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Abstract
The concept of the heart as a terminally differentiated organ incapable of replacing damaged
myocytes has been at the center of cardiovascular research and therapeutic development for the
last fifty years. The progressive decline in myocyte number with aging and the formation of
scarred tissue following myocardial infarction have been interpreted as irrefutable proofs of the
post-mitotic characteristics of the adult heart. However, emerging evidence supports a more
dynamic view of the myocardium in which cell death and cell restoration are vital components of
the remodeling process that governs organ homeostasis, aging and disease. The identification of
dividing myocytes throughout the life span of the organisms and the recognition that
undifferentiated primitive cells regulate myocyte turnover and tissue regeneration indicate that the
heart is a self-renewing organ controlled by a compartment of resident stem cells. Moreover,
exogenous progenitors of bone marrow origin transdifferentiate and acquire the cardiomyocyte
and vascular lineages. This new reality constitutes the foundation of the numerous cell-based
clinical trials that have been conducted in the last decade for the treatment of ischemic and non-
ischemic cardiomyopathies.

Introduction
The possible application of autologous cell products in the management of human heart
failure requires the acquisition of basic knowledge on the growth and differentiation of ckit-
positive cardiac stem cells (CSCs) [1] and the inevitable comparison with the currently used
cardiospheres [2], bone marrow mononuclear cells [3], and bone marrow-derived
mesenchymal stromal cells [4]. But the most challenging task for all of us is to establish
whether the therapeutic efficacy of resident CSCs is superior, equal, or inferior to c-kit-
positive hematopoietic stem cells (HSCs). The entire field of regenerative cardiology was
triggered by observations supporting the notion that HSCs transdifferentiate and acquire the
cardiomyocyte and vascular lineage restoring the infarcted heart experimentally [5].
Surprisingly, c-kit-positive HSCs have never been tested clinically, a deficiency that has to
be overcome to actually define the more powerful primitive cell for myocardial
regeneration. Although this is a critical issue for the proponents of cell therapy in patients
with acute and chronic heart failure (HF), a strong debate has been initiated by the
adversaries of cardiomyocyte renewal via stem cell activation. The same establishment that
violently attacked the concept of myocyte replication now uses this argument against the
fundamental role that CSCs have in heart homeostasis and tissue repair. In this commentary,
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we will discuss these viewpoints and emphasize what has to be done to resolve the
confusion that permeates the new field of regenerative cardiology to-date.

Deciphering CSC function is fundamental for the implementation of this cell class in the
daily treatment of the decompensated human heart. The recognition that in small and large
animals and humans the heart is a constantly renewing organ where the capacity to replace
dying cells depends on the persistence of a stem cell compartment has dramatically changed
our understanding of myocardial biology. Slowly replicating CSCs give rise to proliferating,
lineage-restricted progenitor-precursor cells, which then become highly dividing amplifying
cells that eventually reach terminal differentiation and growth arrest [6]. Stem cells have a
high propensity for cell division and this property is maintained throughout the lifespan of
the organ and organism. In contrast, transient amplifying cells represent a group of cells
which have a limited proliferation capacity. Amplifying cells divide and concurrently
differentiate [7], and when differentiation is completed, the ability to reenter the cell cycle is
permanently lost. A new paradigm of the heart has emerged: multipotent resident CSCs are
implicated in the constant turnover of myocytes, endothelial cells (ECs), smooth muscle
cells (SMCs) and fibroblasts. The recognition that activated CSCs translocate to areas of
need where they grow and differentiate makes the possibility of myocardial regeneration a
feasible reality. In a manner comparable to HSCs that repopulate and completely
reconstitute the ablated bone marrow [8], CSCs may rebuild the damaged myocardium and
convert a severely diseased heart into a physiologically functional heart. Whether HSCs
released from the bone marrow into the systemic circulation participate in the homeostatic
control of the myocardium and in tissue reconstitution following injury is an important
question that has only been partially considered thus far.

To impact on the late stages of severe ventricular dysfunction, we have to regenerate large
quantities of cardiac muscle, create coronary vessels, reverse the process of negative
remodeling and ultimately rebuild the entire heart (Figure 1). The chronically dilated failing
heart has to be restructured into a smaller, less spherical, properly functioning organ. These
dramatic changes in cardiac size and shape can only be accomplished by replacing injured,
poorly contracting myocardium with new cardiomyocytes integrated with a newly
regenerated coronary vasculature. Four major characteristics of cardiac pathophysiology
have to be corrected in HF: 1. the segmental and focal areas of myocardial scarring have to
be restored; 2. the damaged large and intermediate-sized coronary arteries have to be
replaced; 3. the rarefaction of resistance coronary arterioles and capillaries has to be
corrected; and 4. the hypertrophied mechanically inefficient cardiomyocytes have to be
replaced by smaller better functioning cells. Although the enormous effort made in the last 3
decades has been successful in developing new drugs that delay the progression of HF [9],
reversal of the process remains to be obtained. Would cell therapy accomplish this goal?
This is a critical question that has no plausible answer at present. However, this novel
experimental treatment has to be tested since HF has reached endemic proportion in the
Western world and there is nothing as promising as stem cells in the clinical arena.

Myocardial Biology Has Changed
For several decades, the human heart has been considered a post-mitotic organ formed of a
predetermined number of myocytes, which is established at birth and is preserved
throughout life [10]. Based on this premise, the age of myocytes corresponds to the age of
the organ and organism, i.e., cellular, organ and organism age coincide. Myocytes must age
at the same rate and, at any given time, the heart is composed of a homogeneous population
of cells of identical age. Because of this static view, aging has been construed as a time-
dependent process that interacts with ischemic injury, hypertension, diabetes and other
disorders, which together define the senescent cardiac phenotype. Similarly, primitive
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cardiac pathology has been interpreted as a process exclusively dictated by excessive,
maladaptive hypertrophy of pre-existing myocytes, a concept that persists in part of the
scientific community [11]. Despite the appreciation that myocyte death occurs
physiologically and increases dramatically with myocardial aging and disease processes [12,
13], the possibility that myocyte formation is an important compensatory determinant of
ventricular performance has been dismissed easily.

The recognition that human CSCs (hCSCs) live in the heart and generate cardiac cell
lineages has imposed a reevaluation of the current view of cardiac homeostasis, aging and
pathology. A novel conceptual framework of the heart has emerged; the heart is a self-
renewing organ characterized by resident hCSCs stored in niches [14]. The first
documentation of resident c-kit-positive CSCs was obtained in rodents 10 years ago [15].
This study adhered to the basic principles required for the recognition of adult stem cells: c-
kit-positive CSCs are lineage-negative clonogenic cells that differentiate in vitro into
cardiomyocytes, and vascular SMCs and ECs. In vivo, CSCs create myocytes and coronary
vessels, forming de novo myocardium. The newly generated myocytes possess the
mechanical and electric properties of functionally-competent cells, which improve
ventricular performance [15].

Importantly, the human atrial and ventricular myocardium contains a pool of c-kit-positive
hCSCs which are stored in small microdomains with the characteristics of stem cell niches
[1]. The niches control the physiological turnover of cardiac cells mediated by migration and
commitment of hCSCs that leave the niche structure to replace old, dying cells within the
myocardium. Myocyte and fibroblasts are structurally and functionally connected to hCSCs
and operate as supporting cells within the niches; hCSCs divide symmetrically and
asymmetrically and are able to form new stem cells and cells destined to acquire specialized
functions [1, 16]. The preferential localization of these microdomains in the atria and apex is
consistent with the lower level of hemodynamic stress in these anatomical regions of the
heart. Whether CSC niches are more abundant in the epimyocardium than in the
endomyocardium reflecting the distribution of stress across the ventricular wall is currently
unknown.

The self-renewing, clonogenicity and multipotentiality of hCSCs has been demonstrated in
vitro and in vivo by various protocols including genetic marking (Figure 2A) [17], which is
considered the gold standard assay for HSCs [18]. The fundamental principle of hCSC self-
renewal in vivo was established by serial transplantation. This strategy has been used in the
last 40 years to test the functional properties of HSCs [18]. The lethally irradiated recipient
of a bone marrow transplant is a successful donor for a subsequent serial transplant only if
the HSCs from the original donor undergo substantial self-renewal within the primary
recipient. This approach has been applied to single cell derived clonal hCSCs. Two weeks
after infarction in immunosuppressed rats and implantation of EGFP-labeled hCSCs, the left
ventricle of the primary recipient was enzymatically dissociated and cells were double
sorted for c-kit and EGFP. Nearly 10,000 hCSCs were recovered from each heart [16].
These cells were delivered immediately to the infarcted region of subsequent recipients.
Fifteen days later, human myocytes and coronary vessels were identified, replacing large
areas of the infarcted myocardium. Undifferentiated hCSCs were detected in the secondary
recipient, providing further evidence in support of the self-renewal and long-term
proliferation in vivo of hCSCs (Figure 2B).

After the discovery of c-kit-positive CSCs, different classes of progenitor cells have been
characterized in the adult heart [6]. A variety of surface antigens, transcription factors, and
functional assays have been used to define these primitive cells, which include ISL1
progenitors, epicardial progenitors, side population progenitors, Sca1 progenitors, and
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progenitors generating cardiospheres. An interesting class of cardiac progenitors has been
described in the mouse heart; these primitive cells have the ability to expel toxic compounds
and dyes through an ATP-binding cassette transporter [19]. This property defines a pool of
putative cardiac progenitors that form colonies in semisolid media and differentiate into
cardiomyocytes. However, a depletion of side population cells occurs after infarction in
mice overexpressing a dominant-negative MEF2C, documenting that side population cells
are committed to the myocyte lineage. This work introduced the concept of a myocardial
stem cell that participates in the response of the heart to ischemic injury [20]. With the
exception of cardiospheres, these various progenitors have yet to be introduced clinically
and have been discussed in detail elsewhere [6].

Although several laboratories now concur that the heart contains a compartment of primitive
cells with the characteristics of stem cells, the identification of the actual long-term
repopulating hCSC, equivalent to the HSC in the bone marrow, remains uncertain. Stem
cells are relatively rare; the frequency of hCSCs in the adult organ, one every 30,000–40,000
myocardial cells [1], is consistent with that of HSCs in the bone marrow, one every 10,000–
100,000 [21]. But whether a subset of hCSCs with enhanced growth reserve and
differentiation potential is present in the myocardium throughout the organ lifespan is
currently unknown. This CSC category would be ideal for the recovery in structure and
function of the failing heart.

Myocyte Death and Renewal in the Human Heart
In the last decade, a new scientific field aiming by various approaches at the restoration of
the damaged myocardium has emerged. However, the controversy on the growth reserve of
the adult human heart has not been resolved and the extent of myocyte renewal claimed by
different laboratories varies dramatically. A recent study, based on retrospective 14C birth
dating of cells, has claimed that ~1% and ~0.45% replacement of myocytes occurs annually
in the human heart at 25 and 75 years of age, respectively [22]. These findings indicate that
only 50% of myocytes are renewed once during the entire life of the human heart, from birth
to death, while an equal number lives as long as the organ and organism, up to 100 years of
age and longer. However, the magnitude of the process is in contrast with the level of
myocyte apoptosis present in the adult human heart and the progressive increase in myocyte
loss that occurs with aging in humans [12, 13].

Importantly, this crucial issue has been addressed in a rather comprehensive manner by
determining the interaction of myocyte regeneration, cellular senescence, growth inhibition
and apoptosis in normal female and male human hearts, collected from patients, 19 to 104
years of age, who died from causes other than cardiovascular diseases [23]. A large number
of hearts (n = 72: women: n = 32 and men: n = 42) was included to obtain a common
denominator of the processes that regulate replication and death of ventricular myocytes. In
the human heart, apoptosis is invariably coupled with the expression of the aging-associated
protein p16INK4a that is a marker of replicative senescence and irreversible growth arrest of
progenitor cells in various organs including hCSCs [24]. Myocytes positive for p16INK4a

were found at all ages but the frequency of senescent cells was higher in men than in women
throughout life. In the oldest man, 104 years of age, 80% of myocytes expressed this nuclear
protein. This was not the case in the oldest woman, 102 years of age, where a relevant
proportion of myocytes, 45%, did not reach the senescent phenotype. From 19 to 104 years
of age, the time-dependent increase in old myocytes was 0.68% per year in women and
0.89% per year in men; the 31% higher rate of accumulation of senescent myocytes in the
aging male heart was significant (Figure 3A). In comparison with cellular senescence,
myocyte apoptosis was relatively low but it occurred only in p16INK4a-positive cells. Cell
death was higher in men than in women at 19 to 49, 50 to 69 and 72 to 104 years of age

Rota et al. Page 4

Biochem Pharmacol. Author manuscript; available in PMC 2014 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Figure 3B). However, the rate of increase in myocyte apoptosis with age did not differ with
gender: 131 cells/108 per year in men and 123 cells/108 per year in women (Figure 3C).

Cell apoptosis is completed in all organs in less than 4 hours [25], suggesting that these rates
of cell death result in a massive loss of myocytes with aging. If we consider the number of
cells present in the left ventricle in women and men at 20 years of age (men: 6 × 106;
women: 4 × 106) and the rate of myocyte regeneration claimed in the early report [22], the
myocardium would essentially disappear with time. In the absence of myocyte formation but
in the presence of cell apoptosis, only 5% of cardiomyocytes would persist at 63 and 48
years of age in women and men, respectively (Figure 3D). This value does not include cell
necrosis, which has been documented by the detection of cardiac troponin in the circulation
of apparently healthy individuals [26], suggesting that a significant high degree of myocyte
regeneration has to occur to preserve cardiac mass and function in humans. Moreover,
myocyte regeneration has to increase with age in view of the remarkable increase in cell
apoptosis and necrosis in the old human heart [12, 13]. This concept has been shown to be
correct in a rather definitive manner by studies measuring the fraction of human
cardiomyocytes labeled by the thymidine analog iododeoxyuridine (IdU) [27], and
retrospective 14C birth dating of cardiomyocytes in the aging and failing heart [28]. Myocyte
turnover in humans occurs at a rate of ~15–20% per year and is dramatically enhanced in the
presence of end-stage heart failure.

Controversy on Myocyte Regeneration in the Human Heart
Three cellular processes control the maturation, steady state, aging and failure of the human
heart: cell generation, hypertrophy and death. The balance between cell growth and cell
death characterizes organ homeostasis in which cell loss is compensated by a corresponding
rate of cell formation. Myocyte hypertrophy typically occurs postnatally and in response to a
hemodynamic challenge in post-mitotic myocytes which can increase only in size being
unable to reenter the cell cycle. Although there is no controversy on the role of myocyte
hypertrophy in the expansion of cardiac mass postnatally and following an overload in the
adult heart, a debate exists on the extent of myocyte turnover physiologically and on the
degree of myocyte regeneration pathologically. Similarly, the origin and contribution of new
myocytes under these conditions is matter of disagreement. For the scientific community
that is not directly involved in this area of research it might be relevant to discuss the
strategies that have been applied to address these issues of human myocardial biology and
the potential sources of the discrepancy that exists among several laboratories.

Retrospective 14C Birth Dating of Cells
14C birth dating of cells has been introduced a few years ago in the analysis of the average
age of human cardiomyocytes and their turnover rates as a function of organ and organism
age [22]. This protocol is based on the increase in 14C in the atmosphere during
aboveground nuclear testing in the 1950s and the dramatic drop in 14C after the agreement
on nuclear testing was signed in 1963 [29]. As a result of this treaty, the atmospheric 14C
has decreased exponentially at a rate of ~50% per 11 years. 14C is not directly assimilated by
humans but it is absorbed by plants and through daily ingestion is integrated in replicating
cells in S phase [29]. Changes in the level of 14C in the DNA of human cells can be used to
define their birth date since the decay of 14C in the atmosphere continues to be closely
monitored. Therefore, measurements of 14C in the DNA can be traced back to the year in
which a corresponding level of atmospheric 14C was detected. 14C birth dating has been
applied to teeth, brain, fat tissue and the heart [22, 28, 30–35]. 14C birth dating provides
information similar to that generated by the incorporation of thymidine analogs in animal
models, an analysis which has only been rarely possible in human beings [27, 32, 36]. As all
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methodologies, 14C birth dating is a powerful technique, but limitations exist and several
parameters have to be accurately measured to obtain reliable information. These variables
are critical for a valid implementation of this procedure.

Variations in the approach introduced in the evaluation of 14C birth dating of
cardiomyocytes may explain the striking differences in the results reported by independent
laboratories [22, 28]. First, the purity of each myocyte cell preparation has to be measured
and corrected for the contribution of ECs and fibroblasts; both these cardiac cell classes may
profoundly influence the computed results. Similarly, the proportion of mononucleated,
binucleated, and multinucleated cells has to be determined for a correct analysis of [14C] in
myocytes, ECs, and fibroblasts; in fact, binucleation would yield degrees of cell formation
higher than those actually present as DNA replication and karyokinesis would occur in the
absence of cytokinesis. At 2, 3 and 7 years of organ age myocytes are almost exclusively
mononucleated; binucleated myocytes become apparent at 16 and 20 years of age and later
in life [28]. Trinucleated myocytes have only been occasionally seen and tetranucleated
myocytes have not been found. Importantly, from shortly after birth to nearly 80 years of
age, mononucleated myocytes decrease and binucleated myocytes increase up to ~25 years
of age and remain constant thereafter. An average 77% mononucleated and 23% binucleated
myocytes are present in the adult human heart and these values are not affected by
myocardial aging [28]. This possibility does not involve ECs and fibroblasts since these cell
classes are all mononucleated.

Importantly, the interpretation of [14C] in the DNA involves the analysis of polyploidy since
they would mimic cell replication, resulting in an overestimation of cell turnover.
Polyploidy is characterized by an exponential increase in DNA content dictated by the
number of doublings of the entire genome from 2n to 4n to 8n and 16n. This exponential
increase in the amount of DNA is reflected by a significant increase in nuclear volume. Thus
far, there is little or no information on this critical process of DNA endoreplication in the
human heart, and frequently cited results [22, 37] were collected nearly 4 decades ago [38].
These old studies were based on the measurement of DNA content per nucleus by Feulgen
staining and cytophotometry. Labeling of nuclear DNA by the Feulgen reaction was
developed in 1924 and was combined with cytophotometry in 1964 [39]. Unfortunately, this
protocol continues to be used, despite significant limitations, which include type and
duration of fixation [40], extent of DNA hydrolysis required for the Schiff reaction [41], and
the chromatin structure. The latter is crucial for the accessibility of the DNA by this
technique [42]. By this outdated methodology, the number of polyploid myocyte nuclei has
been argued to increase dramatically after birth, comprising 50% of cardiomyocytes at 10
years of age [43]. Values up to nearly 100% of polyploid myocytes have been alleged as a
result of aging and cardiac hypertrophy [43]. These findings are inconsistent with reality;
this engrained absurd view of myocyte biology must be corrected. The inherent problems
present in the Feulgen staining of the nuclear DNA can be avoided by the use of flow
cytometry that has become the gold standard for measurements of nuclear ploidy in various
organs including liver, brain, intestine, skin, kidney, and cancer cells.

An attempt has also been made to evaluate nuclear ploidy by confocal microscopy of
myocardial sections 30 μm in thickness [44]. By necessity, the intensity of labeling of nuclei
varied across the thickness of the section, becoming progressively weaker with the depth of
the section. To compensate for this artifact, the signal intensity of the labeled DNA was
amplified to levels saturating the photodetection system. This is apparent in the images
shown in this report [44]. As a result, all nuclei had comparable brightness and the major
variable was represented by the size of the nucleus, rather than by the actual DNA content.
This makes the measurement of ploidy by this protocol invalid.

Rota et al. Page 6

Biochem Pharmacol. Author manuscript; available in PMC 2014 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



By flow cytometry, the majority of myocyte, EC, and fibroblast nuclei show a 2n diploid
DNA content. Tetraploid and octaploid myocyte nuclei are rare and hexadecaploid myocyte
nuclei are not detected. Myocyte, EC, and fibroblast nuclei with DNA content higher than
2n and lower than 4n reflect dividing cells, positive for Ki67. Tetraploid myocyte nuclei are
in part Ki67-positive, while octaploid myocyte nuclei are Ki67-negative, excluding that they
represent cycling cells in G2 [28].

During postnatal maturation, adulthood and aging, diploid myocyte nuclei decrease and
tetraploid and octaploid myocyte nuclei increase up to ~25 years of age and remain constant
thereafter. An average 88% diploid and 12% tetraploid and octaploid myocyte nuclei
combined are found in the adult human heart and these values are not affected by
myocardial aging. Similarly, diploid EC and fibroblast nuclei constitute the large majority of
cells with aging, accounting for 99% of the population. Although the level of ploidy is
small, the [14C] in each cell class of each heart has to be corrected for the contribution of
ploidy to avoid introducing confounding variables in these determinations. Thus, the human
heart is mostly composed of diploid cells, a fundamental factor for the determination of
myocyte turnover by 14C birth dating of cells. Cell number is required for the measurement
of retrospective 14C birth dating of cells but, most importantly, for the evaluation of cell
turnover. In fact, an increase in number of cells per unit volume of myocardium would
indicate a higher turnover rate, despite an identical cellular age [28]. Cell volume can be
easily obtained in isolated myocyte preparations by optical section reconstruction and
confocal microscopy; and the volume fraction of myocytes in the myocardium can be
determined morphometrically in tissue samples collected from the same hearts for
histological analysis. Based on these two parameters, the number of myocytes per 10 cm3 of
myocardium can be computed in each heart. And an identical protocol can be employed for
ECs and fibroblasts [28].

A few comments have to be made regarding the potential confounding variables present in
the evaluation of [14C] in myocyte nuclei; they include DNA repair of damaged or mutated
DNA, turnover of mitochondrial DNA, and nucleotide salvage pathways triggered by cell
death. The first two possibilities would yield younger myocytes and higher turnover rates,
while the third would lead to opposite effects; however, these processes do not significantly
alter the measurements of [14C] in the nuclear DNA by Accelerator Mass Spectrometry
(AMS).

Nearly 2,000 to 10,000 nucleotide bases are replaced per day in the human genome as a
result of DNA damage [45]. Diploid human cells contain 6 × 109 base pairs, i.e., 12 × 109

nucleotide bases [46]. When the highest value of 10,000 bases being repaired per day is
considered, it would require 1.2 × 106 days or 3,288 years to restore the entire genomic
DNA. Over 80 years of life, only 2.4% of 14C in the genomic DNA would be derived by this
mechanism. The mitochondrial genome contains 1.6 × 104 base pairs, i.e., 3.2 × 104

nucleotide bases [47]. Even if we assume that 3,000 mitochondria are present in adult
human cardiomyocytes, aggregate mitochondrial DNA would be composed of 9.6 × 106

nucleotide bases. This value is equivalent to 0.1% of the DNA, making its contribution to
the measurement of 14C in the genomic DNA essentially negligible. Finally, incorporation
of 14C-labeled nucleotides released from dying myocytes during DNA degradation would
be minimal. In a model of irradiated cells in vitro it was demonstrated that less than 0.05%
metabolites originating from the degraded DNA is re-used for new DNA synthesis [48].
This value is significantly below the level of accuracy of AMS. Importantly, 14C was found
to be undetectable in human neurons of individuals born prior to the rise in 14C in the
atmosphere resulting from above ground nuclear testing [30], further questioning the
relevance of these biological events in the evaluation of average myocyte age and turnover
rate by this methodology.
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Therefore, three fundamental parameters required for a correct interpretation of the [14C] in
the nuclear DNA have to be measured: binucleation, polyploidization, and number of cell
per unit volume of myocardium. These cellular determinants are critical for the evaluation
of 14C birth dating of myocytes and their renewal. Conversely, DNA repair, turnover of
mitochondrial DNA, and nucleotide salvage pathways associated with cell death have no
effects on the evaluation of myocyte age and myocyte turnover rate.

Contrasting Results on Retrospective 14C Birth Dating of Human
Cardiomyocytes

Thus far, there are only two studies that have analyzed by AMS the [14C] in the nuclear
DNA of cardiomyocytes as a function of organ and organism age [22, 28]. However,
striking differences have been reported. Data from our laboratory indicate that the human
heart is a dynamic organ characterized by a high turnover of myocytes. In adulthood and
with physiological aging, from ~20 to ~80 years, cardiomyocytes are replaced
approximately 8 times [28].

A certain degree of skepticism may exist concerning these observations, since previous
results utilizing retrospective 14C birth dating have suggested that myocyte turnover in the
human heart is minimal and decreases with age [22]. In contrast to this early work, several
confounding factors were considered here in the analysis of 14C incorporation into the
nuclear DNA of cardiomyocytes [28]; they included unbiased collection of cardiomyocytes,
purity of the cell preparation, proportion of mononucleated and multinucleated cells, fraction
of polyploid nuclei, and number of cardiomyocytes. As discussed above, these variables
have profound consequences on the quantitative evaluation of cardiomyocyte renewal in the
aging heart by 14C birth dating of cells. Our data are consistent with the necessary balance
between myocyte death and myocyte regeneration present during an individual's lifespan.
Myocyte apoptosis and necrosis occur physiologically, and cell death has to be accompanied
by cell formation for the heart to continue to exist. The simple concept of a requisite
equilibrium between myocyte death and renewal has often been ignored. Myocyte death
increases with age so that a significantly higher level of myocyte regeneration than that
purported in the previous study on 14C birth dating of cells [22] has to occur to preserve
cardiac mass and function in humans. Although the human heart is a highly dynamic organ
that retains a significant degree of plasticity throughout life, the ability to regenerate
cardiomyocytes cannot prevent the manifestations of myocardial aging or oppose the
negative effects of ischemic and idiopathic dilated cardiomyopathy and end-stage heart
failure.

First, an inherent limitation of the 14C birth dating study [22] was related to the need to
introduce mathematical models with assumptions that affected the computed values. The
scenario chosen [22] presupposes that the number of myocytes in the heart is constant and
that cells turn over at a constant rate. This form of invariant growth [49] defines parenchyma
in a steady state in which cell death is compensated by cell regeneration in young healthy
individuals. However, this scenario can hardly be applied to pathologic states or to the
biology of aging in which from 17 to 90 years of age an average of 38 × 106 myocytes are
lost per year [50]; 3 of the 12 patients were 62, 67 and 73 years old, 1 had hypertension, 2
had myocardial infarction, hypertrophy was present in 5 and coronary disease in 4 [22].
Also, myocyte number increases postnatally and cell loss occurs with age and cardiac
diseases. Importantly, the analysis of 14C was restricted to nuclei expressing the contractile
protein troponin I (TnI) which is present exclusively in senescent myocyte nuclei [27]. It is
unrealistic to define the physiological mechanisms of myocardial aging with a sample size
of 12 individuals of both genders, some of which affected by severe cardiac pathologies
[22].
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Second, another major problem involves the way in which the data on atmospheric 14C were
utilized. It is not possible from the data obtained from patients 50 to 73 years of age to
indicate the age of the cells, since the measured 14C level may reflect its incorporation
during the rising or decaying part of the 14C curve. The difference in the rate of myocyte
renewal between young and old individuals may simply reflect an artifact in calculation due
to assumptions of the model imposed and not a real biological phenomenon. Thus, the claim
that myocyte renewal decreases with age has no basis.

Third, the right side of the published 14C curve was employed to compute myocyte age in
young hearts while the left side of the 14C curve was used to calculate myocyte age in old
hearts. Without basis 14C levels were calculated and interpreted differently in young (19 to
42 years) and old (50 to 73 years) hearts to arbitrarily draw an exponential curve that
indicated a progressive decline in cell generation as a function of age. There is no gradual
decrease in the rate of myocyte turnover but rather two distinct sets of data, highlighted by
us by adding a red line to the original graph. In this regard, the runs test showed a significant
deviation (p<0.0001) from the exponential decay model used further questioning the
accuracy of these results. In summary, it is highly risky to study aging employing a sample
of 12 hearts only, divide them in two age groups and calculate myocyte turnover on arbitrary
decisions.

Conversely, the analysis of a significant larger number of human hearts indicates that the
adult and aging myocardium is a dynamic organ characterized by high turnover of myocytes
that increases with chronic HF [28]. This conclusion was reached by applying a protocol
that: a) is independent from a potential bias, i.e., 14C birth dating ; b) excludes the human
factor in the collection of the data, i.e., AMS; c) uses a non-modified, unperturbed biological
system, i.e., physiological myocardial aging; d) introduces an established condition, chronic
HF, known to affect the myocardium structurally and functionally; and e) is redundant, from
the point of view of information theory, reducing the amount of noise in the data, i.e.,
misinformation, as defined by Shannon's law [51].

In fact, the 14C data were complemented with independent determinations of the degree of
myocyte regeneration at organ death; three markers of the cell cycle were employed: Ki67
[52], phospho-H3 [53], and aurora B kinase [54]. Ki67 is expressed in late G1, S, G2 and
early mitosis (Figure 4A) and is not implicated in DNA repair or ploidy formation [52].
Phospho-H3 is upregulated in late G2 and mitosis (Figure 4B); it is highly phosphorylated at
Ser10 during chromatin condensation and remains phosphorylated up to the end of telophase
[53]. Aurora B kinase ensures accurate segregation of the duplicated chromosomes and
controls proper cytoplasmic division (Figure 4C), preventing polyploidization [55]. Thus,
the degree of myocyte replication was measured by the expression of Ki67, the myocyte
mitotic index was evaluated by the presence of phospho-H3 during karyokinesis, and
myocyte cytokinesis was identified by the localization of aurora B kinase at the cleavage
furrow of dividing myocytes.

In summary, the human heart is a highly dynamic organ that retains a significant degree of
plasticity throughout life and in the presence of HF. However, the ability to regenerate
cardiomyocytes cannot prevent the manifestations of myocardial aging or oppose the
negative effects of ischemic and idiopathic dilated cardiomyopathy. Recently, the clinical
implementation of autologous CSCs and cardiosphere-derived cells in patients with HF has
provided encouraging results [56–58], suggesting that cell therapy may interfere with the
devastating consequences of this myocardial disease.
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Contrasting Results on Cardiomyocyte Turnover in the Adult Mouse Heart
The identification and characterization of resident CSCs in small and large animals [15, 19,
59–65] has not resolved the controversy regarding the turnover rate of cardiomyocytes in the
adult heart which continues inexorably. Several laboratories have repeatedly supported the
view that the heart has near none regenerative capacity, whether intrinsic to the organ, via
activation of CSCs, or extrinsic to the myocardium, by delivery and transdifferentiation of
HSCs. A recent publication [66] concerning the level of myocyte renewal in the mouse
heart, and the origin of the irrelevant number of newly-formed parenchymal cells is another
example of this position that affects negatively the field of adult stem cell biology and the
critical role that these cells may have in the management of the human disease. In this
report, the claim is made that myocyte renewal in the adult mouse heart comprises 0.76% of
cells per year, a rate that declines with age. Since the mouse lifespan is ~2.5 years, only
~2.0% of myocytes would be replaced during this time. Additionally, resident CSCs may
exist but are inconsequential for the regulation of organ homeostasis and tissue repair [66].

The function of the rodent heart is dictated by the number and mechanical properties of
cardiomyocytes, which both decrease as a function of age. A loss of 50% of cardiomyocytes
leads to ventricular failure that is incompatible with life in this model [67]. A balance
between cell death and cell regeneration has to be present to preserve cardiac mass and
ventricular performance throughout the organ lifespan. The magnitude of myocyte renewal
purported in this study [66] does not reflect the actual biological reality of the aging mouse
heart. Myocyte death increases dramatically with age [68], pointing to the unrealistic
significance of the claim made in this study. Moreover, the identification of cardiac troponin
in the circulation of healthy mice provides additional evidence of a chronic loss of
cardiomyocytes by the necrotic pathway [69], further emphasizing the unreliability of this
report, and the impossibility for the heart to exist and perform its function without
significant cardiomyocyte regeneration. Although the argument has been made that post-
mitotic cardiomyocytes regulate cell renewal, the marker of cytokinesis, aurora B kinase
was not identified [66]. Conversely, aurora B kinase labeling of duplicated chromosomes
and cleavage furrow of dividing cardiomyocytes has been detected in the mouse heart [70].
Small replicating myocytes correspond to amplifying cells derived from commitment and
differentiation of CSCs [6].

Some comments on the technique employed are in order [71]. There is no need to use a
complex but morphologically incorrect approach simply because it seems sophisticated
neglecting its inherent errors. Multi-isotope imaging mass spectrometry (MIMS) is a
powerful analytical tool [71], but the speed of data acquisition is slow, making the necessary
sampling totally inadequate; this problem is magnified when rare events are measured, as
the number of cycling myocytes. Moreover, the unparalleled high sensitivity of this
instrument can be easily lost when an insufficient delivery of thymidine is used; 15N-
thymidine was given at ~1 mg/kg body weight per hour. The half-life time of thymidine in
the circulation is ~15 minutes [72], so that its concentration in the organism was 250 μg/kg
body weight, a value at least two orders of magnitude smaller than that typically used in
studies of cell kinetics.

Importantly, MIMS identifies cells in the myocardium by the background 14N signal, being
unable to discriminate the identity of cardiac cells; 14N is present in all cell types making it
impossible to recognize small developing myocytes. In most cases, antibodies against
specific contractile proteins and high resolution microcopy are required to define the early
stages of CSC commitment and differentiation into amplifying cardiomyocytes. Finally, the
myocyte-restricted EGFP expression in these mice is dependent on the cell-specific
induction of the α-myosin heavy chain (α-MHC) promoter, which is operative in activated
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CSCs, as shown previously [73], challenging the conclusion of the authors that CSCs are not
involved in the process. These deficiencies are easily overcome by the injection of correct
quantities of thymidine analogs and analysis of the myocardium by immunolabeling and
confocal microscopy [24, 27, 68, 74, 75].

Translation of Basic Discoveries to Clinical Applications
Despite the controversy concerning the magnitude of myocyte turnover, the origin of the
newly formed cardiomyocytes, the existence of CSCs, and the ability of bone marrow cells
(BMCs) to form new parenchymal structures in the injured heart, several cell-based clinical
trials have been conducted in the United States and Europe. Shortly after the experimental
evidence that HSCs induce myocardial regeneration after infarction, unfractionated
mononuclear BMCs and CD34 positive cells have been administered to patients affected by
acute and chronic myocardial infarction, dilated cardiomyopathy, and refractory angina.
Although the individual outcomes have been inconsistent and variability exists among trials,
meta-analyses of pooled data indicate that BMC therapy results in all cases in a 3–4%
increase in ejection fraction [76]. Reductions in infarct scar size and left ventricular end-
systolic volume have been observed, together with small decreases in left ventricular end-
diastolic volume. In spite of differences in the type of cells injected, choice of clinical end-
points, methods for the evaluation of cardiac function, interval between the onset of the
cardiac disease and BMC infusion, the positive consequences of BMCs have consistently
been documented. Allogeneic and autologous mesenchymal stromal cells (MSCs) have also
been employed in small clinical trials with encouraging results [77, 78]. Although the
benefits may seem modest, these initial data have favored the conduct of larger randomized
trials designed to critically evaluate the long-term effects of BMC therapy on a broader
patient population [79].

However, the mechanisms involved in the positive impact of BMC therapy on human beings
remains to be identified. The impossibility to permanently label the cells to be delivered and
the difficulty to obtain cardiac biopsies to assess parameters consistent with myocardial
regeneration leaves uncertain our understanding of the cellular processes mediating partial
myocardial recovery. Measurements of coronary flow suggest that vasculogenesis may be
operative while the contribution of de novo myocyte formation is uncertain. Reductions in
infarct scar size speak in favor of myocardial regeneration, although unequivocal data have
not been obtained yet. The most popular hypotheses include development of coronary
vessels and enhanced blood supply to areas of hibernating myocardium, vasculogenesis and
cardiomyogenesis, and the activation of growth and differentiation of resident CSCs via a
paracrine effect, mediated by the release of a multiplicity of cytokines by the administered
BMCs. Importantly, the recent identification of CSCs has shifted the attention to
endogenous cell mechanisms as a novel target of cell therapy for the failing heart [6, 13, 79].

Human beings up to 104 years of age possess a significant number of hCSCs with long
telomeres and remarkable growth reserve, which, however, are in a quiescent state [23].
Conversely, the large majority of activated hCSCs in the senescent myocardium have short
telomeres that are inherited by the specialized progeny. In the young healthy heart, the
asymmetric kinetics of stem cell growth efficiently preserves organ homeostasis. The
structural and functional decline of the old and diseased heart may be coupled with defects
in the hierarchical growth of the organ, suggesting that quantitative and qualitative
alterations occur in resident hCSCs and/or in the pool of transit amplifying cardiomyocytes.
Both possibilities have been documented in stem cell-regulated organs.

The environmental and/or cell-autonomous mechanisms that maintain “young” hCSCs in a
state of long-term quiescence remains to be identified. However, the existence of a pool of
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hCSCs with intact telomeres, 8 to 12 kbp, in the senescent female and male heart and in
explanted hearts [23, 80] is of great clinical relevance. This category of hCSCs with high
growth reserve is expected to generate a young myocyte progeny within the failing and
senescent heart. Because each division of hCSCs results in the loss of ~130 bp of telomeric
DNA [1], an extremely large number of cardiomyocytes can be formed by these cells, before
critical telomeric shortening and growth arrest occur. From a clinical perspective, the
recognition that a subset of telomerase-competent hCSCs with long telomeres persists at all
ages and with HF has raised the possibility that autologous cell-based therapy may be
feasible in patients with severe ventricular dysfunction. Recently, a methodology has been
developed to isolate this compartment of functionally-competent hCSCs from
endomyocardial biopsies of patients undergoing cardiac transplantation or left ventricular
assist device implantation [81]. After in vitro amplification, a clinically relevant number of
hCSCs with high myogenic and vasculogenic potential was obtained. Importantly, expanded
hCSCs possess a significant growth reserve as documented by the short population doubling
time, the high telomerase activity, and the relatively long telomeres.

The Phase 1 trial SCIPIO (Stem Cell Infusion in Patients with Ischemic cardiOmyopathy)
involves the delivery of autologous c-kit-positive lineage-negative hCSCs for the treatment
of severe chronic heart failure of ischemic origin [56, 58]. Patients with EF lower than 40%
at 4 months after coronary artery bypass grafting were enrolled in the treatment and control
groups. Treated patients received a single intracoronary infusion of 1 million autologous
hCSCs. The primary endpoint was short-term safety of treatment and the secondary endpoint
was efficacy. Importantly, no hCSC-related adverse effects were reported. In 14 CSC-
treated patients who were analyzed, EF increased from 30% to 38% at 4 months after
infusion. In contrast, 7 control patients, during the corresponding time interval, did not show
any change in this functional parameter. The beneficial effects of CSCs were even more
pronounced at 1 year. In 7 treated patients, infarct size decreased 24% and 30% at 4 and 12
months, respectively [56]. These initial results are encouraging and warrant further studies.

Prior to infusion in patients enrolled in SCIPIO trial, c-kit-positive CSCs were extensively
characterized by immunolabeling and confocal microscopy, and FACS analysis. In each of
the 20 treated patients, the fraction of c-kit-positive cells varied from 75% to 98%; early
markers of commitment to the myocyte, SMC, and EC lineages were found only in 0.1–
2.7% of the entire cell population. Mean telomere length was 7.5 kbp, varying from 6.8 to
8.1 kbp, and telomerase activity was high in all CSC samples, indicating that, after
passaging in culture, CSCs retained a significant growth reserve. The characterization of the
telomere-telomerase axis should be introduced as standard quality control assay for the
evaluation of the functional properties of cells to be administered to patients.

In addition to c-kit-positive CSCs, another class of cardiac derived cells has been
administered to patients. Cell culture in serum-free media has been utilized for the isolation
and expansion of cardiospheres. These aggregates contain a core of cells positive for the
stem cell antigen c-kit and an outer layer composed of cells positive for CD105, a membrane
glycoprotein commonly expressed in bone marrow mesenchymal stromal cells [2].
Cardiosphere-derived cells undergo spontaneous maturation toward the myocyte lineage,
and this process of commitment can be coaxed by co-culture with neonatal ventricular
myocytes. Connexin 43 is expressed between highly dividing cells within the cardiospheres
and in the expanded differentiating cardiosphere-derived cells (CDCs). Clinically, CDCs
may represent the ideal combination of primitive and early committed cells for the treatment
of cardiac diseases. However, the delivery of a partially defined heterogeneous cell
preparation may result in a vaster array of unpredictable, undesired effects than a uniform
population of identical cells with well-established biological characteristics.
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Cardiospheres may recapitulate the microenvironment of the stem cell niche. Mesenchymal-
like and committed cells of the external layer may act as supporting cells for the internally
distributed c-kit-positive CSCs. It has been suggested that direct implantation of niche-like
cardiospheres in the damaged myocardium may be associated with a homing advantage with
respect to monolayer-cultured CDCs. The presence of supporting cells may transiently
protect the adjacent primitive cells, enhancing their survival in the hostile environment of
the damaged myocardium. However, a direct contact between the delivered and recipient
cardiac cells is required for actual engraftment in the host tissue and acquisition of the
cardiogenic fate. Donor stem cells have to integrate structurally within the surrounding
myocardium by forming junctional and adhesion complexes with adjacent myocytes and
fibroblasts. An important difference may exist between the mechanisms involved in the
therapeutic effects of CDCs and c-kit-positive CSCs. The former seems to operate
predominantly via a paracrine mechanism while the latter exerts its function primarily
though differentiation into integrated cardiomyocytes and coronary vessels. But this view is
based on experimental findings leaving unanswered the question whether a similar
difference persists in human beings.

In the prospective, randomised CArdiosphere-Derived aUtologous stem CElls to reverse
ventricUlar dySfunction (CADUCEUS) trial, patients 2–4 weeks after myocardial infarction
with EF of 25–45% were enrolled [58]. Autologous cells were isolated from endomyocardial
biopsies, expanded in vitro, and infused in the infarct-related artery 1.5–3 months after
myocardial infarction. The primary endpoint of the clinical study was the proportion of
patients at 6 months who died due to ventricular tachycardia, ventricular fibrillation, or
sudden unexpected death, or had myocardial infarction after cell infusion, new cardiac
tumor formation, or a major adverse cardiac event (MACE; composite of death and hospital
admission for heart failure or non-fatal recurrent myocardial infarction). Four treated
patients, 24% in the CDC group, had serious adverse events compared with one control. At
6 months, MRI analysis of patients treated with CDCs showed reductions in scar mass and
increases in viable heart mass, regional contractility, and regional systolic wall thickening.
However, EF did not differ between control and treated groups [58].

Conclusions
The human heart is a highly dynamic organ regulated by a pool of resident hCSCs that
modulate cardiac homeostasis and condition organ aging. Hopefully, recent findings will
resolve the long debate that has divided the scientific community in strong opponents and
passionate supporters of the regenerative potential of the human heart, offering a more
biologically valid understanding of cardiac growth and repair. A common ground can now
be found to translate this different perspective of cardiac biology into the development of
novel strategies for the management of the human disease.

Non-Standard Abbreviations

α-MHC α-myosin heavy chain

AMS Accelerator mass spectrometry

BMCs Bone marrow cells

CDCs Cardiosphere-derived cells

CSCs Cardiac stem cells

ECs Endothelial cells

EGFP Enhanced green fluorescent protein
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hCSCs Human CSCs

HF Heart failure

HSCs Hematopoietic stem cells

MIMS Multi-isotope imaging mass spectrometry

SMCs Smooth muscle cells

MSCs Mesenchymal stromal cells

TnI Troponin I
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Fig. 1.
Photomicrographs of sections of paraffin-embedded left ventricular tissue showing a healed
myocardial infarct with thinning of the wall (left) and multiple sites of replacement fibrosis
in the noninfarcted viable left ventricular tissue (right). Trichrome staining. Bar corresponds
to 2 mm in A and B. HMI, human myocardial infarction; RF, replacement fibrosis. Figure
adapted from Beltrami CA et al. Circulation 1994;89:151-63.
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Fig. 2.
(A) Various clones were detected in distinct cardiac cell populations from the regenerated
myocardium of one treated rat. Sites of integration in isolated cell populations. Some clones
were common to different cell classes (same color arrowheads). Key DNA sequences are
≈80 bp shorter than the corresponding clonal bands. (B) In a serially transplanted infarcted
heart, EGFP-positive (insets) c-kit-positive (white) human CSCs are present (arrows). Panel
adapted from reference [17]; panel B adapted from reference [16].
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Fig. 3.
(A) The rate of increase in the fraction of p16INK4a-positive myocytes with age is lower in
the female than in the male left ventricle (LV). (B) The fraction of apoptotic myocytes in the
LV is lower in women than men. F indicates female; M, male. *P<0.05 vs. female. (C) The
rate of increase of apoptotic myocytes with age is similar in the female and male LV. (D) At
20 years of age, the female (red) and male (blue) LV contains 4 and 6×109 cardiomyocytes,
respectively. Curves are derived by combining the yearly levels of apoptosis shown in panel
C and the prediction that cell death lasts 4 hours. In the absence of cell regeneration, 5% of
LV myocytes (200×106 in the female LV and 300×106 in the male LV) would be left at 63
and 48 years of age in the female and male LV, respectively. Figure adapted from reference
[23].
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Fig. 4.
(A) Amplifying myocytes (asterisk) are small cycling cells, positive for Ki67 (magenta) and
lack c-kit. (B, C) Small amplifying myocytes are positive for phospho-H3 (B, arrow) (B)
and aurora B kinase (C, arrow). In the right panel in C, aurora B kinase is located in the 2
sets of telophase chromosomes and at the cleavage furrow of the dividing myocyte
(arrowhead). Insets in B and C illustrate the organization of chromosomes in the dividing
cells. Figure adapted from reference [23].
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