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Abstract
The heart has been considered a post-mitotic organ 
without regenerative capacity for most of the last cen-
tury. We review the evidence that led to this hypoth-
esis in the early 1900s and how it was progressively 
modified, culminating with the report that we renew 
50% of our cardiomyocytes during our lifetime. The 
future of cardiac regenerative therapies is discussed, 
presenting the difficulties to overcome before repair of 
the diseased heart can come into clinical practice. 
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INTRODUCTION
For most of  the last century, the heart has classically 
been viewed as an organ incapable of  self-renewal[1]. 
The basis for this assumption was laid more than eight 
decades ago and many still consider it a definitive char-
acteristic[2,3]. However, the possibility of  cardiac self-re-
newal has been re-examined over the years[4-6]. Here, we 
will review heart regeneration research from a historical 
perspective, presenting the foundations that established 
the field. Then, we will discuss current knowledge and 
future possibilities for this exciting and promising area 
of  research.

PAST
From 1850 to the first quarter of  the 20th century, the 
prevailing view among cardiologists was that the heart 
was capable of  regeneration, since organ hyperthrophy 
was attributed to cardiomyocyte hyperplasia[2,4]. In 1925, 
Karsner et al[2] examined in detail whether macroscopic 
cardiac hypertrophy was caused by an increase in the size 
or in the number of  fibers present in adult cardiac mus-
cle. By counting the nuclei stained with hematoxilin and 
eosin, they concluded that the number of  cardiac fibers 
was unchanged in the hypertrophied human heart when 
compared to a normal heart, indicating that hypertrophy 
was caused by enlargement rather than proliferation of  
cardiomyocytes. Additionally, they also stated that “the 
most careful search has failed to disclose mitotic fig-
ures”. These observations laid the ground for envisaging 
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the heart as a post-mitotic organ, which is a view that 
became common knowledge and remained widely ac-
cepted for much of  the last century.

In spite of  this, already in 1937, Macmahon[4] dem-
onstrated that, even though mitotic figures had not been 
found in the adult heart, they were present in the hearts 
of  children with hypertrophy and myocarditis. Addition-
ally, Robledo[7] published work in 1956 demonstrating 
the presence of  mitosis in 4 to 7 d old rats that had been 
submitted to myocardial injury by burning a small ven-
tricular area.

The first evidence that not only young but also adult 
hearts could regenerate was presented in 1960. Linzbach[5] 
published an article analyzing the anatomic basis of  
variations in the size of  the human heart. First, the aver-
age length of  sarcomeres, as measured by the distance 
between Z-bands, was shown to be unchanged in nor-
mal, hypertrophied and dilated hearts. Then, it was dem-
onstrated that, when the adult heart was pathologically 
overloaded and its weight exceeded 500 g (or 200 g for 
the left ventricle), there was an increase in the number of  
muscle fibers with little further thickening of  these fibers. 
Hence, even though cardiomyocyte proliferation had not 
been directly documented, the addition of  new fibers 
suggested that some form of  cardiac regeneration had 
occurred in the adult heart.

In the following years, mitosis started to be docu-
mented in uninjured cardiac muscle[8,9]. In 1968, Sasaki 
and co-workers described that mitotic figures could be 
found in normal rats treated with colchicine, both in 
cardiomyocytes (at the age of  4 wk) and interstitial cells 
(at 6 mo)[8]. Moreover, Zak[9] published a famous review 
in 1974 discussing the proliferative capacity of  cardiac 
muscle cells. He described, as shown by Sasaki, that car-
diomyocytes can undergo mitosis in rats up to 4 wk 
of  age. In addition, he also analyzed the presence of  mi-
tosis in other organs; e.g. in the liver no mitotic figures 
could be found 10 wk after birth, which is, as concluded 
by the author, an indication that proliferation will stop 
in any organ that has achieved its adult size. The aspect 
that really differentiates the liver from the heart is the 
proliferative capacity in response to injury in adult cells. 
Zak stated that adult cardiomyocytes were unable to 
divide in a pressure overload model, although there was 
proliferation of  non-muscle cells, which is a fact that 
had not been appreciated previously. Therefore, he con-
cluded that cardiac hypertrophy consists of  hypertrophy 
of  myocytes and hyperplasia of  connective tissue cells, 
thus reinforcing the notion of  the cardiomyocytes as 
post-mitotic cells.

In 1977, Astorri et al[10] published an article confirm-
ing Linzbach’s findings in diseased adult human hearts, 
demonstrating that cardiomyocyte hyperplasia was evi-
dent above the critical left ventricular weight of  250 
g. Nonetheless, no direct evidence of  mitosis in adult 
cardiomyocytes had yet been found. Only in the 1990s 
did the evidence start to appear[6,11-13]. Quaini et al[6] dem-
onstrated the presence of  proliferating cell nuclear anti-

gen, expressed at the G1-S boundary of  the cell cycle, in 
adult cardiomyocytes obtained from ischemic and dilated 
cardiomyopathy patients. However, DNA synthesis and 
nuclear division do not provide definitive evidence of  
mitosis in cardiomyocytes since these cells can undergo 
DNA duplication and karyokinesis, becoming multinucle-
ated without dividing (no cytokinesis). A few years later, 
the presence of  both metaphasic chromosomes and cy-
tokinesis was detected in normal myocardium[12,13] in isch-
emic and dilated cardiomyopathy patients[12], as well as in 
patients who had suffered a myocardial infarction[13].

From that point on, it became generally accepted 
that cardiomyocytes could proliferate in the adult heart. 
However, there was no agreement on the frequency 
of  this event in normal and diseased myocardium. As 
reviewed by Soonpaa et al[14], the frequency of  cell divi-
sion is influenced by the methods used to detect DNA 
synthesis and identify cardiomyocytes. In normal adult 
rats and mice, the percentage of  cardiomyocytes that 
were synthesizing DNA is reported to range from 
0.005%-3.15% and 0.0004%-0.04%, respectively[14]. In 
the injured hearts of  adult animals, results were even 
more variable, ranging from 0.0006%-43.6% in rats and 
0.0055%-0.5% in mice[14].

Thus, even though cardiomyocyte proliferation was 
accepted by the scientific community, the discrepancies 
found in the frequency of  mitosis led to universal dis-
agreement on the biological significance of  this event. 
Based on clinical observations, several authors argued 
that cardiomyocyte proliferation had no biological signifi-
cance since the heart was unable to recover, for instance, 
from myocardial infarctions and that primary heart tu-
mors were rarely observed in adults[14,15]. However, as 
pointed out by Anversa et al[16], regardless of  the prolif-
erative capacity of  their parenchymal cells, the outcome 
of  infarction is identical in several organs, including the 
testis, skin, kidney, brain and intestine. Additionally, us-
ing the rarity of  primary heart tumors as an argument is 
also faulty; despite the fact that neurons do not usually 
proliferate, there are several tumors that arise from the 
interstitial/supporting cells in the central nervous system. 
On the other hand, although the heart also has a vast 
number of  interstitial/supporting cells, tumors originat-
ing from these cells are as rare as the ones originating 
from cardiomyocytes. This could possibly indicate that 
the infrequency of  primary heart tumors has more to do 
with the structural, mechanical and functional character-
istics of  the organ than with the rate of  cardiomyocyte 
proliferation.

Therefore, no agreement on the importance of  cardiac 
self-renewal was reached and new facts would come to 
play a role. In the late 1990s, we moved into the present 
stage with the explosion of  stem cell research directed 
toward regenerative medicine.

CURRENT PERSPECTIVES
Stem cell research was actually implemented in the early 
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1960s after the observation that lethally irradiated mice 
could be rescued from death by a bone marrow trans-
plant[17,18]. Till and McCulloch began to analyze the bone 
marrow to find out which component was responsible 
for regenerating blood, leading to the discovery of  the 
hematopoietic stem cell[18-20]. However, it was only in the 
late 1990s that scientists started trying to use bone mar-
row stem cells (BMCs) to regenerate injured organs such 
as skeletal muscle[21], brain[22,23], liver[24,25] and heart[26,27]. 
From this moment on, stem cell research applied to re-
generative medicine grew exponentially and a few years 
later, in 2004, the capacity of  BMCs to regenerate the 
heart started to be challenged[28-31]. In the mean time, 
a number of  clinical trials using bone marrow-derived 
cells were started. The majority of  these trials used the 
mononuclear fraction of  the patient’s own bone marrow. 
The results have been far more modest than was antici-
pated, with reported gains of  3%-4% in left ventricular 
ejection fraction in acute myocardial infarction patients.

From the point of  view of  cardiac self-renewal, it is 
not important whether BMCs can or cannot transdif-
ferentiate into cardiomyocytes. In fact, the importance 
of  those disputed initial findings resides on the fact that 
they triggered the search for resident stem cells in the 
heart. The first report of  such a cell appeared in 2002, 
indicating the presence of  a verapamil-sensitive side 
population (SP) with stem cell-like activity[32]. Shortly 
after, the existence of  several other types of  cardiac 
stem cells was reported: c-kit positive[33], Sca-1 posi-
tive[34,35], cells with persistent expression of  Abcg2[36], 
cardiosphere-derived cells (CDCs)[37] and islet-1 positive 
cells[38,39]. Since only c-kit positive[40], CDCs[41] and islet-1 
positive[38,42] cells were isolated from human tissue, these 
cell types have received more attention over the years.

Human c-kit positive cells isolated from small samples 
of  myocardium are self-renewing, clonogenic, multipo-
tent and have the ability to generate cardiomyocytes and 
coronary vessels in vivo, improving cardiac function after 
myocardial infarction in mice[40]. CDCs isolated from 
human endomyocardial biopsies form a heterogeneous 
population that expresses antigens found in other stem 
cell types, such as c-kit, CD90 and CD105[41]. When co-
cultured with rat neonatal cardiomyocytes, CDCs exhib-
ited calcium transients synchronous with the neighboring 
myocytes and, when injected in vivo, engrafted and im-
proved cardiac function in mice submitted to myocardial 
infarctions[41]. Islet-1 is a developmental lineage marker 
for undifferentiated cardiogenic precursor cells usually 
found in the fetal human heart[38]. After birth, few islet-1 
positive cells can be found in the myocardium, suggesting 
they are developmental remnants of  the fetal progenitor 
population. These cells can be isolated and differentiated 
into fully mature cardiomyocytes that express contrac-
tile proteins, generate calcium transients and respond 
to β-adrenergic stimulation[38]. However, their presence 
in the adult human heart and their capacity to engraft, 
regenerate myocardium and improve cardiac function in 
animal models remains to be demonstrated.

As pointed out by Laflamme et al[43], it is unlikely that 
the heart would harbor multiple non-overlapping sets of  
cardiomyocyte progenitors. However, some degree of  
overlapping has been reported; a subset of  c-kit positive 
cells do express Sca-1[33], CDCs are formed by a hetero-
geneous population in which c-kit expression has been 
documented[37,41] and islet-1 positive cells may not exist 
in adult myocardium at all. Furthermore, it is possible 
that these cell types are precursors originating from a 
more undifferentiated cell that would be the true cardiac 
stem cell. Regardless of  which cell is the right one, the 
major advance pushed forward by the isolation of  car-
diac stem cells is the possibility that the heart possesses 
progenitors that are responsible for the physiological 
renewal of  cardiomyocytes, which involves a slow turn-
over process, maintaining organ homeostasis. Obvi-
ously, these cells cannot fully recover the myocardium in 
pathological conditions, but even in this scenario some 
degree of  regeneration has already been reported. Hsieh 
and co-workers, using α-myosin heavy chain Cre-Lox 
transgenic mice, elegantly demonstrated that up to 15% 
of  cardiomyocytes could be regenerated in adult hearts 
after myocardial infarction[44].

Finally, definitive evidence that the human heart is 
capable of  self-renewal came in 2009. Bergmann and co-
workers[45] published an important study in which they 
used the integration of  carbon-14, generated by nuclear 
bomb tests during the Cold War, into DNA to establish 
the age of  cardiomyocytes composing the human heart. 
They reported that 1% of  human cardiomyocytes are 
renewed annually at the age of  25 and that this rate is 
reduced to 0.45% at the age of  75. Moreover, total cell 
renewal over the entire human life span corresponds to 
approximately 50% of  the cardiomyocytes. 

Therefore, we can go back to reflect on the end of  
the 1990s when there was no agreement on the biologi-
cal significance of  cardiac self-renewal. It is now undeni-
able that heart regeneration does occur and is important 
to maintain organ homeostasis. This regeneration is 
probably a result of  both stem cell differentiation and 
cardiomyocyte proliferation. It is now time to move 
forward and explore all the possibilities that these new 
advances have opened in the field.

FUTURE POSSIBILITIES
It is impossible to talk about the future of  regenerative 
medicine and cardiac regeneration without mentioning 
the truly pluripotent cells. Embryonic stem cells (ESC) 
and induced pluripotent stem cells (iPSC) are unques-
tionably able to generate any cell type in our body and 
therefore have an insurmountable potential for regen-
eration. Obvious problems to be overcome are immune 
rejection (in the case of  ESC) and the carcinogenic 
potential of  both cell types. Pre-differentiation of  pa-
tient specific iPSCs into the desired cell type for trans-
plantation can potentially avoid both immune rejection 
and carcinogenesis, but differentiation protocols into a 
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specific cell type are still of  very low efficiency. Deriva-
tion of  iPSCs without true teratoma formation capacity, 
viewed as a problem for the field[46], can in fact provide 
an important advantage for these cell lines in regenera-
tive medicine.

Fast progress seen in the development of  defined 
culture media, free of  animal antigens, and stringent pu-
rification and expansion of  pre-differentiated cells, antici-
pate the use of  pluripotent derived cells in clinical trials 
in the future. 

Use of  the cardiac stem/progenitor cells also has great 
potential for future clinical use. In fact, clinical trials us-
ing CDCs and c-kit positive cells are currently underway 
in California and Louisville, KY, respectively. Advantages 
include the use of  a multipotent cell type, thus unlikely to 
promote carcinogenesis, and use of  autologous cells, since 
they are derived from biopsies obtained from the heart 
muscle of  the patient. Potential disadvantages are the 
diminished numbers and regenerative potential of  stem 
cells derived from a diseased organ. Heeschen et al[47] have 
shown a decrease in colony forming and migration ca-
pacity of  bone marrow cells obtained from patients with 
ischemic heart disease. 

Introduction or re-introduction of  exogenously cul-
tured cells (either genetically or non-genetically manipu-
lated) is the immediate future for cardiac regeneration 
strategies, but long term goals include use of  factors that 
are capable of  enhancing endogenous regeneration and 
genetic interventions using viral delivery systems. Knowl-
edge gained from pre-clinical and clinical trials using 
the exogenous cells will allow insights into the relevant 
factors needed to boost the regenerative capacity of  our 
own stem cells. Another approach would be the genetic 
manipulation of  the cardiomyocyte cell cycle, inducing 
genes responsible for proliferation after the regulatory 
mechanisms involved in this event are elucidated[48].

Finally, a word of  caution is offered. Although we 
may discover the best cell type, administration route 
and time-window for the regeneration of  the diseased 
heart, some questions remain open. The improvement 
in cardiac function, our ultimate goal, will depend on 
the long-term engraftment of  the injected cells. In that 
regard, the results reported by Wu’s group have been 
truly “disheartening”[49,50]. Using bone marrow derived, 
cardiac derived or pluripotent derived cells in animal 
models of  ischemic heart diseases, Wu and coworkers 
have been unable to detect cell survival for more than 
a few weeks in the heart. This may be the last and most 
difficult obstacle to conquer: a way to induce permanent 
engraftment of  the injected cells.
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