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Myocyte regeneration

More than 10 years ago the term plas-
ticity of the myocardium was introduced to
emphasize the ability of cardiac myocytes to
reexpress fetal proteins when challenged by
a sudden abnormal elevation in ventricular
loading1. The induction of a fetal program
was interpreted as a molecular marker of
cellular and organ hypertrophy, but the phys-
iologic implications of this response were
largely unexplained. A myriad of studies on
the regulation of these gene products were
performed but a link between the accumu-
lation of one or more fetal proteins and the
onset of ventricular dysfunction and its pro-
gression to terminal failure was never proven.
With the exception of a small percentage of
individuals with genetic defects leading to a
decompensated dilated myopathy, the mech-
anisms responsible for the development of
cardiac failure following an increase in pres-
sure and/or volume load or ischemic my-
ocardial damage were and remain obscure2.
On the premise that the number of myocytes
is established at birth, that the same cells con-
tract for the entire life of the organ and that

they die only with the death of the organ-
ism3,4, the focus has been understanding the
molecular control of myocyte hypertrophy3-6.
This line of investigation reflected the notion
that the expansion in myocyte mass with
overloads occurs exclusively through en-
largement of the existing cells. Myocyte
death and regeneration were not considered
relevant components of the remodeling
process of the stressed myocardium. This be-
lief largely persists today.

For decades, the general contention has
been that endothelial cells, smooth muscle
cells and fibroblasts are the only cardiac
cells capable of reentering the cell cycle and
undergoing mitotic division7,8. The postu-
lated inability of myocytes to replicate has
led to the conclusion that defects in muscle
mass of the pathologic heart are the cause of
the onset and evolution of ventricular failure.
On this basis, attempts have been made to
overcome the block present in terminally
differentiated myocytes in order to promote
additional growth9,10. The failing heart is
typically a hypertrophied organ in which
the augmentation of the muscle compart-
ment can exceed by 2-3-fold that of a nor-
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This review addresses two relevant issues concerning the adaptation of the failing heart: myocyte
growth and myocyte death. Recent results are summarized to support the notion that adult ventricu-
lar myocytes are not terminally differentiated cells and myocyte replication occurs in the normal heart
and is potentiated by overloads. On this basis, myocyte hypertrophy and proliferation both con-
tribute to the remodeling of the pathologic heart in animals and humans. Additionally, the controversy
regarding the activation of apoptosis in the stressed myocardium is emphasized and published results
are discussed. Available information demonstrates unequivocally that cell death by this mechanism takes
place in the diseased heart and may have significant implications in the progression of ventricular dys-
function to end-stage failure. The importance of recognizing that electron microscopy is inappropri-
ate for the identification and quantification of myocyte apoptosis is strongly indicated. Moreover, my-
ocyte necrosis is presented as a relevant component of the decompensated heart. In summary, the dog-
ma that myocytes cannot reenter the cell cycle and undergo mitotic division is proven to be obsolete
and invalid. Similarly, the dogma that myocytes can die only by necrosis is contrary to any objective
interpretation of published findings. Myocyte necrosis and apoptosis, and myocyte hypertrophy and
proliferation are major elements of the plasticity of the heart. 
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mal heart11-16. The increase in the coronary vascula-
ture, microvasculature and capillary network is inade-
quate, failing to match the growth of myocytes17. Al-
though growth limitations affect more proliferating  en-
dothelial and smooth muscle cells of coronary vessels
than post-mitotic  myocytes, the dogma concerning the
inability of myocytes to divide continues, adding con-
fusion to the confusion. The paradox between opinions
and facts is ignored; in the absence of any real proof, my-
ocytes continue to be seen as cells unable to experience
cytokinesis. Conversely, several studies in animals and
humans have demonstrated unequivocally that cardiac
myocytes divide at low rate in the normal adult my-
ocardium and at much higher levels in the diseased de-
compensated heart18-26. Myocyte proliferation partici-
pates in the adaptation of the overloaded ventricle as
much as nonmyocytes21. In end-stage cardiac failure of
humans, the myocyte mitotic index is higher than that
of interstitial cells20, suggesting a growth limitation of
the coronary bed. 

The post-infarcted heart is frequently provided as an
example of the inability of myocytes to regenerate and
replace necrotic myocardium10. Myocytes in the in-
farcted area are all dead by 6 hours after coronary artery
occlusion27,28. Since ischemic damage involves the vas-
culature and nonvascular compartments of the intersti-
tium, the formation of new myocardium in the infarct-
ed region through myocyte growth only is impossible.
Cell proliferation occurs in the viable tissue of the bor-
der zone and in the more distant myocardium where tis-
sue oxygenation is maintained20,29,30. It is sad that the sci-
entific community at large ignores that whether an or-
gan is composed of parenchymal cells that possess or
lack the capacity to proliferate, the consequences of a
sudden interruption of blood supply to the tissue do
not vary. The kidney is made of cells that can reenter the
cell cycle and actively proliferate. However, occlusion
of a renal artery branch results in cell death of the is-
chemic region, loss of tissue and scar formation. There
is no difference in the response of the kidney and the
heart to ischemic injury. The intestine possesses stem
cells but this does not help to rapidly repair the necrot-
ic segment when blood supply is interrupted by throm-
botic or embolic occlusion of a mesenteric artery. 

To the best of our knowledge, there is no single
published study proving that myocytes are terminally dif-
ferentiated cells and that this condition is established at
birth. Moreover, there is no information documenting a
defect in the molecular components regulating the cell
cycle in adult myocytes. The entire machinery control-
ling the reentry of cells into the cell cycle is present in
normal nonstressed myocytes and is upregulated in the
failing heart31,32. Telomeric shortening increases33 and
telomerase activity34 decreases in myocytes of male
rats from adulthood to senescence, further indicating that
a fraction of these cells undergo multiple divisions
throughout life in the absence of a superimposed patho-
logic load. Myocyte cellular hyperplasia participates

in the restructuring of the heart with aging18, hyperten-
sive hypertrophy35 and ischemic cardiomyopathy21,29.
However, this form of myocyte growth cannot be nec-
essarily interpreted as a good adaptive response helpful
to the heart, contrasting the maladaptive nature of cel-
lular hypertrophy. 

The process of cell proliferation may have a positive
or negative impact on ventricular anatomy and cardiac
performance. When myocyte replication is characterized
by the parallel addition of newly formed cells, mural
thickening takes place and cavitary volume is reduced36.
On the other hand, the in-series insertion of new myocytes
leads to chamber dilation without a proportional in-
crease in wall thickness21. In the first case, the changes
in the ratio of mural thickness-to-chamber radius decrease
wall stress and oxygen consumption, ameliorating ven-
tricular hemodynamics. In the second, the opposite oc-
curs, leading to a progressive deterioration of cardiac
pump function. Similarly, myocyte hypertrophy due to
an increase in cell cross-sectional area, or transverse
diameter, produces wall thickening and a reduction in
mural stress. Conversely, myocyte lengthening expands
cavitary volume, resulting in a decrease in relative wall
thickness and an increase in ventricular loading. Im-
portantly, the larger are the cells, the greater is the de-
pression in mechanical behavior37,38. Myofilament Ca2+

sensitivity is also impaired in hypertrophied cells39. My-
ocyte multiplication, however, generates new cells of
small size that can be expected to possess an enhanced
contractile performance. Thus, a difference may exist be-
tween the functional properties of hypertrophied and
proliferating cells.

Myocyte death

In the last 5 years, numerous studies have docu-
mented that cell death by apoptosis affects the human
heart, defeating the dogma that the cell necrosis is the ex-
clusive way by which ventricular myocytes die40-44.
These results created great excitement because they un-
covered a potential new mechanism implicated in the
pathophysiology of heart failure. After an initial enthu-
siasm, several questions were raised concerning not on-
ly the role of apoptosis in cardiac diseases, but also the
actual existence of this form of myocyte death. Rather
unexpectedly, myocyte death by apoptosis was accept-
ed as in vitro phenomenon, but whether it could occur
in vivo became a matter of controversy. This confusion
was prompted by a few studies published in Circula-
tion45,46 and an editorial in Circulation Research47. It is
curious that myocyte proliferation has been challenged
for decades on the basis that cytokinesis was never
shown in vitro, while the opposite argument has been ad-
vanced for apoptosis. Once again, the heart had to be re-
garded as a unique organ different from all others in-
cluding the brain. Neurons can die by apoptosis48,49 and
regenerate50,51, but not cardiac myocytes. 
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The problem originates from misinterpretation of
the original and subsequent descriptions of the ultra-
structural characteristics of cells undergoing apoptosis un-
der a variety of conditions in several organs. These ob-
servations were made nearly two decades ago and were
obtained by morphologic techniques available at that
time52-54. However, no actual quantitative information
was collected by electron microscopy52-54. Without a
clear understanding of the limitations inherent in electron
microscopy and the complexity of deriving quantitative
data from the heart with this methodology55, the same ap-
proach was applied by some investigators to the analy-
sis of the myocardium and strong criticisms were made
of published results in animals and humans45-47. For rea-
sons without any obvious rational basis, in vitro data
were not challenged. The sad part is that electron mi-
croscopy was performed utilizing fragments of my-
ocardium which were sampled from beating hearts and
prepared by immersion fixation45,46,56-60. It was shown
more than 25 years ago that this methodology is inap-
propriate for the ultrastructural analysis of the my-
ocardium; artifacts are diffuse and involve the myofibrillar
and mitochondrial compartments as well as the sar-
coplasmic reticulum and T-system26,55,61. Real findings
cannot be distinguished from artifacts introduced by the
preparation. Hearts have to be arrested in diastole and the
tissue has to be fixed by perfusion of the coronary vas-
culature to examine the ultrastructural properties of the
myocardium correctly. The same approach was recently
emphasized for the analysis of apoptosis in all organs54.
So far, the critics of cardiac apoptosis have used a wrong
technique and a magnitude of sampling which does not
permit to collect any meaningful quantitative result55. 

The recognition that myocyte death by apoptosis
may play a role in ventricular dysfunction and failure of
humans is significant40-43, but apoptosis affects only
0.18% and 0.08% of myocytes in men and women, re-
spectively44. These values may suggest a limited im-
pact of apoptosis on the depression of ventricular he-
modynamics with time. However, myocyte necrosis
comprises 1.2% of myocytes in men and 0.5% in women,
and exceeds apoptosis in both sexes. Although the num-
ber of necrotic myocytes is several-fold greater than
apoptotic myocytes in the male and female myocardium,
the time required for the completion of each form of cell
death is unknown. In vitro studies in various model sys-
tems have shown that apoptosis may be completed in a
period ranging from 30 min to 2 hours62. Whether these
timing parameters can be applied to myocytes remains
to be established. An identical limitation exists for my-
ocyte necrosis. This form of cell death has been claimed
to reach its final stage in 1 to 2 days in infarcted rats27;
this period is necessary for the cell to be engulfed by sur-
rounding macrophages. Apoptosis may be much faster
than necrosis, suggesting that the higher value of myocyte
necrosis in the failing heart may not reflect a relevant dif-
ference in the number of cells dying by these two distinct
mechanisms63,64.

If the assumption is made that at any time nearly
1.5% of myocytes are experiencing cell death, the heart
should rapidly disappear. This contention does not con-
sider two critical points: myocyte proliferation does oc-
cur in the failing heart and these hearts are in the termi-
nal phases of decompensation20,24,25,30,63. The cause of my-
ocyte death with cardiac failure remains to be identi-
fied. Additionally, it is not obvious why apoptosis and
necrosis occur simultaneously in ischemic and dilated car-
diomyopathy44. Alterations in coronary blood flow are se-
vere in the decompensated heart65 and these defects in
coronary perfusion and tissue oxygenation may trigger
necrotic and apoptotic myocyte death. Transient ischemia
activates myocyte apoptosis, but sustained reductions in
coronary blood flow result in myocyte necrosis, which ex-
ceeds apoptosis63. Formation of reactive oxygen species
is most likely a phenomenon that complicates further
the performance and viability of myocytes in the se-
verely depressed heart. By single electron additions,
molecular oxygen sequentially generates superoxide an-
ion, hydrogen peroxide and hydroxyl radical; the first two
are only moderately reactive with other molecules, but the
third one is highly reactive and causes extensive oxida-
tive damage to macromolecules66,67. Oxidant challenge
to aerobic cells may promote apoptotic cell death and high
levels of oxygen toxicity induce cell necrosis68. Whether
these factors are all implicated in the initiation of cell
necrosis and/or apoptosis remains to be determined.

The primary event differs in ischemic and dilated car-
diomyopathy, but foci of replacement fibrosis and col-
lagen accumulation are present in the noninfarcted my-
ocardium and throughout the ventricular wall of the di-
lated myopathy15,16. These findings point to the rele-
vant role played by necrosis in the chronic remodeling
of the diseased heart62,63. Such form of cell death is
characterized by stimulation of an inflammatory re-
sponse, fibroblast proliferation, collagen deposition and
scar formation. Conversely, apoptosis does not trigger a
tissue reaction and apoptotic bodies are engulfed by
neighboring cells52-54,62,63. Additionally, myocyte apop-
tosis is a rapid event that is operative during acute
changes in cardiac anatomy associated with sudden in-
creases in ventricular loading69. Mechanical deformation
of myocytes and sarcomere elongation in vitro lead to the
release of angiotensin II that may phosphorylate the
transcription factor p5370; p53, in turn, may upregulate
the local renin-angiotensin system which may sustain p53
function and the generation of angiotensin II70,71. The con-
tinuous synthesis of this hormone, in combination with
p53-mediated downregulation of the antiapoptotic gene
bcl-2 and upregulation of the proapoptotic gene bax,
may activate the endogenous cell death pathway and
apoptosis. Although the extrapolation of in vitro obser-
vations to the in vivo state requires considerable caution,
the recognition that stretch may be connected to cell death
is critical for the heart. Diastolic loads are abnormal in
all forms of cardiac failure and myocyte death facilitates
ventricular dilation, counteracts compensatory hyper-
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trophy and exacerbates the magnitude of stress on the
remaining viable cells. A link may exist between an-
giotensin II formation and oxidative stress72,73; this pos-
sibility would suggest that a relationship may be present
between mechanical deformation, angiotensin II and
reactive oxygen, on the one hand, and myocyte apoptosis
and necrosis, on the other. 

Conclusions

In summary, effort has been made in the last 10
years to identify the mechanisms of myocyte growth and
myocyte death which constitute fundamental elements
of the plasticity of the heart. Improvement in the method-
ological approach to the analysis of the myocardium has
defeated the dogma introduced more than 60 years ago
that myocytes are terminally differentiated cells. This cell
population expresses all the molecular components reg-
ulating the entry and progression through the cell cycle,
karyokinesis and cytokinesis. Moreover, the dogma that
myocytes die only by necrosis has been similarly de-
feated and unequivocal documentation of cell apopto-
sis has been obtained. Thus, the recognition that myocyte
hypertrophy and replication, and myocyte necrosis and
apoptosis do occur in the pathologic heart, has con-
tributed to enhance significantly our understanding of
the plasticity of the myocardium. Whether an imbalance
between cell death and cell growth reflects the etiolog-
ic factor responsible for the evolution of ventricular
dysfunction to terminal failure remains a critical unan-
swered question. 
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