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ABSTRACT

The preservation of myocyte number and cardiac mass throughout life is dependent on the balance between
cell death and cell division. Rapidly emerging evidence indicates that new myocytes can be formed through
the activation and differentiation of resident cardiac progenitor cells. The critical issue is the identification of
mechanisms that define the aging of cardiac progenitor cells and, ultimately, their inability to replace dying
myocytes. The most reliable marker of cellular senescence is the modification of the telomere—telomerase axis,
together with the expression of the cell cycle inhibitors p161™NK4a agnd pS3. Cellular senescence is characterized
by biochemical events that occur within the cell. In this regard, one of the most relevant processes is repre-
sented by repeated oxidative stress that may evolve into the activation of the cell death program or result in
the development of a senescent phenotype. Thus, the modulation of telomerase activity and the control of
telomeric length, together with the attenuation of the formation of reactive oxygen species, may represent im-
portant therapeutic tools in regenerative medicine and in prevention of aging and diabetic cardiomyopathies.

Antioxid. Redox Signal. 8,2125-2141.

INTRODUCTION

THE BALANCE BETWEEN cell death and cell division is crucial
for the preservation of cell number and organ mass in pre-
natal and postnatal life (61). Decreases in the number of cells
may be compensated by an increase in the size of the remaining
parenchymal cells, but this response can rapidly become mal-
adaptive because of the difficulty of the hypertrophied cells to
perform their specialized function efficiently (35). Myocyte
death and growth are biologic processes that are present in the
adult heart and are enhanced with age and in pathologic states
(6). It has been repeatedly shown that myocytes can die by
apoptosis and necrosis (48, 67). More recently, the possibility of
myocyte autophagy has been introduced (58, 156). Whether this
form of intracellular organelle turnover has beneficial or detri-
mental consequences on cardiac structure and function is not
yet understood. However, new myocytes can be formed through
the activation and differentiation of resident cardiac progenitor
cells (CPCs). Under extreme conditions of myocardial damage,
produced by extensive infarcts, and overt cardiac failure, a large

number of stem cells have to reenter the cell cycle simultane-
ously in an attempt to reconstitute the lost myocardium. With
age, cell death occurs slowly and over a long period of time, and
this may allow CPCs to divide and replace, at least in part, dead
myocytes. An efficient regenerative response of the myocar-
dium depends on the size of the CPC pool, which is expected to
be intact in the event of acute infarcts but may be severely com-
promised in chronic heart failure and in the senescent heart (31,
149). Thus, the fraction of functionally competent CPCs condi-
tions the magnitude of myocardial regeneration.

Treatment of cardiac diseases in the elderly has prolonged
average life span, but maximum life span has not changed in
the last 70 years (131). This suggests that cellular aging plays
a role in maximum life span that is more important than gen-
erally expected. Several lines of evidence have been obtained
in favor of the regeneration potential of the adult and aged
myocardium by activation of resident CPCs (13, 60, 90,
95-97, 113, 120, 123, 144). The existence of a mitotic clock
that regulates cellular life span independently from organ and
organism life span would indicate that aging of CPCs condi-
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tions myocyte aging and, ultimately, the development of an
aging decompensated myopathy.

DO STEM CELLS AGE?

According to a well-established paradigm, stem cells possess
unlimited self-renewal capacity with an ability to replace them-
selves, which exceeds the life span of the organ and organism
(41, 49). Stem cells were interpreted as the fountain of youth,
were considered to be immortal, and were assumed to be well
equipped against any form of aging effect. Initial studies on bone
marrow stem cells have contributed to the introduction of this
concept. The notion that stem cells do not age was supported by
the simple observation that hematopoietic function is maintained
in old human beings as well as in aged mice. Additionally, flow
cytometric assays have indicated that the number of hematopoi-
etic stem cells (HSCs) increases with age, together with the frac-
tion of cycling HSCs (103). Moreover, transplantation experi-
ments revealed that, when bone marrow from old C57BL/6 mice
was transplanted into irradiated young animals, the old bone
marrow cells were not at a competitive disadvantage with the
survived young cells, but successfully replaced the lympho-
hematopoietic tissues of the ablated hosts (53, 103). However, it
has become clear that the number of old HSCs needed for the re-
population of the bone marrow is higher than that usually re-
quired when young HSCs are employed (40). This is most likely
due to a reduced capacity of these old cells to home and engraft.
Aging effects on HSCs are strain dependent and different results
have been observed, creating discrepancy in interpretation. Age
negatively influences the growth of HSCs. A measurable and
progressive functional deterioration in the self-renewing prop-
erty of HSCs occurs from early development to adulthood and
senescence (50). This does not necessarily imply a reduction in
the total number of HSCs (103). Thus, the properties of self-re-
newal, clonogenicity, and multipotentiality of old HSCs are uni-
formly compromised in all cells or only a reduced pool of HSCs
has maintained functional competence. In both cases, HSCs are
subjected to the impact of aging and senescence as all other cells
of the organism. Signs of aging are even more evident if other
mouse strains are considered: in transplantation studies, old
HSCs obtained from DBA/2, BALB/c, and CBA/CaH-T6 mice
were consistently at a significant growth disadvantage with re-
spect to their young counterparts (26, 27, 140).

Although the concept of stem cell senescence is more largely
accepted than in the past, the mechanisms underlying the mor-
phological, molecular, and functional alterations that character-
ize old stem cells are still controversial. The debate involves not
only stem cells but the wider notion of eukaryotic cellular
senescence. The theory of aging based on cellular senescence
was originally formulated in 1965 when cell senescence was de-
scribed as the process that limits the number of doublings that
normal human cells can undergo in culture (54). The Hayflick
limit takes place after a determined number of cell divisions and
results in the arrest of cells in G1; these cells are unable to per-
form specialized functions. This phenomenon has been defined
as replicative senescence. The difficulty in the application of
these in vitro observations to the in vivo condition has led to a
heated controversy and questions have been raised concerning
the validity of this biological process. The possibility that the
loss of proliferative capacity may result from “culture shock”
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and not from a “mitotic clock” has been suggested and the no-
tion of replicative senescence has been challenged (136). Con-
fusion in the field was potentiated by conflicting results ob-
tained from the study of dermal fibroblasts and epidermal
keratinocytes in vivo (126). Although a progressive accumula-
tion of senescent cells occurs in the skin of old individuals, cu-
taneous biopsies collected from the same patients at different
ages failed to confirm the original observation (32).

The discovery that loss of telomeric DNA occurs during cell
division has given new enthusiasm to the supporters of replica-
tive senescence. In each division, cells duplicate their DNA dur-
ing the S phase. The semiconservative mechanism of DNA
replication has an intrinsic obstacle, consisting of the inability
of conventional DNA polymerase to complete the synthesis of
the lagging strand of the replication fork (101). The end-replica-
tion problem would cause a progressive shortening of the DNA
(2). In eukaryotic cells, chromosome integrity is maintained by
shielding caps, telomeres, and a specialized DNA polymerase,
telomerase (15, 44, 45, 112). Telomeres constitute the physical
ends of chromosomes (153) and telomerase is the enzyme capa-
ble of preserving telomeric length. This ribonucleoprotein is a
reverse transcriptase, which extends the 3’ chromosomal ends
utilizing its own RNA as a template (15, 44, 45, 112). The syn-
thesis of telomeric repeats by telomerase protects from loss of
nucleic acid and allows complete DNA replication.

To date, the most reliable marker of cellular senescence is
the modification of the telomere—telomerase axis, together
with the expression of the cell cycle inhibitors p16!NK42 and
p53 (46). Telomerase activity is present in the normal adult
human heart and is increased in premature myocardial aging
(Fig. 1) and myocardial hypertrophy (31, 147). This ribonu-
cleoprotein, however, does not necessarily prevent telomere
erosion (31, 66); severe telomeric shortening has been de-
tected in both myocytes and CPCs (Fig. 2). These observa-
tions are consistent with results obtained in hematopoietic
stem cells (HSCs). HSCs express low to moderate levels of
telomerase, but telomeres shorten considerably with age (3,
76). Two possibilities have been proposed in an attempt to ex-
plain telomeric shortening in the presence of detectable
telomerase activity: a suppressor of telomerase function may
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FIG. 1. Telomerase activity measured by the TRAP assay in
samples of aged control and aged failing hearts. Products of
telomerase activity start at 50 bp and display 6 bp periodicity. Se-
rial dilutions of proteins (1 pg, 0.5 pg) have been used. Samples
treated with RNase (+) were used as negative control and HelLa
cells as positive control. Note an increase in telomerase activity in
aged failing hearts. Modified from Chimenti ez al. (31).
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be stimulated during the cell cycle or a competition may
occur between the reassembly of telomeric chromatin and ex-
tension of telomeres by telomerase. In HSCs, telomere short-
ening occurs at a rate of 50-100 base pairs per population
doublings (bp/pd), which is only slightly lower than the
50-150 bp/pd rate characteristic of telomerase-negative cells
(76). It is reasonable to assume that the aging effects on CPCs
lead to an imbalance between telomerase activity and length
of telomeres, resulting in critical telomeric shortening, per-
manent withdrawal from the cell cycle, and CPC senescence.

Telomere dysfunction is associated with the upregulation
of cell cycle inhibitors, including p53 and pl6INK42 (137).
Whereas the expression of p53 allows the cell to repair DNA
damage and re-enter the cell cycle, the growth arrest induced
by pl6!NK4a js considered irreversible. The role of pl6INK4a
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FIG. 2. Telomeric shortening
in senescent myocytes demon-
strated by quantitative fluores-
cent in situ hybridization of a
PNA probe specific for telom-
eric sequences. (A) corresponds
to an aged control heart and (B)
illustrates an aged failing heart.
Dots in nuclei correspond to in-
dividual telomeres. The intensity
of labeling in myocyte nuclei
from the aged failing heart (B) is
lower than in the aged control
heart (A). Lymphoma cells with
known short (C; L5178Y-S cells,
7 kbp) and long (D; L5178Y cells,
48 kbp) telomeres are also shown.
(E) Distribution of telomere
lengths in myocyte nuclei of aged
control and aged failing hearts.
Buckets are 0.5 kbp. Solid bars
correspond to myocyte nuclei
with telomeres <2.5 kbp. Modi-
fied from Chimenti et al. (31).

and its closely related gene p194RF in organ and organism
aging has been documented in a recent study (73). The tran-
script of these two genes has been examined in multiple tis-
sues of young and old rodents. The mRNA of pl16NK4a jn-
creased an average 10-fold in the heart while pl19ARF
increased approximately threefold, and the same pattern of
changes was seen for the expression of the corresponding
proteins in all tissues except for the lung. Characteristically,
the old heart showed a selective and specific increase of the
cell cycle inhibitor, p15NK4b that did not change with age in
all other organs (73). In cancer cells, epithelial cells, and T-
lymphocytes, pl15INK4b behaves in a manner very similar to
pl6™NK4a: it inhibits cell proliferation, blocks telomerase ac-
tivity, and promotes replicative senescence (36, 39, 133, 151).
However, its role in cardiac aging, if any, remains unknown.
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Despite the significant increase in the expression of p16NK4a
and p19ARF the quantity of protein and mRNA for these two
genes is lower in vivo than in early passages of primary cell
cultures. This observation points to the existence of powerful
inductive stimuli of aging in vitro but also to the heterogene-
ity of the aging process in vivo that involves only a small sub-
set of cells at any time in each organ. For example, the ex-
pression of p16NK4a ig higher in the cortex of the kidney than
in the medulla, or in the white than in the red pulpa of the
spleen (73). Of relevance, caloric restriction prevents the in-
crease of pl6!INK4a and p19ARF in cardiac tissue providing fur-
ther evidence of the link between oxidative stress, on the one
hand, and telomeric shortening, cellular senescence and or-
ganism aging, on the other.

TELOMERIC LENGTH AND
REPLICATIVE SENESCENCE

Cellular senescence is characterized by biochemical
events that occur within the cell leading to growth arrest and
apoptosis (22). In this regard, repeated oxidative stress may
evolve into the activation of the cell death program or result
in the development of a senescent phenotype. In the heart, the
old cells do not differ from those in other organs. Senescent
cells cannot divide, their ability to synthesize proteins or se-
crete autacoids and hormones is reduced, and the antioxidant
defense mechanisms together with the DNA repair system are
attenuated. In mature myocytes, in which cell replication is
lost, aging promotes a block in the capacity of the cell to hy-
pertrophy (142). Myocyte mechanics and Ca2+ transients are
altered, since the systems regulating cell activation, contrac-
tion, and relaxation are defective. A preservation of the me-
chanical behavior of myocytes coupled with a reduced re-
sponse to norepinephrine has been found in aging Wistar rats
(154).

As discussed above, cellular senescence occurs after a cell
has undergone a finite number of divisions and has lost the
ability to replicate by selective alterations in cell cycle regu-
latory functions (22). Specifically, replicative senescence
corresponds to an irreversible cell cycle block in GO/G1 trig-
gered by integrated actions of the p53/p21/p19 and pl16/Rb
pathways (72, 133). This phase of viable cell cycle arrest is
accompanied by various changes in cell physiology, morphol-
ogy, and gene expression. The discovery that telomeres
shorten with each cell multiplication in vitro suggests a
mechanism by which a cell can sense its own age. The role of
telomeres in the control of the cell replication is exerted at
two levels, by counting the number of cell divisions and by
acting as cell cycle checkpoint (16, 46). Before fibroblasts
reach senescence in vitro, their telomeres gradually shorten
and foci of DNA damage accumulate specifically within the
telomeres (57). Forced expression of fully or partially func-
tional TERT (71) prevents the loss of telomeric DNA and pro-
longs cellular life span. Conversely, the overexpression of a
catalytically inactive form of telomerase reverse transcriptase
(TERT) causes premature senescence and apoptosis of human
fibroblasts or keratinocytes (71). The senescence of cell cul-
ture preparations occurs gradually and necessitates multiple

KAJSTURAET AL.

population doublings while at the single-cell level, p16 is up-
regulated rapidly, exerting its inhibitory function on the target
cell. Thus, presenescent cultures represent a combination of
old and dividing cells, and the onset of senescence is deter-
mined by the frequency by which p16-positive cells accumu-
late. However, an alternative explanation to the in vitro find-
ings and the maximum number of cell divisions set by this
system is that the loss of proliferative capacity may result
from cumulative trauma imposed by the tissue culture per se
(136). The nonphysiologic environment, including the disrup-
tion of cell-to-cell contacts, the lack of interaction with dif-
ferent cell types, the characteristics of the medium, and the
adhesion to a plastic surface, are likely to induce stress re-
sponses (136). This combination of factors might dictate the
limit of cell divisions.

Whether cellular senescence contributes to organism aging
remains controversial (37,127). A recent study in aging ba-
boons has shed light on this complex issue and the occur-
rence of replicative senescence in vivo has been documented
(59). Most importantly, the crucial role played by cellular
senescence in the aging of organs has been demonstrated.
Like humans, baboons have a relatively long life span and
show age-dependent telomere shortening (10). Baboon skin
fibroblasts undergo replicative senescence upon serial pas-
sage in culture, with characteristics identical to those of
human fibroblasts. Senescent baboon fibroblasts exhibit
DNA strand breaks that are in close association with phos-
phorylated histone H2AX, activated ataxia—telangiectasia
mutated kinase, and p53 binding protein (59, 141). Senescent
fibroblasts express p53 mostly in its phosphorylated form at
Serl5. Serl5 is the first site in which p53 is phosphorylated
upon DNA damage and this posttranslational modification is
followed by the addition of phosphate groups in a cluster of
serine residues located at the amino-terminal of the transcrip-
tion factor. The phosphorylation of p53 in Serl5 is accompa-
nied by enhanced expression of p21¢ir! to allow the cells to
repair, if possible, DNA damage. More than 80% of senescent
baboon fibroblasts in vitro show signs of telomere dysfunc-
tion (59). Three biomarkers of cellular senescence have been
employed for the recognition of replicative senescence in
vivo: telomere dysfunction, activation of the ATM DNA-
damage response, and heterochromatinization of the nuclear
genome. Cells with these features are senescent and account
for >15% of fibroblasts in old animals (59).

Together with telomere dysfunction, chromosome hetero-
chromatinization is considered a fundamental feature of
senescent cells (158). Heterochromatinization corresponds to
the condensation of eu- and heterochromatin regions (85). It
is commonly observed throughout the cell cycle and is asso-
ciated with changes in gene expression. However, progressive
irreversible heterochromatinization occurs with aging being
triggered by both replicative and oncogene-induced senes-
cence (110). This process is believed to be irreversible and
leads to an increased frequency of foci of transcriptionally
silent chromatin called senescence-associated heterochro-
matin foci (SAHF). The formation of these foci seems to be
dictated by the RB pathway to repress the expression of pro-
liferation-promoting E2F target genes, such as cyclin A,
DHFR, and Mcm (110). Moreover, the presence of SAHF is
coupled with a decreased efficiency of the DNA damage
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repair process enhancing the frequency of chromosome aber-
rations in aging cells (110). The presence of cells with these
genetic characteristics has profound physiological conse-
quences on organ function.

Evidence of the in vivo association between telomere dys-
function and senescence has been found, but it cannot be ex-
cluded a priori that telomeric DNA damage may not be ex-
clusively due to replicative exhaustion. In this regard,
oxidative stress increases the rate of telomere attrition (17,
159). Aging is typically accompanied by enhanced produc-
tion of reactive oxygen species in the mitochondrial compart-
ment and reduced cellular defense to oxidative challenge.
Thus, telomere dysfunction can be dictated by an increased
oxidative challenge and telomeres may serve the dual func-
tion in vivo of replicative and chronological clocks.

Pathways of telomere-independent senescence have been
described. These processes occur in response to a variety of
cellular stresses and signaling imbalances. In a manner simi-
lar to telomere-dependent aging, they involve the cyclin-
dependent kinase inhibitor p16 and the retinoblastoma tumor
suppressor RB as the terminal effectors. A well-documented
example of this form of telomere-independent aging is cell
senescence induced by hyperproliferative signaling elicited
by chronic activation of mitogenic signals including Ras or
IGF-1 (134). This mechanism is considered to constitute a
tumor-defense strategy of the cells and may help in the under-
standing of the conflicting effects of IGF-1 on aging of lower
and higher organisms. Mutation of the homologue of insulin-
IGF-1 receptor, daf-2, in nematodes or /nr in fruitflies delays
aging and extends maximum life span in these lower eukary-
otes (143). Attenuation of insulin/IGF-1 signaling results in
upregulation of DAF-16, which activates a variety of genes
implicated in longevity and inhibits selective life-shortening
genes (104). Conversely, the overexpression of muscle IGF-1
interferes with Foxo, that is the mammalian homolog of DAF-
16, and inactivation of Foxo has a powerful positive therapeu-
tic impact on skeletal muscle growth and cachexia (23).

The molecular mechanism underlying the increased life
span in long-lived daf-2 mutants is largely mediated by the
enhanced expression of enzymes that protect and repair ox-
idative damage (104). Reactive oxygen species (ROS) are
formed in several compartments of the cells but approxi-
mately 90% of intracellular oxidants are generated within the
mitochondria. Strong reductions in IGF-1 signaling in C. ele-
gans results in a quiescent state of diapause called dauer,
which corresponds to a nonfeeding, stress-resistant larval
state (143). Most importantly, nearly 35% of nematodes with
modest decreases in daf-2 become extremely lethargic, dauer-
like, and lose spontaneous motility. In both cases, oxidative
stress is minimal and longevity may be dictated by the meta-
bolic switch (8). This possibility is consistent with the well-
established paradigm of extended life span with severe
caloric restriction or reduced fat mass in lower organisms and
mammals (19, 69). In yeasts, dietary limitation promotes
metabolic changes that invariably increase maximum life
span (70). The low metabolic state is regulated by Sir2 that
may be part of the IGF-1 pathway (47). The question is
whether the IGF-1-IGF-1 receptor system has to be blamed as
the cause of premature aging and death in yeasts, nematodes,
fruitflies, and mammals or oxidative stress is a more likely
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determinant of longevity, supporting the notion of the free
radical theory of aging.

REPLICATIVE SENESCENCE
AND THE AGING HEART

The increase in average life span has resulted in an in-
creased prevalence of cardiovascular diseases. This phenome-
non, together with the recognition that telomeric shortening is
a major mediator of cellular senescence, has brought the at-
tention of cardiologists and cardiovascular scientists to the
potential involvement of changes in telomeric length in
the pathologies that typically occur in the elderly. However,
the commonly accepted paradigm is that the heart is a postmi-
totic organ characterized by a predetermined number of my-
ocytes, which is defined shortly after birth and is preserved
throughout the life of the organism (30, 108, 109, 116). Ac-
cording to this view, telomeric shortening can occur only dur-
ing development when myocytes actively replicate. In this re-
gard, early telomere attrition during fetal life has been linked
to the small weight of infants and high prevalence of cardio-
vascular diseases in adults (33). The view of the terminally
differentiated state of the heart is in striking contrast to the
possibility of replicative senescence. The age of myocytes has
to correspond to the age of the organ and organism and the
heart has to be composed of a homogenous population of my-
ocytes of identical age. Therefore, myocardial aging has been
interpreted as a time-dependent biological process that inter-
acts with ischemic heart disease, hypertension, diabetes, and
other pathological conditions, which together define the
clinical phenotype (74). Emphasis has been placed on age-
associated changes, which increase the chances of cardiovas-
cular events in the elderly.

The problem of cellular aging is complex when the brain
and the heart are considered. Because of the presumed post-
mitotic nature of neurons and cardiomyocytes, the mitotic
clock could not be applied to these organs. However, a differ-
ent view of neuron and cardiomyocyte aging has not been
proposed. The recent identification of neural stem cells (21,
121, 138) and CPCs (13, 60, 95-97, 113, 120, 123, 144)
points to a new theory of organ aging. Aging of organs with
self-renewing properties may be characterized by stem cell
damage, forced entry of these cells in a quiescent state, and
marked decrease in the number of functionally competent
primitive cells (103). Thus, DNA damage and the expression
of proteins blocking the cell cycle might increase in stem
cells with age, reducing the stem cell pool to a critical value
(40, 103, 140). This notion seems to contradict the definition
of stem cells as immortal cells. However, this is not the case
in the bone marrow (26, 27, 40, 41, 50, 53, 55, 103, 140) and
is not the case in the heart (31). Primitive cells positive for
pl6™NK4a have been detected in the heart of patients with car-
diac decompensation and signs of precocious organ aging.
Apoptosis of c-kit-positive undifferentiated cells was very
high in these aged hearts and was always associated with the
expression of pl16!NK4a (31). Moreover, the fraction of cycling
CPCs was increased; this phenomenon is consistent with re-
sults in bone marrow (103). Similar findings have been col-
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lected in the Fischer 344 rat (64). Thus, the activation of old
CPCs, which undergo a limited number of doubling reaching
cellular senescence and growth arrest, may be viewed as the
process underlying cardiac aging.

The adult heart is largely composed of terminally differen-
tiated myocytes. Damaged and old units of this highly spe-
cialized compartment of contracting cells are constantly re-
placed by new younger elements. The heart is, in fact, a
dynamic organ where myocyte death and growth are tightly
regulated to maintain physiologic homeostasis. Mitosis and
cytokinesis have been recognized in mature myocytes and in
poorly differentiated cells with a thin subsarcolemmal halo of
myofibrils, in combination with telomerase activity (4, 14,
31, 65, 147). These in vivo findings, together with observa-
tions in vitro (13), have indicated that replicating myocytes
are transient amplifying cells derived from lineage commit-
ment of CPCs. When a stem cell divides, two daughter cells
are formed; they may maintain stem cell properties or be-
come amplifying cells (159). Amplifying cells divide rapidly
and simultaneously undergo differentiation. They derive from
stem cells but have a limited number of population doublings.
Such a restriction in cell division is conditioned by the pro-
gressive downregulation of telomerase with the progression
of differentiation. Thus, the heart is a self-renewing organ in
which the ability to replenish cells is maintained by the exis-
tence of a stem cell compartment. Telomerase activity has
been documented in the decompensated aged rat heart (84) or
in the presence of cardiac failure in the dog (78). In humans,
myocardial hypertrophy with modest ventricular dysfunction
(147) and the prematurely aged heart with severe functional
impairment (31) are characterized by an increase in telom-
erase activity. This enzyme, however, does not necessarily
prevent telomere erosion.

Results obtained in HSCs support these observations. HSCs
express low to moderate levels of telomerase, but telomeres
shorten considerably with age (3, 20, 76, 103). It is unknown
why, despite a detectable telomerase activity, HSCs undergo
telomere shortening. Two hypotheses have been suggested: a
suppressor of telomerase function could be stimulated during
the cell cycle or a competition may occur between the re-
assembly of telomeric chromatin and extension of telomeres
by telomerase (20). In HSCs, telomere shortening occurs at a
rate of 50-100 base pairs per population doublings (bp/pd),
which is only slightly lower than the 50150 bp/pd rate char-
acteristic of telomerase-negative cells. Undoubtedly, telom-
erase has the crucial role to extend the life span of HSCs.
Forced expression of telomerase in HSCs prevents replicative
aging and maintain telomere length in HSCs (3). Thus, it is
reasonable to assume that aging effects on CPCs lead to an im-
balance between telomerase activity and length of telomeres,
resulting in critical telomeric shortening, permanent with-
drawal from the cell cycle, and CPC senescence.

The concept that aging is a process that hits all myocytes in
a simultaneous and uniform fashion is not consistent with the
progressive increase in heterogeneity of the myocyte com-
partment observed in the senescent heart. The continuous
turnover of myocytes with age results in a heterogeneous cell
population consisting of young, adult, old, and senescent my-
ocytes. Data in humans suggest that this subdivision corre-
sponds to cells of different sizes, raising the possibility that
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the life span of a cell is associated with a progressive increase
in volume of the cell. Young amplifying dividing myocytes
are <180 um? in cross-sectional area, adult nondividing cells
are 200-250 pm? in cross-sectional area, old nondividing
pl6™NK4a negative cells are 300-500 um? in cross-sectional
area, and senescent nondividing pl6NK4a positive cells are
600-900 um? in cross-sectional area (147). Myocyte length,
however, remains relatively constant in all these cell cate-
gories, varying, at most, from 90 to 120 um. Importantly,
young myocytes do not express inhibitors of the cell cycle
such as p53 and p16/NK4a (31, 145, 147). In contrast, a large
fraction of these cells, 10-15%, is cycling as demonstrated by
BrdU, Ki67, MCMS, and Cdc6 labeling (147). Adult my-
ocytes are unable to reenter the cell cycle since they are ter-
minally differentiated. They express p21€ir! but not p53 and
pl6!INK4a Old myocytes express p53 and p21 in the absence of
pl6™NK4a and senescent myocytes express p53 and pl6INK4a
(31, 81, 145, 147). pl6NK42 and p53 are markers of cellular
aging. Myocyte aging and the concomitant increase in my-
ocyte volume typically result in a severe depression in cell
function and calcium metabolism (145).

An upper limit to myocyte growth exists. Ventricular my-
ocytes of 4-month-old rats were separated according to their
dimension by gravity sedimentation in isotonic Percoll solu-
tion and found to vary in size from 4,000 to 110,000 pm?3
(107). In almost all cases, myocytes 90,000 um? in volume
and larger were positive for p16!NK4a, a protein that inhibits ir-
reversibly the reentry into the cell cycle and is a marker of
cellular aging. These large cells expressing p16™NK4a are more
prone to apoptotic death while myocytes 15,000 um? in vol-
ume and smaller rarely express pl16NK4 and rarely undergo
apoptosis. Thus, cell death is correlated with the size of the
cell and with the distribution and level of this marker of cellu-
lar senescence. The inability of old myocytes to hypertrophy
and/or replicate becomes apparent when myocardial infarc-
tion is induced in young adult animals. At 7 days after infarc-
tion, DNA replication, detected by BrdU incorporation, is re-
stricted to small cells and decreases progressively with
increasing cell size (107). p16!NK4a positive cells do not reen-
ter the cell cycle, and cycling cells do not express p16!NK4a,
Neither hypertrophy nor replication occurs in very large my-
ocytes. Myocytes 35,000 pm3 in volume and larger do not
reenter the cell cycle and their growth response is limited to
cellular hypertrophy. The fraction of myocytes with extreme
dimensions and impaired growth increases with age, progres-
sively affecting the response of the old heart to pathological
stimuli (29, 142). The age-dependent increase in myocyte
death, coupled with reduction in the coronary vasculature,
further deteriorates the functional adaptation of the senescent
heart (7). These phenomena may explain why coronary heart
disease and its complications are major risk factors in the el-
derly, and myocardial infarction is associated with increased
morbidity and mortality in this population. Thus, cells with
cross-sectional areas 300-500 um? do not replicate but can
hypertrophy, whereas myocytes 600-900 pm? do not incorpo-
rate BrdU, do not hypertrophy, and express the cell cycle in-
hibitors and senescence-associated proteins pl16NK4a and/or
pS3.

The observation that cycling myocytes are typically of
smaller size than fully mature adult cells has raised the hy-
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pothesis that newly formed myocytes do not derive from pre-
existing myocytes but from the activation, replication, and
differentiation of CPCs. And the negative impact of aging on
myocytes and organ function may involve defects at the level
of the regulating cell (i.e., the CPC). Alterations in the stem
cell compartment can lead to inadequate generation of com-
mitted progeny and inefficient replacement of senescent me-
chanically depressed myocytes. If the physiological turnover
of CPCs is attenuated, myocytes age and cellular aging is par-
alleled by an increase in myocyte volume together with the
expression of inhibitors of the cell cycle and markers of cellu-
lar senescence. An increase in old and senescent myocytes
has detrimental effects on cardiac performance and may
cause the development of an aging myopathy.

TELOMERASE, TELOMERES,
AND ADULT MYOCYTES

The classic view of the heart as a postmitotic organ im-
plies that the myocardium is composed exclusively of termi-
nally differentiated myocytes that, at birth, permanently with-
draw from the cell cycle. According to this notion, telomerase
should not be expressed in myocytes and its enzymatic activ-
ity should be present only in the embryonic and fetal heart,
but it is expected to disappear rapidly postnatally. Surpris-
ingly, telomerase activity was found in left ventricular my-
ocytes from fetal, neonatal, young adult, fully mature adult,
and senescent male and female rats (84). Female and male
myocytes have comparable telomerase activity at birth, but a
sharp decline occurs in both genders with postnatal matura-
tion. From adulthood to senescence, active telomerase com-
plexes were consistently higher in female than male my-
ocytes. These findings imposed a reinterpretation of cardiac
biology. Telomerase activity is detected only in cycling cells
(102, 155, 157), which belong to three categories: stem cells,
progenitor cells, and transient amplifying cells. However, be-
cause of the low number of cell cycles that stem cells experi-
ence, this cell pool contributes only in minimal part to the
level of enzymatic activity detected in a tissue. Progenitor
cells derive from stem cells but have lost the multipotential
property and are, therefore, less primitive cells that undergo a
significant number of population doublings. Together with
transient amplifying cells that divide rapidly and differentiate
at the same time, progenitor cells are responsible for the cat-
alytic activity of telomerase in organs.

The enzymatic activity of telomerase is usually detected
via the incorporation of radiolabeled nucleotides onto a
telomeric single-stranded DNA substrate. Using this bio-
chemical assay, telomerase activity has now been detected in
numerous progenitor cell types in humans and rodents (102,
155, 157). TRAP assay is a procedure that involves poly-
merase chain reaction (PCR), and contamination from non-
myocytes could affect the validity of the results. However,
pure preparations of enzymatically dissociated myocytes
were employed, indicating that the parenchymal compartment
of the adult heart contains telomerase-competent transient
amplifying muscle cells in combination with telomerase-
negative terminally differentiated parenchymal cells. Al-
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though telomerase is a feature of cycling cells, it is not a mea-
surement of the number of cells that have reentered the cell
cycle. Enzyme activity may vary among cycling cells and
may be influenced by different factors, such as age and sex.
The marked decrease in telomerase activity shortly after birth
appears to depend on the rapid expansion in cardiac mass me-
diated by the generation of a large number of amplifying cells
with reduction in stem cell pool size in both genders. Addi-
tionally, the number of telomerase competent myocytes and
telomerase activity per cell are influenced by age, modifying
the growth reserve of the old male and female heart.

As in the hematopoietic system, the presence of telomerase
does not prevent telomeric shortening in aging rat myocytes.
Nearly 16% of myocytes of senescent Fischer 344 rats exhibit
telomeric shortening, raising the possibility that this fraction
of cells experiences multiple divisions throughout life (66).
Oxidative stress can also induce erosion of telomeres (17,
159). However, data have been accumulated concerning the
ability of adult ventricular myocytes to reenter the cell cycle
and undergo karyokinesis and cytokinesis (4, 14, 31, 65, 89,
135, 147), supporting the possibility that telomeric shorten-
ing occurs, at least in part, because of cell multiplication.

Different conclusions were reached in a study performed in
the mouse heart, in which the postnatal downregulation of
telomerase activity and TERT expression was interpreted as a
further proof of the terminally differentiated state of the adult
myocardium (114). The absence of the enzyme in the 8-week-
old heart was considered responsible for the massive telom-
eric shortening and the onset of replicative senescence that
occur simultaneously in all cardiomyocytes shortly after
birth. The forced overexpression of TERT in cardiomyocytes
maintained telomerase activity in the adult heart, delaying the
exit of ventricular myocytes from the cell cycle in the first
month of life. However, this genetic manipulation did not in-
duce cell cycle reentry later in life but, unexpectedly, pro-
moted increase in myocyte size. Hypertrophy was also
elicited by TERT in cultured cardiac myocytes after viral
transduction. This in vivo and in vitro response was seen as a
novel function of the reverse transcriptase. It remains unclear
whether normal levels of TERT promote hypertrophy in the
heart. The important issue of the physiological role of TERT
in myocytes cannot be answered by the transgenic mouse
model employed in this study. The TERT transgene was
placed under the control of the a-myosin heavy chain pro-
moter in cells that, by definition, had reached complete or al-
most complete maturation. Mitogenic stimulation of termi-
nally differentiated myocytes has been attempted by various
means (1, 117, 139), resulting, in the vast majority of cases,
in the reentry of cell into the S phase and DNA synthesis.
However, the cells do not traverse the G2/M checkpoint and
undergo apoptosis or abortive mitosis. This outcome is the in-
evitable consequence of terminally differentiated myocytes
forced to replicate. A similar phenomenon is present in the
mammalian heart in the absence of genetic manipulation. In
heart failure, when the demand for new myocyte generation is
high, terminally differentiated, hypertrophied senescent my-
ocytes attempt to divide but cannot complete successfully cell
replication. A typical feature of senescent failing myocytes is
the formation of chromosomal bridges during anaphase (un-
published observations). Senescent cells possess all the fea-
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tures that favor the illegitimate rejoining of DNA broken
ends: critical shortening of telomeres, uncapping of telom-
eres for reduced expression of Potl or other telomere-related
factors, or foci of phosphorylated histone H2AX (150). This
chromosomal instability leads to apoptotic cell death.

In rodents, telomerase protects chromosomes from telom-
ere erosion, maintains cell replication, and opposes cell
death. Telomerase-competent myocytes are cycling, and
telomerase identifies young actively growing myocytes. Con-
versely, alterations in telomeres result in inhibition of cell
replication, myocyte senescence, and death. The effects of
changes in telomerase activity and telomere length have been
evaluated also in a large animal model of ventricular failure
(78). In the failing dog heart, ventricular dysfunction is cou-
pled with activation of myocyte proliferation. The marked in-
crease in telomerase level and activity that accompanies the
rapid onset of failure is sufficient to preserve telomere
length. Thus, telomerase activity plays an important role in
repairing dying myocardium. A subpopulation of canine my-
ocytes expresses telomerase, suggesting that they had the po-
tential of reentering the cell cycle and undergoing multiple
mitotic divisions. This contention is supported by the large
fraction of Ki67-positive cycling myocytes, which were also
telomerase competent. The identification of telomerase in
more than one-fifth of myocytes of the canine myocardium,
combined with their ability to multiply and express enzyme
activity, suggests that proliferation of a subgroup of myocytes
contributes significantly to cardiac growth. The preservation
of telomeric length found in young dogs with rapidly devel-
oping cardiac failure differs from myocardial aging. In fact,
regeneration of myocytes with age in rodents leads to pro-
gressive telomeric shortening (66).

IGF-1 AND MYOCYTE AGING

IGF-1 belongs to the insulin family of peptides and acts as
a growth factor in many tissues and tumors. A locally acting
isoform of IGF-1 targeted to skeletal muscle enhances muscle
growth and differentiation, prevents age-related muscle atro-
phy, and potentiates regeneration following injury (105, 106).
Similarly, cardiac-restricted expression of IGF-1 increases
the formation of ventricular myocytes, attenuates myocyte
death, and delays the development of an aging myopathy (86,
88, 122, 145). In the heart, the IGF-1-1GF-1 receptor system
induces division of cardiac stem cells (CPCs), upregulates
telomerase activity, hinders replicative senescence, and pre-
serves the pool of functionally competent CPCs (12, 145,
148). Following muscle injury, IGF-1 promotes the activa-
tion, mobilization, and differentiation of satellite cells that,
together with the recruitment of bone marrow progenitor
cells, contribute to skeletal muscle regeneration in old ani-
mals (105, 106). Spontaneous repair of damaged muscle typi-
cally occurs in young animals and is severely impaired with
age. Importantly, heart failure leads to a catabolic state char-
acterized by a progressive loss in skeletal muscle mass and
the appearance of cardiac cachexia in the late stages of the
disease.

In the mouse heart overexpressing IGF-1 (Igf+/+), telo-
meric length is better preserved than in WT littermates.
Telomeric shortening affects a progressively larger percent-
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age of mouse myocytes with age in both genders. However, at
20 months of age, telomeres in female /gf+/+ are the least af-
fected by shortening, while telomeres in male WT reach the
shortest value. Telomere length appears to be a crucial modu-
lator of myocyte division and survival. By plotting telomere
length in myocyte nuclei, cell cross section, and pl6INK4a
and p53 expression as a function of age, an inverse relation-
ship between myocyte size and telomere length can be found
in mice (145). In old animals, larger cells with shorter telo-
meres were pl6INK4a and p53 positive. IGF-1 interfered
with the age-dependent increases in myocyte size, telomeric
shortening, and pl6INK4a and p53 proteins. In comparison
with young cells, telomere length decreased more in old WT
than in TG myocytes.

The changes in telomere length may dictate the differences
in myocyte necrosis and apoptosis observed in the mouse
heart as a function of age, sex, and IGF-1 expression (145).
Overexpression of IGF-1 is coupled with higher levels of the
telomerase catalytic subunit. Similarly, telomerase activity,
which decreases in WT myocytes with age, is increased in the
presence of IGF-1. IGF-1 overexpression preserves high en-
zyme levels in male and female myocytes at 20 months (145).
Complex is the understanding of the heterogeneous adapta-
tion of telomerase in myocytes with sex, age, IGF-1 quanti-
ties, and species. Several factors have to be considered: (a)
Telomerase activity is present only in a fraction of myocardial
cells (12, 51); (b) telomerase-competent cells do not reflect
the number of cycling cells and/or their individual enzymatic
activity (51, 52); (c) IGF-1 expression and/or state of IGF-1
receptor phosphorylation may not be similar in males and fe-
males and may influence the number of telomerase-positive
cells, percentage of cycling stem/progenitor/amplifying cells,
and degree of catalytic activity (68, 146); and (d) differences
in telomerase function between rats and mice (84, 145) may
be due to longer telomeres in mouse cells (128, 152).

The myocyte-restricted overexpression of IGF-1 offers the
opportunity to study the PI3K-Akt pathway, which may be a
fundamental signaling mechanism for the phosphorylation
and activation of telomerase in myocytes (145). A consensus
site for Akt phosphorylation is present in the mouse telom-
erase, suggesting that Akt may potentiate telomerase function
(145). Four observations were made by performing an Akt-
kinase assay employing WT and TG myocytes as well as my-
ocytes infected with an adenovirus carrying a nuclear
(Akt-nuc) or membrane (Akt-myr) targeted Akt or a domi-
nant-negative form of Akt (Akt-DN): (a) Noninfected TG
myocytes had higher levels of phosphorylated telomerase se-
quence than WT myocytes; (b) the nuclear-targeted form of
Akt is involved in the phosphorylation of telomerase se-
quence of WT myocytes; (¢c) Akt-DN decreases substrate
phosphorylation in TG myocytes; and (d) peptide phosphory-
lation was proportional to Akt-nuc—infected WT myocyte
proteins. /n vivo, phosphorylated telomerase decreases only
in WT myocytes with age but increases as a function of age in
TG myocytes. A similar pattern of changes was observed for
phospho-Akt levels. These results are consistent with the at-
tenuation and increase in telomerase activity observed in
aging WT and TG myocytes, respectively. To confirm
phospho-Akt function in the regulation of telomerase, a
TRAP assay was performed in old WT myocytes infected
with Akt-nuc or Akt-myr. Only Akt-nuc expression resulted
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FIG. 3. Myocyte division in an aged failing
heart. Metaphase chromosomes are stained with
propidium iodide (PI, arrows; A and B) and the
myocytes are recognized by the cytoplasmic local-
ization of a-sarcomeric actin staining (B). Modi-
fied from Chimenti et al. (31).

in a marked elevation in telomerase activity. Increasing de-
grees of Akt-nuc infection of WT myocytes were accompa-
nied by increases in telomerase activity. Akt-myr infection
did not modify baseline telomerase in WT myocytes. Telo-
merase activity in old TG myocytes was severely depressed
after infection with the Akt-DN adenovirus (145).

Telomere function is modulated by specific telomere pro-
teins that participate in the prevention of end-to-end fusion of
chromosomes (43, 75). The two telomeric related factors,
TRF1 and TRF2, bind preferentially to the DNA sequence lo-
cated at the junction between the telomeric repeat sequence
and the G-strand overhang. Alterations in the binding of
TRF1 and TRF2 to DNA occur during cellular senescence
(18) and deletion of TRF proteins induces premature senes-
cence in murine and human cells by activating the p53 and
p16!INK4a pathways, which lead to growth arrest and cell death.
Accumulation of G-rich single-stranded DNA fragments, to-
gether with attenuation in the expression of TRF1 and TRF2,
leads to erosion of telomeres and chromosomal instability
(130), possibly promoting the formation of intercellular
anaphase bridges. In addition to TRF1 and TRF2, telomeres
are protected by uncleaved poly(ADP-ribose) polymerase
(PARP), and DNA-dependent protein kinase (DNA-PK).
Telomere-binding proteins have been recently identified in
myocytes and CPCs. Decreased expression of several telo-
mere-associated proteins has been found in the human de-
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compensated heart (31, 147, 149). In the mouse heart, aging
was associated with a marked reduction in the quantity of
TRF2, and telomere dysfunction was aggravated by downreg-
ulation of the components of DNA-PK with age, the het-
erodimeric complex Ku86/Ku70 and the DNA-PK catalytic
subunit (145). Consistently, cleaved PARP increased with
age, exceeding the uncleaved protective form. TRF1 was not
influenced by aging. The impact of aging on telomeric pro-
teins was attenuated by IGF-1 overexpression. It is unknown
whether IGF-1 has a direct or indirect effect on the transcrip-
tion of these proteins, or promotes post-translational modifi-
cations that oppose their degradation.

CARDIAC PROGENITOR CELL AGING

Cardiac aging reflects the attenuation of the growth re-
serve of the myocardium dictated by senescent CPCs. This
negatively affects myocyte turnover favoring cell loss and the
accumulation of old, poorly contracting cells. Cellular senes-
cence is characterized by biochemical events that occur
within the cell leading to growth arrest and loss of specialized
functions (3, 22, 46, 54). In addition to the loss in myocyte
replication, aging leads to a block in cellular hypertrophy
(142). Senescent myocytes express p53, ploNK4a and hy-
pophosphorylated Rb, together with short telomeres. Low
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FIG. 4. IGF-1 overexpression and
distribution of myocyte cross-sec-
tional areas (CSA) and telomere
lengths. Aging in wild-type (WT)
mice results in a shift in the distribu-
tion of CSA to the right and telomere
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transgenic mice with cardiac expres-
sion of IGF-1 (TG), the age-dependent
changes in CSA and telomeric length
are markedly attenuated. The numeri-
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telomerase activity is coupled with a diminished nuclear ex-
pression of phospho-Akt, the positive modulator of telom-
erase. There are three possibilities regarding the deficiency in
myocardial regeneration with age: (a) CPC growth and differ-
entiation are attenuated with age; this notion assumes that
CPCs are subjected to aging effects, as are the other cells of
the myocardium. (b) The ability of CPCs to migrate in the old
heart is diminished; this implies that aged CPCs do not re-
spond, as do young CPCs, to growth factors promoting their
activation and translocation. (¢) The number of functionally
competent CPCs decreases with age by growth arrest, apop-
totic, and/or necrotic death of old CPCs; thus an attenuation
of survival factors occurs in aged CPCs.

DNA damage and the expression of proteins blocking the
cell cycle increase in stem cells with age, reducing the pool of
functionally competent cells. This notion seems to contradict
the definition of stem cells. According to traditional views,
stem cells possess an unlimited self-renewal capacity, which
exceeds the life span of the organ and organism. However,
this is not the case in bone marrow (103) and in the heart
(31). CPC aging mediated by telomeric shortening triggers
the expression of several gene products, which interfere with

the cell cycle but mostly with the G1-S transition. The typical
marker of cellular senescence pl6NK4a ig identified in old
CPCs. DNA damage produced by telomere erosion upregu-
lates p53, which together with p16™NK4a represents the molec-
ular phenotype of aged CPCs. Primitive cells positive for
pl6!INK4a have been detected in the heart of patients with car-
diac decompensation and signs of precocious organ aging.
Apoptosis of c-kit-positive undifferentiated cells is very high
in these aged hearts and is consistently associated with the
expression of pl6INK4a (31). As in bone marrow (137), the
fraction of cycling putative CPCs is increased, suggesting
that activated primitive cells undergo a limited number of
doubling, and then reach cellular senescence and growth
arrest.

The average telomeric length provides information on the
replicative history of the cell. However, this value cannot be
interpreted in terms of the growth reserve of the cell and its
ability to divide further in the future. The shortest telomere,
and not the average telomeric length, is critical for cell via-
bility and chromosome integrity (87). Similarly, the fate of a
CPC may be linked to the shortest telomere present in the
cell. Loss of DNA sequences and telomeric shortening do
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FIG. 5. Activation of telomerase by Akt. (A) illustrates the
Akt kinase assay of wild-type (WT) and IGF-1 transgenic (TG)
myocyte nuclear lysates, and nuclear lysates of WT and TG
myocytes infected with empty, Akt-myr, Akt-nuc, or Akt-DN
vectors. The substrate utilized in the reaction corresponds to
the sequence 585-594 of the mouse TERT. Human TERT
(hTERT) and histone 2B (H2B) were used as positive controls.
Note that the noninfected myocytes from IGF-1 transgenic
mice had higher levels of phosphorylated telomerase (open
arrow). (B) Increasing amounts of proteins were employed to
confirm the specificity of the reaction. Modified from Torella
et al. (145).

not affect all telomeres homogeneously. Shortening prefer-
entially occurs in a fraction of telomeres (56, 77, 87, 94,
160). CPCs may have comparable mean telomeric lengths
but exhibit significant differences in the length of individual
telomeres.

In conclusion, the process of CPC senescence follows a
pattern similar to that identified in myocytes of rodents and
humans. This process is characterized by the expression of
pl6!NK4a and telomeric shortening. Because of this CDK in-
hibitor, a large number of c-kit-positive cells cannot divide
and maintain the CPC pool. The increase in c-kit-positive
cells undergoing senescence and death interferes with the
needs for myocyte replacement in the old heart. This defi-
ciency promotes differentiation of the remaining p16!NK4a-
negative c-kit-positive cells into amplifying myocytes. The
higher fraction of CPCs undergoing myocyte commitment is
consistent with the increase in BrdU labeling of myocytes
with age. CPC senescence, on the one hand, and differentia-
tion, on the other, leads to a progressive depletion of the
growth reserve of the heart. The overexpression of the se-
creted form of IGF-1 had an impact not only on myocyte
aging but also on CPC function. In fact, IGF-1 accumulates
at high concentration in myocytes where it is then secreted
in the interstitium (122). Released IGF-1 binds to IGF-1 re-
ceptors present on CPCs (12, 148). The IGF-1/IGF-1 recep-
tor system induces CPC division, enhances telomerase ac-
tivity, delays senescence, and preserves the reservoir of
functionally competent CPCs (145). Importantly, IGF-1 ex-
pression increases in the surviving myocytes after infarction
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and this response prevents the activation of myocyte apopto-
sis in the overloaded spared myocardium positively interfer-
ing with side-side slippage, ventricular dilation, and wall
thinning of the postinfarcted heart. Thus, CPCs and IGF-1
protect myocardial regeneration and delay organ aging and
heart dysfunction.

CELL DEATH, AGING,
AND CARDIAC DISEASE

A relevant question concerns the pattern of cell death and
its consequences on the heart. Apoptosis is a rapid phenome-
non, which allows sudden anatomical adaptation in response
to abrupt changes in loading. The increase in diastolic stress
is coupled with the immediate activation of apoptosis, side-
to-side slippage of cells, mural thinning, and chamber dila-
tion (7). Apoptosis is very effective in removing undesired
cells during development, and the same may be true in the
adult heart. Conversely, necrosis develops over a longer pe-
riod and it is not implicated in the precipitous restructuring of
the wall required for the preservation of stroke volume and
cardiac output after infarction and other pathologic states (6).
Stretching of myocytes in vitro does not induce necrosis but
triggers apoptosis, promoting an architectural rearrangement
of the myocardium (28, 80, 82, 83, 129). Apoptosis does not
alter the architecture and composition of the myocardium,
whereas cell necrosis results in an inflammatory reaction,
vascular proliferation, and collagen deposition leading to
myocardial scarring. Although apoptosis and necrosis are two
different biological processes, similar stimuli can initiate
both forms of cell death. Ischemic insults induce myocyte
apoptosis and necrosis, but the timing is different. The inten-
sity of the death stimulus is responsible for the choice of the
cell to die by either mechanism. This is the case for oxidative
stress. Different levels of ROS trigger apoptosis or necrosis.
An increased formation of ROS can cause DNA damage to-
gether with covalent modifications of cellular proteins induc-
ing double DNA strand breaks with blunt ends, typical of cell
necrosis (34). Oxidative stress characterizes cardiac aging as
well as several cardiomyopathies of ischemic and nonis-
chemic origin.

Alterations in Ca2?* and mitochondrial respiration occur
with heart failure, potentiating the production of superoxide
anion, O,*—, and hydrogen peroxide, H,0, (62, 93). Addi-
tionally, NO can interact with O,*—, forming peroxynitrite,
or ONOO— (11). ONOO- reacts with cellular proteins gener-
ating nitrotyrosine, an end product of oxidative damage. An-
tioxidant enzymes decrease in the decompensated heart (92,
132), depressing its defense mechanisms against these
sources of oxidative challenge. Importantly, reactive O, may
trigger apoptotic cell death (25). The effects of oxygen free
radicals are regulated at least in part by the expression of a
member of the She family of proteins, p66shc, which modu-
lates the oxidative stress response (98). Moreover, reactive O,
causes DNA strand breaks and the injured DNA is recognized
by p53 (42, 111). This link stimulates p53 via autoproteolytic
activity and cleavage of this protein (100). p53 fragments
lacking the C terminus, p50 (AC), may bind to single DNA
strand breaks, promoting p21€ir! expression and DNA repair
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(115). In contrast, p53 fragments with N-terminal cleavage,
p50 (AN), may interact with double DNA strand breaks, up-
regulating Bax and leading to apoptosis (115). Alternatively,
reactive O, may facilitate the mitochondrial release of cy-
tochrome c, activating the caspase cascade (9). This mecha-
nism of oxidative stress-induced myocyte death may be oper-
ative in heart failure and has been documented in a large
model of tachycardia-induced ventricular decompensation.

In the canine failing heart, enhanced oxidative stress led to
DNA damage, formation of p53 fragments, cytochrome c re-
lease, caspase activation, and ultimately cell death. Apoptotic
cardiac cell death became apparent at 1 week of pacing, in-
creasing progressively with time (24). The extent of cell death
was higher in myocytes than in endothelial cells and fibro-
blasts. Endothelial cell death may reflect disappearance of
capillaries and regional reduction in blood flow and de-
creased tissue oxygenation (7). Groups of myocytes may also
die by ischemia leading to collagen accumulation. In this re-
gard, the serum of patients with heart failure has the capacity
to enhance endothelial cell death in vitro (124). Moreover, the
death of fibroblasts may influence the interconnection be-
tween myocytes, facilitating wall restructuring, mural thin-
ning, and chamber dilation (7). Thus, the chronic deteriora-
tion in function with pacing appears to be the result of
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FIG. 6. Senescence and death of cardiac stem
cells. (A) and (B) illustrate the same field in an
aging mouse heart. Two cells that have c-kit at the
level of the plasma membrane also express p16INK4a
(nuclear dots, arrowheads). One c-kit-p16™NK4a pos-
itive cell is labeled by hairpin 1 (nuclear dots,
arrow). Modified from Torella et al. (145).

interrelated phenomena initiated by oxidative stress and cul-
minating in cardiac cell death. Cardiac cell death is expected
to precede ventricular dysfunction and subsequently con-
tribute to its evolution to terminal failure.

The progressive telomeric shortening documented in pac-
ing myocytes may depend not only on the rapid replication of
amplifying cells but also on the significant level of oxidative
stress. This correlation has been documented in CPCs during
diabetes, a condition characterized by elevated production of
ROS. Hyperglycemia leads to enzymatic O-glycosylation and
activation of the transcription factor p53, which upregulates
the local renin—angiotensin system and the synthesis of Ang
II (38). Binding to AT, receptors and p53 phosphorylation by
p38 MAP-kinase stimulate chronically the tumor suppressor
and the formation of Ang II. Hormone secretion and receptor
binding increase cytosolic Ca2*, promote the generation of
ROS and initiate cell death (38).

Oxygen toxicity and DNA damage alter telomeres, resulting
in telomere shortening, cellular senescence, and death (5). In
this regard, hyperglycemia led to a significant decrease of
telomeric length in myocytes and CPCs after 28 days of dia-
betes. This adaptation was prevented in knockout mice in which
the p66 gene was deleted (125). Consistently, the expression of
p53 and pl6 increased only in CPCs and myocytes from WT
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mice but did not vary in p66 null mice. p66sh¢ is a member of the
Shc family of proteins, which include three splicing isoforms
encoded by the same genetic locus (99). p46shc and p52she acti-
vate the Ras oncoprotein (91), MAP kinases, and cell division
(99, 118). Conversely, p66she does not upregulate MAP kinases,
inhibits c-fos promoter activity (98, 99), and contrasts cell repli-
cation (119). Thus, the Shc proteins exert opposite functions:
p46she and p52she promote cell proliferation while p66shc nega-
tively affects cell growth and enhances ROS-mediated cell in-
jury. Because of p66she function, the metabolic dysregulation of
diabetes was corrected at least in part by ablation of this gene,
which prevented oxidative stress.

Ablation of p66she in CPCs and myocytes may have dramatic
beneficial consequences on the diabetic heart; p66she deletion
may decrease the extent of cell death and change cell death,
from necrosis to apoptosis. The CPC pool may be protected
and, thereby, myocyte regeneration and vessel formation can
occur. If apoptosis rather than cell necrosis is the predominant
outcome of diabetes in p66she/- mice, interstitial fibroblasts
may not be activated, and collagen accumulation, myocardial
scarring, and cardiac remodeling may be largely avoided. In
this regard, cardiac performance is moderately altered 1 week
after the onset of diabetes and severe ventricular dysfunction is
apparent at 4 weeks in wild-type mice. Conversely, cardiac per-
formance is protected up to 4 weeks in diabetic p66she-/- mice.
Additionally, ventricular dilation is prevented and the myocyte
number is preserved (125). These findings suggest that the im-
pact of ROS on the heart is attenuated in p66she- mice, delay-
ing the onset of a diabetic myopathy.

A similar phenomenon was observed in transgenic mice
overexpressing IGF-1. With diabetes, IGF-1 protected CPCs
and myocytes from both apoptotic and necrotic cell death by
interfering with the upregulation of the cardiac RAS, limiting
the production of ROS and, ultimately, attenuating cell death.
For these reasons, IGF-1 opposes or delays the development of
diabetic cardiomyopathy. In the presence of IGF-1, ROS for-
mation is only moderately increased and modest levels of my-
ocyte apoptosis have been detected. Because of this negative
influence of IGF-1 on p53 function, local RAS, Ang II pro-
duction, oxidative stress, and myocyte death, no appreciable
alterations in ventricular hemodynamics are found in IGF-1
transgenic mice at 7 and 30 days after streptozotocin adminis-
tration (63). IGF-1 does not interfere with p53 glycosylation
but enhances the expression of the p53-inducible gene mdm?2
by upregulating Akt and Akt-dependent phosphorylation of
the N-terminus of p53. The formation of p53-Mdm?2 inactive
complexes led to a decreased synthesis of Ang II, reduced ox-
idative stress and cell death (63). This mechanism of action of
IGF-1 is operative chronically with diabetes, providing long-
term beneficial effects on the diabetic heart.

CONCLUSIONS

The documentation that short telomeres contribute to dif-
ferent pathologies points to the possibility that effective thera-
peutic strategies of multiple human diseases are based on the
temporary reactivation of telomerase. Target cells would be
those cell types that normally divide to maintain organ homeo-
stasis, such as stem cells, which, although telomerase compe-
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tent, are unable to maintain telomere length over time. Since
telomeres constitute mitotic and chronological clocks of cellu-
lar senescence, telomerase has also been proposed as an anti-
aging therapy. In senescent cells, the elongation of critically
short telomeres would decrease chromosomal instability, in-
crease cell viability, and prevent cell death. In contrast,
chronic upregulation of telomerase has been demonstrated in
the vast majority of human tumors, in which the maintenance
of telomere length allows neoplastic cells to divide indefi-
nitely. In these cases, telomerase inhibition could be an effec-
tive way to abolish tumor growth. Thus, the modulation of
telomerase activity and the control of telomeric length may
represent an important therapeutic tool in regenerative medi-
cine, anti-aging strategies, and anti-cancer treatments.
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