition,
discontinuities in, and detachment of, the sarcolemma from
Z disks—further evidence of irreversible damage—was
present. In contrast, the kinetics of these ultrastructural
abnormalities was retarded in preconditioned hearts.
Immediately following preconditioning itself, no ultrastructural abnormalities were evident, and only mild reversible
changes were present after 5 to 10 minutes of ischemia.
Notably, even after 20 minutes of sustained ischemia,
evidence of injury in preconditioned hearts was still quite
heterogeneous and did not include irreversible changes.
Only after 40 minutes of ischemia did preconditioned hearts
exhibit irreversible changes; even here, however, the pathology was less uniform than in control hearts. Thus, in agreement with this group’s prior measurements of infarct size
and histology, the onset of ultrastructural abnormalities
characteristic of ischemia is slowed by preconditioning.

A model is proposed in which preconditioning reduces
myocardial energy demand during ischemia. The biochemical mechanisms by which this occurs are not known.
The consequences of such a scenario would be higher ATP
levels and reduced concentrations of catabolites. The second
part of the model posits that either or both of these
metabolic changes results in increased myocardial viability.

1990
Michaelangelo, Raphael, Leonardo, and Donatello
eat pizza and fight crime in the sewers;
“Sex, Lies, and Videotape” wins the Palme d'Or
at Cannes; and Susan Butcher wins the Alaskan
Iditarod Trail dogsled race for the fourth time

Several metabolic parameters were also studied. Steady state
levels of ATP decreased in response to ischemia in both
preconditioned and control groups. The kinetics of this
change differed significantly, however. First, even prior to the
onset of sustained ischemia, ATP levels in preconditioned
hearts were 71% of those found in control hearts.
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Reperfusion injury induces apoptosis in rabbit cardiomyocytes
R.A. Gottlieb, K.O. Burleson, R.A. Kloner, B.M. Babior, R.L. Engler
J Clin Invest. 1994;94:1621-1628

schemia is a complex process characterized by,
among other things, an insufficient supply of oxygen
and other nutrients relative to tissue demands.
It has long been known that myocardial ischemia is
accompanied by death of cardiac myocytes, and that
the most effective treatment for acute ischemia is restoration of blood flow. Reperfusion, however, is a double-edged
sword that can in itself lead to tissue injury. This may be
due to the production of reactive oxygen species or
inflammation. In this paper, the authors demonstrate a
novel mechanism for myocardial reperfusion injury.
They show that cardiac myocytes undergo apoptosis in
response to ischemia/reperfusion.
The authors subjected rabbits to ischemia/reperfusion injury
by transient occlusion of the left coronary artery followed
by subsequent restoration of blood flow. Thirty minutes
of ischemia followed by 4 hours of reperfusion induced
apoptosis in 7/7 rabbit hearts. This conclusion was
supported by the presence of internucleosomal DNA
fragmentation of total genomic DNA isolated from the
ischemic zones. Such fragmentation is considered to be a
distinguishing hallmark of apoptosis. The authors then
investigated the identity of the particular cell type that was
undergoing apoptosis. Because polymorphonuclear monocytes are known to undergo apoptosis, they represented a
potential contributor to the apoptotic phenotype.
DNA cleavage was still observed, however, in rabbits made
granulocytopenic by treatment with nitrogen mustard.
This result excluded polymorphonuclear monocytes as
the sole cell type undergoing apoptosis. In contrast,
cardiac myocytes were shown to be the main contributors
to DNA fragmentation in the terminal deoxynucleotidyl
transferase–mediated dUTP nick end labeling (TUNEL)
assay, an in situ technique, which, although not as specific
an apoptotic marker as nucleosome laddering, allows the
involved cell type to be identified. TUNEL positivity occurred
more frequently towards the endocardium of the reperfused hearts. No DNA fragmentation or myocyte TUNEL
staining was observed in nonischemic myocardium, or in
hearts reperfused after only 5 minutes of ischemia.
Permanent occlusion for 30 minutes or 4.5 hours did not
reveal any internucleosomal DNA fragmentation, indicating

that the apoptotic stimulus resulted from reperfusion.
TUNEL-positive staining was observed, however,
after 4.5 hours of continuous ischemia. By electron microscopic analysis, the abnormal nuclei following this stimulus had a distinct appearance from those seen following
ischemia/reperfusion. Following reperfusion, 97% of abnormal nuclei exhibited variable density and a diffuse pattern
of condensation. In contrast, in 72% of abnormal nuclei in
the permanently occluded hearts, chromatin condensation
was homogeneously dense with a central clearing.
The remainder appeared similar to the reperfused nuclei.
Interestingly, these were located in regions of the
myocardium that exhibited cytoplasmic changes that are
typical of reperfusion (eg, contraction bands), suggesting
that even under permanent occlusion, some unintentional
reperfusion might occur. The authors failed to see any
apoptotic bodies in either ischemic or reperfused tissue.

I

This groundbreaking paper was the first documentation of
cardiac myocyte apoptosis in an in vivo model of ischemic
heart disease. It would be followed soon after by reports
demonstrating cardiac myocyte apoptosis in numerous
animal models of heart disease, such as long periods of
continuous ischemia, chronic heart failure, and hemodynamic overload, as well as in human patients.
Researchers are currently concentrating on understanding
the molecular regulation of myocyte apoptosis in response
to these stimuli and evaluating the significance of apoptosis to the pathogenesis of the various syndromes in
which it occurs. This paper thus ushered in a new era in
cardiovascular research, with hopes of producing novel
approaches to the treatment of heart disease.

1994
Phoolan Devi, Indian's legendary
“Bandit Queen” is released from prison;
a mortar bomb attack on the central market in
Sarajevo kills 68 civilians;
and North Korean President Kim Il Sung,
the longest-ruling dictator, dies, aged 82
104

Dialogues in Cardiovascular Medicine - Vol 3 . No. 2 . 1998
Summaries of Ten Seminal Papers - Bialik & Kitsis

Preconditioning rabbit cardiomyocytes:
role of pH, vacuolar proton ATPase, and apoptosis
R.A. Gottlieb, D.L. Gruol, J.Y. Zhu, R.L. Engler
J Clin Invest. 1996;97:2391-2398

oth ischemic preconditioning and some agents
that protect cells against apoptosis are characterized by diminished intracellular acidification.
Based on these observations, the authors
hypothesized that preconditioning may block
intracellular acidification, thereby, decreasing myocyte
apoptosis, and that these effects may be modulated
through specific ion pumps or channels. The vacuolar
proton ATPase (VPATPase) is a good candidate for these
functions because it pumps protons across the sarcolemma
from the cytoplasm to the extracellular space.
This study showed that: (i) VPATPase does indeed play an
important role in the effects of preconditioning on the
preservation of intracellular pH and myocyte survival;
and (ii) ischemia/reperfusion-related increases in apoptotic markers such as terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling (TUNEL) staining
are ablated both by preconditioning and caspase inhibitors,
suggesting that preconditioning protects myocytes,
at least in part, by inhibiting apoptosis.
As a surrogate for ischemia in this study, cultures of adult
rabbit cardiac myocytes were subjected to 1 mM sodium
cyanide and 20 mM 2-deoxyglucose (this cocktail is
referred to as metabolic inhibition [MI]) for 30 minutes.
Reperfusion was modeled by adding back control media
for 4 or 24 hours. In some cases, cells were preconditioned by being subjected to 2 minutes of MI followed by
2 solution changes of control media. After a 5-minute rest
period, they were then subjected to 30 minutes of MI followed by 4 or 24 hours of reperfusion (MI/R). End points
included the percentages of rod shaped cells, TUNEL-positive cells, and changes in intracellular pH.
The first set of experiments demonstrated that MI/R—
without preconditioning—resulted in a 30% loss of viability
following both 4 and 24 hours of reperfusion. Loss of viability induced by MI/R could be largely ablated by preconditioning. The protective effect of preconditioning could be
mimicked by pretreatment with phorbol ester, an activator
of protein kinase C (PKC). Conversely, chelerythrine,
a PKC blocker, inhibited the protective effects of preconditioning. The role of VPATPase in modulating the effect of
preconditioning on MI/R-induced loss of myocyte viability,

was explored with the specific VPATPase inhibitor
bafilomycin A1 (BAF). BAF completely abrogated the
protective effects of both preconditioning and phorbol
ester pretreatment on MI/R-induced myocyte death.
These experiments showed that VPATPase plays an
important role in the mechanism by which preconditioning
protects myocytes against MI/R, and that VPATPase may
be activated through a PKC-dependent pathway,
perhaps PKC itself, during preconditioning.
The investigators then assessed the role of VPATPase in
modulating intracellular pH during preconditioning.
As expected, preconditioning diminished intracellular
acidification in response to MI. Inhibition of VPATPase with
BAF ablated this effect completely and resulted in a pH
even lower than that of MI alone. This experiment shows
that VPATPase is important in modulating the alkalinizing
effects of preconditioning on myocytes and in preserving
myocyte pH during ischemia without preconditioning.
Finally, preconditioning was shown to decrease myocyte
apoptosis by two criteria. First, it decreased the number
of TUNEL-positive myocytes. Second, zVAD-fmk, a broadspectrum caspase inhibitor, was shown to mimic the effects
of preconditioning on TUNEL. Although these data are correlative, they indicate that myocytes are dying by a reversible
process and suggests that this process is apoptosis.
The major limitations of the study include the extent to
which the in vitro model of I/R is a valid model of ischemia
in vivo and potential, unanticipated effects of the inhibitors
employed in other processes. Nevertheless, this work
provides a potentially important molecular hook that might
be used to identify a downstream pathway of PKC in
preconditioning.

B

1996
World War I veterans remember the 80th anniversary
of the Battle of the Somme;
Sheikha Hasina Wajed becomes Bangladesh's first
female prime minister; and Ella Fitzgerald,
American jazz singer, dies, aged 79
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Interaction of CED-4 with CED-3 and CED-9:
a molecular framework for cell death
A.M. Chinnaiyan, K. O’Rourke, B.R. Lane, V.M. Dixit
Science. 1997;275:1122-1126

and -8, but not short prodomain caspases-3 and -6.
Furthermore, CED-4 biochemically linked CED-9 and
CED-3; when coexpressed, a ternary complex of CED-3,
CED-4, and CED-9 was formed.

enetic analysis of developmental programmed
cell death in the nematode Caenorhabditis
elegans identified three factors that regulate
the execution of cell death in an individual
cell: ced-3, ced-4, and ced-9. The first two
promote apoptosis, while ced-9, which lies genetically
upstream of ced-3 and ced-4, blocks cell death.
The mammalian homologs of ced-9 and ced-3 are the
bcl-2 and caspase families, respectively. In mammals,
the Bcl-2 family can be subdivided into those members,
that, like CED-9, inhibit apoptosis, and, conversely,
those that induce apoptosis. The former group includes
Bcl-2 and Bcl-xL, while the latter includes Bax and Bad.

G

A similar scenario was predicted for the mammalian
equivalents: caspase-1 and caspase-8 were capable of
indirectly interacting with Bcl-xL, an interaction that
was inhibited by expression of mutant CED-4 that was
incapable of binding CED-9.
The authors proposed that an unidentified mammalian
homolog of CED-4 mediated this interaction between the
long prodomain caspases and the apoptosis-inhibiting
Bcl-2 family members. This model suggests a mechanism
by which the Bcl-2 family might regulate apoptosis.
Interaction between the putative CED-4 homolog and
the long prodomain caspases would lead to the latter’s
activation. Bcl-2/Bcl-xL, by simultaneously binding
mammalian CED-4, would block this activation.
On the other hand, Bax and other proapoptotic family
members would induce apoptosis by sequestering
Bcl-2/Bcl-xL away from this complex. The authors’
predictions proved quite prescient, for, within the year,
the mammalian homolog of CED-4 was identified,
and the model proposed here proved true.

This paper was one of three published within a week of
one other in Science and Nature that examined the
physical and functional relationships between CED-4 and
CED-9. In the paper discussed here, the authors further
investigated the relationship between these two proteins,
CED-3, and their mammalian counterparts.
Their approach involved overexpression of these proteins
in mammalian cells.
CED-4 expression induced apoptosis in the heterologous
systems. CED-4–induced killing was blocked by
coexpression of CED-9 and Bcl-xL. The authors proposed
that the mechanism of this inhibition was direct
interaction between CED-4 and CED-9/Bcl-xL, since they
were able to co-immunoprecipitate these complexes.
In contrast, mutant CED-9/Bcl-xL constructs that were not
capable of inhibiting apoptosis did not interact with
CED-4. Bax and other proapoptotic family members did
not bind CED-4, but rather blocked the interaction
between CED-4 and CED-9/Bcl-xL. This may be a result of
the ability of the Bcl-2 family members to heterodimerize.

1997

The authors also observed that an active site dominant
negative mutant of CED-3, as well as caspase inhibitors
p35, CrmA, and benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD-fmk), blocked CED-4 killing,
indicating a requirement for caspase activity. This is
consistent with previous reports that place ced-4
genetically upstream of ced-3. In fact, CED-4 co-immunoprecipitated with CED-3 and long prodomain caspases-1

Andy Green breaks the sound barrier on land in
Black Rock Desert, Nevada;
Geoffrey Rush wins an Oscar (Best Actor)
for his portrayal of David Helfgott in “Shine”;
and Mother Teresa dies, aged 87
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The release of cytochrome c from mitochondria:
a primary site for Bcl-2 regulation of apoptosis
R.M. Kluck, E. Bossy-Wetzel, D.R. Green, D.D. Newmeyer
Science. 1997;275:1132-1136

his paper and that of Yang et al
(reviewed on page 109) were published backto-back in Science and proposed the same
solution to the long unanswered puzzle
concerning (at least one) of the biochemical
functions of the antiapoptotic protein Bcl-2. Both built
on the previous observation that cytochrome c was
necessary to induce apoptosis in a cell-free system.

staurosporine, and actinomycin D. This release coincided
with the activation of caspase-3 and cleavage of caspase
substrates. Overexpression of Bcl-2 blocked cytochrome c
release and subsequent apoptosis. In contrast,
caspase inhibitors blocked caspase-3 activation,
substrate cleavage, and apoptosis, but not cytochrome c
release. These experiments suggest that one of the
functions of Bcl-2 in vivo is to block release of
cytochrome c upstream of caspase activation.

T

In this article, the authors used their own cell-free system
that consisted of Xenopus egg extract. The extract is
capable of spontaneously inducing apoptotic-like
changes in exogenous nuclei when the heavy membrane
fraction, which contains the mitochondria, is included.
In this system, cytochrome c is released from the
mitochondria. This release corresponds with the
induction of caspase activity in the cytosolic fractions.
The authors proved that the induction of apoptosis was
caused by the release of cytochrome c from the
mitochondria, as opposed to the accumulation of newly
synthesized cytochrome c that was not imported into the
mitochondria, by verifying that the cytochrome c
contained its heme group, which is only added in the
mitochondria, and by including cycloheximide in the
extract, which precluded de novo synthesis. The addition
of Bcl-2 to this system blocked the release of
cytochrome c, as well as subsequent caspase activity and
nuclear apoptosis. It was not capable, however,
of blocking apoptosis if cytochrome c was directly added
to the cytosol. Thus it seems that mitochondrial-associated
Bcl-2 blocks the proapoptotic activity of cytochrome c only
indirectly by preventing its release from the mitochondria.
It had previously been suggested that a decrease in mitochondrial membrane potential was an important regulatory event in inducing apoptosis, which was blocked by
Bcl-2. However, the release of cytochrome c from the
mitochondria was unaccompanied by any changes in
mitochondrial potential, dissociating these events.

1997
The comet Hale Bopp brightens the night skies;
"Tamagotchi," or virtual pets,
are cared for by children worldwide;
and Communist leader
Deng Xiaoping dies, aged 92

These observations were also corroborated in intact cells.
Cytochrome c release from the mitochondria was
observed in CEM and HeLa cells following diverse
apoptotic stimuli, including UV irradiation, peroxide,
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Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9
complex initiates an apoptotic protease cascade
P. Li, D. Nijhawan, I. Budihardjo, S.M. Srinivasula, M. Ahmad, E.S. Alnemri, X. Wang
Cell. 1997;91:479-489

released from the mitochondria into the cytoplasm of cells
that have received an apoptotic stimulus, whereby it binds
Apaf-1. In the presence of dATP/ATP, this relieves the inhibition of the C-terminus of the protein, enabling it to recruit
caspase-9. This recruitment in turn leads to auto-activation
of caspase-9, which then cleaves caspase-3, initiating the
proteolytic cascade that will lead to death of the cell.
In support for the involvement of this pathway in regulating
apoptosis in intact cells, an active site mutant of caspase-9
blocked caspase-3 processing and apoptosis in intact
cells in which Apaf-1 or the apoptosis promoter Bax had
been overexpressed.

his is the third paper in a series from Xudong
Wang and colleagues describing the results of
biochemical analysis of a cell-free apoptosis
system. Three major factors involved in apoptosis had been identified: apoptotic protease
activating factors (Apaf) -1, -2, and -3. Apaf-2, the first factor
identified, is cytochrome c, a peripheral inner mitochondrial membrane protein located in the intermembrane space
that serves to shuttle electrons between components of the
electron transport chain. Apaf-1 turned out to share
homology in its central domain to Caenorhabditis elegans
CED-4. This paper identifies the third factor, Apaf-3,
as caspase-9, and in doing so, proposes a mechanism by
which caspases are activated by the mitochondria.

T

This paper completes the Apaf story by identifying the last
factor necessary for inducing cell-free apoptosis. It is important in that it provides only the second mechanistic explanation for how caspases may be activated during apoptosis
(the first being the formation of death receptor complexes
at the cell surface). Much of the data in support of the
model have been derived from systems, albeit elegant,
that are far removed form the intact cell. Subsequent studies
from this group and others, however, have demonstrated
the importance of the mitochondrial/Apaf/caspase-9 signaling pathway in regulating apoptosis in response to a
variety of stimuli and circumstances. An important remaining challenge is to understand how apoptotic signals
originating elsewhere in the cell activate the mitochondrial
pathway. Significant efforts will be directed at the unraveling of this black box over the next few years. It is likely
that the biochemical approach illustrated in this paper will
contribute to these answers.

Like caspase-3, caspase-9 is a cysteine protease that cleaves
peptide bonds following aspartic acid residues. Both are
synthesized as inactive proenzymes that contain a
prodomain, a large ~20-kd subunit and a small ~10-kd
subunit. The prodomain of caspase-9 is a long one that
contains a motif known as the caspase recruitment domain
(CARD). Activation of the caspases requires proteolytic
processing to separate the two active subunits from the
prodomain and from each other. Such processing of caspase-9 was observed upon coincubation of cytochrome c,
Apaf-1, and Apaf-3/caspase-9 in the presence of hydrolyzable dATP or ATP. This same mixture was also capable of
processing caspase-3. The authors demonstrated that
caspase-9 was necessary for activation of caspase-3 by
immunodepleting caspase-9 from the cell extracts. In the
absence of caspase-9, the cytosolic extract failed to cleave
caspase-3; this activity was rescued by restoration of purified Apaf-3. Furthermore, they showed that recombinant
caspase-9 was capable of cleaving caspase-3 in vitro.
Immunoprecipitation experiments revealed that caspase-9
interacts with Apaf-1 only in the presence of cytochrome c
and dATP. This interaction occurs via the CARD domain of
caspase-9 with a homologous CARD domain found in the
amino terminus of Apaf-1. The authors briefly mention here,
and confirm in more detail in a subsequent paper, that an
Apaf-1 construct missing its carboxy terminus can bind
caspase-9 even in the absence of cytochrome c and dATP.
Thus, they propose the following model: cytochrome c is

1997
NASA's Pathfinder probe explores Mars;
“The English Patient” wins
the Best Picture Oscar and eight others;
and Jeanne Calment, the oldest person in the world,
dies, aged 122
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Prevention of apoptosis by Bcl-2:
release of cytochrome c from mitochondria blocked
J. Yang, X. Liu, K. Bhalla, C.N. Kim, A.M. Ibrado, J. Cai, T.I. Peng, D.P. Jones, X. Wang
Science. 1997;275:1129-1132

I

n this companion paper to Kluck et al’s
(reviewed on page 107), it is shown that one
mechanism by which Bcl-2 blocks apoptosis is
to prevent the release of cytochrome c from the
mitochondria.

regulate cytochrome c release. Although questions
remain, the article reviewed here, as well as that by Kluck
et al, seem to be pointing researchers in the right
direction to search for the answers to these questions.

HL-60 cells overexpressing Bcl-2 were induced to undergo
apoptosis by treatment with staurosporine or etoposide.
Unlike controls, cells expressing Bcl-2 failed to activate
caspase-3, as indicated by the lack of cleavage of the
caspase-3 substrate poly (ADP-ribose) polymerase (PARP),
and did not undergo apoptosis. Furthermore, cytochrome
c was released from the mitochondria of control cells in a
time-dependent manner that preceded caspase activation.
Bcl-2, however, blocked this release. Similar results were
observed with Bcl-xL.
A decrease in mitochondrial membrane potential
followed induction of apoptosis, and Bcl-2 was capable
of blocking this change. However, the drop in membrane
potential was observed long after cytochrome c was
released in control cells, ruling it out as the mechanism
of cytochrome c release and Bcl-2 protection.
Bcl-2 also prevented the nonspecific release of
cytochrome c from mitochondrial membranes during
cell fractionation. Incubation of the supernatants of
normal mitochondria with HeLa cell extracts
immunodepleted of cytochrome c resulted in cleavage of
exogenous caspase-3, presumably due to the nonspecific
release of cytochrome c from the ruptured membranes.
However, when mitochondria expressing Bcl-2 were used
instead, this was prevented. The authors also showed
that the active cytochrome c is the holo (with heme
group) form, and not the apo (without heme group) form
of the protein. This suggests that Bcl-2 blocks release of
cytochrome c from the mitochondria, where it acquires
its heme group, as opposed to preventing a pool of
cytochrome c from being imported into the mitochondria.

1997
World Chess Champion Gary Kasparov
is beaten by a computer;
earthquakes severely damage the 13th century
basilica of Saint Francis at Assisi, in Italy;
and Bo Widerberg, Swedish film director,
dies, aged 66

It is still not known how cytochrome c is released from
the mitochondria, or how Bcl-2 blocks this. It has been
recently demonstrated that Bcl-2, Bcl-xL, and Bax can
form channels in membranes; this channel activity may
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