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ABSTRACT

The presence of cardiac myocyte apoptosis has been
reported in a variety of cardiovascular conditions
including ischemia-reperfusion, myocardial infarction,
end-stage heart failure, and adriamycin
cardiomyopathy. However, the significance of myocyte
apoptosis in cardiac pathophysiology is not clearly
established and requires further investigation. The major
controversy is due to the lack of sensitivity and
specificity of different methods used for the detection of
apoptosis. A high variability in the apoptotic cell count
reported in the literature has also been an issue. TUNEL
assay used for the detection and count of myocyte

apoptosis does not solely identify apoptotic nuclei.
Furthermore, myocytes being mononuclear or binuclear,
the significance of one nucleus and/or a certain
percentage of fragmented nuclei being TUNEL-positive
is unclear. Whether the ‘early stage’ apoptosis is
reversible or irreversible is also unresolved. There is now
consensus that apoptosis is an important biological
process and it does occur in the heart. At present, a
complete understanding of its clinical significance in
different cardiac conditions remains to be established
but it can be viewed as one of the contributing factors in
the pathogenesis of heart failure.
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INTRODUCTION

Myocardial cell loss in the heart due to
apoptosis or necrosis is considered to play an
integral role in the development of heart
pathophysiologies including ischemia-reperfusion
injury, acute and chronic myocardial infarction
and adriamycin cardiomyopathy®?3. This review
will focus on the occurrence as well as probable
role of apoptosis in heart failure. The main
physiological advantage of apoptotic cell death in
injured tissue is that it avoids the indiscriminate
activation of the immune response, which is
normally associated with necrosis. Mor-
phologically, the characteristic features of
apoptosis are: formation of membrane blebbing,
chromatin condensation which is reflected as the
“half moon” or “horse-shoe” appearance of the
nucleus, nucleosomal DNA fragmentation and
formation of apoptotic bodies®. These apoptotic
bodies consist of cellular organelles, fragments of
nucleus and mitochondria and are easily
phagocytosed by neighboring cells and eventually
degraded inside the cell®. Myocyte apoptosis in
the heart has been described morphologically in
experimental heart failure as well as hibernating
myocardiumt,
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Apoptosis vs Necrosis

Apoptosis and necrosis are recognized as two
independent mechanisms leading to myocyte cell
death, in various heart diseases. The major
biochemical and morphological differences between
the two types of cell death have been reported in an
excellent review by Majno and Joris®. Apoptosis is a
genetically controlled event whereas necrosis is a
form of accidental cell death results from cellular
injury®, Apoptotic process induced by various
stimuli involves nuclear chromatin condensation,
formation of DNA fragments of 180-200 base pairs
and cell shrinkage. Necrosis is characterized by cell
swelling, dense chromatin appearing as clumps and
random fragmentation of DNAP. There is no
inflammatory response observed in apoptosis
whereas an inflammatory response is present in the
necrotic processt.

Apoptosis in Heart Failure

Acute myocardial infarction (AMI) is the major
cause of morbidity and mortality due to heart
diseases. It is widely accepted that prolonged
period of myocardial ischemia and reperfusion
cause tissues injury and myocyte cell death®,
Apoptosis has been confirmed in infarcted border
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and non-infarcted zones®™. The percentage of
apoptotic cells in the border zone were significantly
higher compared to remote non-infarcted zone and
the control patients®y. Post-mortem tissue samples
obtained from 20 AMI patients who died within 10
days from the onset of symptoms showed 12% of
the apoptotic myocyte population in the zone
bordering the infarct and approximately 1% in the
non-infarcted region®*?, These findings suggest that
AMI has the high prevalence of myocyte apoptosis
in the peri-infarct border zone in comparison with
non-infarcted area. Apoptosis and necrosis were
also observed in autopsy and explant myocardial
infarction cases at 12 hours to two weeks.
Apoptosis in these hearts was noticed in early
stages of myocardial infarction and none was found
from five days to two weeks™., Myocardial
infarcted rats’ hearts showed 2.7 million myocyte
apoptotic nuclei at two hours and the number
increased to 6.6 million after 4.5 hours of infarction
in left ventricular free wall and persisted for seven
days. Several other animal studies confirmed
that apoptosis is predominantly present in
infarcted heart compared to necrosis®,

End-stage heart failure patients with NYHA IV
classification, showed myocyte apoptosis using
TUNEL assay as well as DNA ladder®., Similarly,
apoptosis was present in ischemic and dilated
cardiomyopathies®?!, Acute myocardial infarction
in humans was associated with significant
apoptosis in the zone of recent infarction compared
to remote non-infarcted zone?. Recently Kanoh et
al examined 20 patients with dilated
cardiomyopathy and 20 normal controls for
apoptosis using standard TUNEL-assay and EM-
TUNEL using immunogold®, TUNEL staining
showed 15% of apoptotic nuclei in dilated
cardiomyopathy compared to 0% in normal
controls and EM-TUNEL showed neither apoptosis
nor necrosis but it stained living cells going
through DNA repair mechanism®., Myocyte
apoptosis was also observed in progressive heart
failure in mice and rats after left coronary artery
ligation®2, Apoptosis was significantly increased
up to 12 weeks at the border zone whereas
decreased trend of apoptosis was observed
thereafter in rats®.,

Adriamycin (doxorubicin) is an effective
antitumor drug used for the treatment of cancer
patients. The use of this drug is limited because of
the risk of cardiomyopathy leading to congestive
heart failure®. Adriamycin-induced cardio-
myopathy is a complex entity and involves cellular
morphological changes such as dilatation of the
sarcoplasmic reticulum, loss of myofibrils, and
ultimately emptying of the myocyte with a minimal
immune response®. In vitro exposure to

adriamycin and daunorubicin resulted in
TUNEL-positive apoptosis in adult and neonatal
rat heart myocytes®®. Adriamycin-induced
cardiomyopathy in rats was associated with
apoptotic nuclei at 4, 10, 16 and 21 days®?. A
biphasic response was seen where apoptosis
peaked at 4 and 21 days post-treatment®. Apoptosis
in this model was confirmed by TUNEL assay as
well as by the increased expression of BAX/Bcl-2
ratio®. Such a pattern of apoptosis in this study
was indicative of an apoptotic time window.
Recent study shows that apoptosis is present in
doxorubicin treated rats and it is caused by
mitochondrial release of cytochrome ¢ and further
activation of caspase-3%. These studies suggest that
apoptosis is evidently present in the
adriamycin-induced cardiomyopathy, leading to
congestive heart failure. These apoptotic changes as
well as heart failure were prevented by the use of
antioxidant probucol, suggesting some role of
oxidative stress.

Regulation of Myocardial Apoptosis

Regulation of myocardial apoptosis in heart
diseases is found to be multifactorial and complex
(Fig. 1). The wide variety of proapoptotic stimuli
are triggered under disease conditions such as
ischemia-reperfusion, myocardial infarction and
adriamycin  cardiomyopathy. The possible
molecular changes under these settings include
oxidative stress, angiotensin IlI, mitochondrial
dysfunction, TNF-a and other intrinsic factors®.
The balance between apoptotic triggered pathways
and antiapoptotic protein activation determines the
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Fig. 1: Schematic representation of apoptotic stimuli and downstream
pathways
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fate of the cell i.e., death or survival. After
initiation, the regulation of apoptotic machinery is
complex and in general divides into three different
phases (initiation phase, intermediate phase and
execution phase) on the basis of alterations of cellular,
morphological and biochemical events. The initiation
phase shows the early signs of membrane blebbing
and is observed in cardiomyocyte cell culture after
adriamycin exposurée®. This phase generally gives
way to the intermediate phase, which involves
change in proapoptotic proteins, BAX/Bcl2 ratio,
mitochondrial alterations, the release of cytochrome ¢
and activation of caspases?®. The final stage of
apoptosis involves further activation of downstream
caspases and inactivation of poly ADP-ribose
polymerase (PARP), which eventually leads to DNA
fragmentation®*#! and formation of apoptotic bodies.
These three phases of apoptosis have been
characterized by ultra and light microscopy as well as
using biochemical assays.

These myocyte apoptotic process can be
inhibited at any step thus inhibiting apoptotic cell
death and/or sustain myocyte cell survival. For
example, inhibition of this process at the initiation
phase using various antioxidants®, probucol®,
beta-blockers (carvedilol)®!, angiotensin converting
enzyme inhibitor®?, AT receptor blockersi*®, may
prevent the cell death by inhibiting the turn on of
apoptotic machinery. At the intermediate phase
level apoptosis may be reversed by up-regulation
of Bcl-2 and caspase-3 inhibitor blockers®Y,
Execution phase can be inhibited by upregulation
of HSP-70 or other downstream caspase inhibitors
and may prolong the cell survival but at this step it
is difficult to reverse this apoptotic process
completely.

Biochemical features of apoptosis

The appearance of phosphatidylserine (PS) on
the outer surface of apoptotic cell plasma membrane
is recognized as an early sign of apoptosis®®. The
translocation of PS was identified by light
microscopy with annexin V staining. Both oxidative
stress and calcium overload can also result in
externalization of this PS®*, The DNA fragments
formed by endogenous DNases, generate blunt ends
and single strand 3’ overhangs®. DNAfragments are
detected using gel electrophoresis as a ladder pattern
of 180-200 bp, as well as at the microscopic level by
terminal transferase mediated DNA nick-end
labeling (TUNELY)**.

Limitations of the Techniques and the Big
Confusion

The increasing interest in apoptosis and its role
in the progression of heart failure is intriguing for
cardiovascular basic scientists and clinicians.

However, the topic of apoptosis is surrounded by
various questions about the reliability of the
apoptotic myocyte cell count due to limitations of
small sample size and to sensitivity and specificity
of apoptotic detection techniques. Most of the
quantitative and qualitative reports on apoptosis in
various heart diseases are based on three different
techniques, such as the TUNEL assay, the DNA
ladder and electron microscopy™. These techniques
used to detect myocyte apoptosis on the basis of
solely DNA fragmentation are not satisfactory for
providing a clear picture of the quantitative
apoptotic cell count.

1. TUNEL assay identifies single strand DNA
breaks as well as double strand DNA breaks
with free 3’-OH termini. The use of TUNEL
assay has become questionable as it also detects
cells that undergo necrosis and normal
myocytes going through natural cellular DNA
repairt!, Moreover, the criteria used to measure
percentage of apoptotic myocyte cell death vary
between  investigators. For an exact
guantification of apoptotic myocyte, the
endothelial or fibroblast cell populations
detected by TUNELassay is also a limitation. To
overcome this problem in heart tissue, TUNEL
assay should be co-stained with cell specific
cytoplasmic proteins such as myosin or a-
actinin for cardiomyocytes, vimentin for
endothelial cells and fibronectin for fibroblasts.

2. The DNA ladder is another commonly used
method for the detection and identification of
apoptosis both in vivo and in vitrd*??. The use of
this method is also limited, as DNA isolation
required to test this assay is adequate for in vitro
studies but DNA isolation from heart tissue
involves other cell populations present. For
example, DNAgels available from cardiomyocytes
(ischemic and adriamycin) show a mixture of DNA
ladder and smear, indicative of apoptosis and
necrosis respectively®.

3. Electron microscopy is used to detect apoptosis
on the basis of chromatin condensation,
apoptotic bodies and nuclear fragmentation®,
Electron microscopy is certainly a highly
sensitive method to detect apoptosis but it is a
very laborious qualitative technique and the
tissue sample used is very small (1 mm?)
compared to that examined by the TUNELassay
(5 mm). This assay cannot be used for
quantitative purposes. We suggest that for more
reliable information, the use of TUNEL-assay or
DNA laddering for the identification of
apoptosis should always be combined with
additional evidence of apoptosis such as up-
regulation of pro- or anti-apoptotic gene
products and/or morphological criteria.
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Because of the technical difficulties listed above,
the reported apoptotic index in heart diseases is
highly variable. For example: 8% in ventricular
hypertrophy®, 5-35% in end stage heart failure
patients due to idiopathic dilated cardiomyopathy
and ischemic heart disease®, 0.24% in end stage
heart failure patients due to ischemic
cardiomyopathy, .05-8.9% in biopsies taken from
ischemic cardiomyopathy patientst*,  With
apoptosis as high as 35%, the heart should
disappear in a short time span. Moreover,
inhibition of apoptosis by various pharmacological
agents has been shown but without any decrease in
infarct size and or improvement in cardiac
functions®, Future studies are required to examine
myocyte apoptosis cell count using combination of
two markers, e.g. TUNEL-staining should be co-
localized with caspase-3 or bax staining.

CONCLUSIONS

Experimental and human studies suggest that
apoptosis is present in many cardiac diseases and
may be an important biological phenomenon
causing cell loss in the heart. However, techniques
used for the estimation of apoptosis cell count are
surrounded by number of pitfalls. It appears that
apoptosis may be one of the many factors involved
in myocardial dysfunction and may not be the sole
player responsible for the pathogenesis of heart
failure.
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