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Significance: Coronary artery disease is a major cause of morbidity and mor-
tality as the loss of functional myocardium drives progressive ventricular re-
modeling and subsequent heart failure. Medical management has significantly
improved outcomes for acute myocardial infarction (MI); however, improved
strategies are needed to regenerate functional myocardium and prevent the
progression to heart failure. Cytotherapy using cardiac progenitor cells (PCs)
to regenerate functional myocardium holds tremendous potential; however, a
better understanding of PC biology is needed.
Recent Advances: Reports of cardiac regeneration in lower animals have been
reported in the last decade. However, just recently, two separate models of
mammalian cardiac regeneration have been published and offer potential to
better define PC biology, including PC recruitment, differentiation, prolifera-
tion, and integration.
Critical Issues: Numerous clinical trials have been completed or are ongoing to
evaluate possible cytotherapy options in the treatment of acute and chronic
ischemic cardiac disease. To date, results have demonstrated improvements in
cardiac function as a result of paracrine effects of cytotherapy, but regenera-
tion of functional myocardium has yet to be observed.
Future Directions: Future translation of cardiac PC biology from these models
is necessary to promote regenerative cardiac healing following MI and to
prevent the progression to heart failure following the loss of functional myo-
cardium. Knowledge gained from mammalian models of cardiac regeneration
will allow for the development of therapeutic regimens in the treatment of
heart failure.

SCOPE AND SIGNIFICANCE

Coronary artery disease is a
major cause of morbidity and mor-
tality as a result of acute myocardial
infarction (MI) or subsequent heart
failure with one in six American
deaths secondary to coronary artery
disease.1 Modern medical therapy
has significantly improved outcomes
for acute MI; however, strategies are
needed to induce regeneration of lost
myocardium and prevent the pro-
gression to heart failure, as the
mortality from heart failure follow-

ing MI has remained *50% since
1950.2 This fact highlights the clin-
ical significance of cytotherapy in the
prevention of ventricular remodeling
and subsequent heart failure.

TRANSLATIONAL RELEVANCE

Cytotherapy offers tremendous
therapeutic potential, but a better
understanding of cardiac progenitor
cell (PC) biology is necessary before
the hope of functional cardiac re-
generation is realized. Two separate
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Abbreviations
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BM PC = bone marrow-derived
progenitor cell

CABG = coronary artery bypass
graft

CC = cardiosphere-derived cell

CPC = cardiac progenitor cell

ESC = embryonic stem cell

Gata4 = gata 4 transcription
factor gene

G-CSF = granulocyte-colony
stimulating factor

Hand1 = heart and neural crest
derivative expressed protein 1
gene

LV = left ventricle

Mef2c = myocyte-specific
enhancer factor 2C gene

MI = myocardial infarction

PC = progenitor cell
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reports were published just recently,
describing mammalian cardiac re-
generation in fetal sheep and
neonatal mice.3,4 These two models
offer the potential to better define
progenitor cell biology, including
recruitment, differentiation, pro-
liferation, and integration during
regeneration. Both reports demon-
strate restoration of functional myo-
cardium, and in particular, the fetal
sheep model demonstrated that re-
generation can occur after an MI in a
clinically relevant model.

CLINICAL RELEVANCE

Literature over the last 15 years
has challenged the idea of the heart
as a terminally differentiated organ,
resulting in clinical trials to in-
vestigate cardiac PCs (CPCs) in the
treatment of acute and chronic is-
chemic cardiac disease. To date, re-
sults have demonstrated a transient
benefit of CPCs in the treatment of
cardiac disease via paracrine medi-
ated production of chemokines and
other growth factors without restora-
tion of functional myocardium or
myocardial cell mass.2 Therefore, it is
apparent that more research is neces-
sary before CPC-mediated cytother-
apy becomes a reality in the treatment
of ischemic cardiac disease.

BACKGROUND
The process of wound healing fol-

lows an orderly, coordinated, and
overlapping series of events in re-
sponse to tissue injury. This response
can be divided into phases, beginning
with the inflammatory phase, fol-
lowed by the proliferative phase, and
finally the remodeling phase. Follow-
ing injury, this process is very similar
in a variety of tissues and results in
repair of the damaged tissue, but at
the cost of scar formation or fibrosis.
The degree of fibrosis and subsequent
dysfunction ranges from a simple cos-
metically undesirable scar to signifi-

cant impairments in tissue function.
These impairments are generally
tissue- or organ-specific and include
contractures in the skin, strictures in
bowel or vascular anastomosis, pul-
monary or liver fibrosis, or ventricular
fibrosis and heart failure following an
MI. One factor that influences the de-
gree of fibrosis and subsequent re-
modeling is the load or ongoing work
required of the injured tissue.

In the heart, loss of functional
myocardial tissue following an MI
may result in immediate failure of
the heart to perform work. If the MI
does not immediately result in mor-
tality, the heart undergoes repair by
replacing the necrotic myocardium
with fibroblasts, which secrete colla-
gen and result in scar formation.
Fibroblasts and collagen are unable
to perform the work of cardiac myo-
cytes, and remodeling of this ven-
tricular scar over time results in
ventricular dilation and the devel-
opment of heart failure.5

In contrast to reparative healing
or scar formation in the adult, the
fetal response to MI is regenerative.
Thirty days following MI, fetal car-
diac function as measured by the
ejection fraction was shown to return
to baseline, whereas the function
of the adult heart demonstrated a
progressive decline in function, as
shown in Fig. 1.3 The regenerative
potential of the fetus is also well
established in skin and tendon
wounds.6–9 These fetal tissues re-
main under tension and continue to
perform work after injury, but heal in
a regenerative fashion. Thus, the
differential response between the fe-
tus and the adult is of significant in-
terest to researchers and clinicians
in cardiovascular medicine.

Fetal sheep demonstrated the po-
tential for cardiac regeneration fol-
lowing apical infarct of the left
ventricle (LV), while neonatal mice
demonstrated a transient potential
for cardiac regeneration following

SDF-1a = stromal-derived
factor 1-alpha

TB4 = Thymosin beta-4

Tbx5 = t-box 5 gene
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apical amputation.3,4 These studies implicated the
recruitment of CPCs to the infarct, where they
differentiated and restored functional myocardium;
however, the source of these cells and whether they
are derived from existing adult myocytes, resident,
or circulating CPC populations remains to be de-
termined. The development of a better under-
standing of CPC biology, including the factors that
regulate the proliferation, differentiation, and mo-
bilization of these cells, is essential for the devel-
opment of potential treatment modalities to restore
functional myocardium in the adult following MI.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Cardiac regeneration in animals

Cardiac regeneration was first reported in
newts10 and more recently in zebrafish, which
regenerate the cardiac apex following surgical
resection.11 Regeneration occurs as residual car-
diac myocytes undergo dedifferentiation with dis-
solution of sarcomeric structures to generate new
cardiac myocytes, which can proliferate and func-
tionally integrate into the injured myocardium.12

It is important to note that cardiac regeneration in
the zebrafish occurs through the proliferation of
existing cardiac myocytes and not from the influ-
ence of progenitor or stem cells.

The idea of mammalian cardiac regeneration
dates back to rodent studies in the 1960s.13 A
single report on the transient regenerative poten-
tial of murine, neonatal hearts suggests that de-
differentiation and proliferation are responsible for
cardiac regeneration.4 However, a recent report
argues that CPCs play an important role in mam-
malian cardiac regeneration.3 This idea is sup-

ported by evidence, which demonstrates the ability
of activated fetal CPCs in the mouse to generate all
myocyte progeny up to day one of life.14

Investigation of markers involved in cardiac
development identified the combination of three
transcription factors, the gata 4 transcription fac-
tor gene (Gata4), the myocyte-specific enhancer
factor 2C gene (Mef2c), and the t-box 5 gene (Tbx5),
capable of inducing cardiac myocyte-like behavior
from murine postnatal fibroblasts.15 Multiple in-
vestigators utilized these induced murine fibro-
blasts in an attempt to effect cardiac regeneration,
but conflicting results have been published.16–18

Qian et al. used Gata4, Mef2c, and Tbx5 to induce
cardiac myocyte-like behavior from postnatal car-
diac and dermal fibroblasts.16 Song et al. utilized
these same transcription factors plus a fourth, the
heart and neural crest derivative expressed protein
1 gene (Hand1), to induce cardiac myocyte function
from mouse tail tip and cardiac fibroblasts.17 Both
reports demonstrated improved cardiac function,
electrical coupling, and inhibition of ventricular
remodeling following treatment, but superior re-
sults were noted with the addition of the fourth
transcription factor. A third investigator utilized
the same three genes as Qian et al. in murine tail
tip and cardiac fibroblast, but did not demonstrate
induced electrochemical or functional change of
cardiac fibroblasts, furthermore, transplanta-
tion of induced cells resulted in diminished cell
survival.16,18 Collectively, these reports provide
mixed results regarding the use of induced car-
diac fibroblasts to restore myocardial cell mass,
but do provide targets for future research that
may improve functional integration of CPCs or in-
duced pluripotent cells to treat ischemic heart
disease.

Figure 1. Ejection fraction (EF) as evaluated by echocardiography in fetal and adult sheep pre- and postinfarct, as well as 3 and 30 days following myocardial
infarction (MI). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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Cardiac regeneration in humans
The report of cardiac myocyte division following

MI challenged the longstanding idea of the human
heart as a terminally differentiated organ with
quiescent cells.19 Multipotent CPCs were identified
within the heart and have been shown to be acti-
vated by an ischemic insult.20,21 Two published
labeling studies demonstrate convincing evidence
for cellular renewal in the human heart. In the first
study, carbon-14 dating allowed evaluation of hu-
man cardiac myocyte renewal in 12 human sub-
jects at autopsy. Results demonstrated cardiac
myocyte turnover at 1% per year at age 25 years
that decreased to 0.45% at age 75 years, with < 50%
of cardiac myocytes renewed within a person’s
lifespan.22 In the second labeling study, hearts
of cancer patients treated with iododeoxyuridine,
a radiation sensitizer which intercalates into
DNA, were examined postmortem. Immunohisto-
chemical analysis demonstrated cardiac myocyte
renewal of 22% per year with complete cardiac
myocyte renewal multiple times in a person’s life-
span.23 The results of these two studies vary
widely; however, these studies demonstrate car-
diac myocyte renewal and support the notion of
cardiac regeneration in humans. In combination,
these results demonstrate the presence of CPCs
within the adult myocardium, and the ability for
cardiac renewal. However, cardiac regeneration
has not been witnessed, and this is most likely

secondary to insufficient CPC number or impaired
function in an adult.

Genetic fate mapping and the heart fields
Genetic fate mapping is a sophisticated tool that

allows identification of embryonic tissues and their
progeny. Cardiac cells derived from the mesoderm
are divided into the first and second heart fields,
which contribute to the development of specific
structures and demonstrate distinctive cell surface
markers. Table 1 lists the marker, corresponding
heart field, and resulting progeny. Cells of both
heart fields demonstrate Nkx2.5 expression.24,25

Figure 2 demonstrates the recruitment of Nkx2.5 +
CPCs to the fetal infarct 30 days following MI. A
recent fate-mapping study in transgenic mice also
addresses the potential of cardiac regeneration by
proliferation of pre-existing cardiomyocytes versus
CPCs.26 This study demonstrated regeneration
of adult mammalian cardiomyocytes after MI by
CPCs; however, CPCs did not produce cardio-
myocytes during normal aging. These results dem-
onstrate differential cardiac regeneration, with
mammals regenerating the myocardium from
CPCs, but with zebrafish regenerating the myocar-
dium via dedifferentiation and proliferation of ex-
isting myocytes.13 Elaborate fat-mapping studies
have provided much knowledge in regard to the cell
lineage of potential CPCs; however, further defini-
tion of CPCs capable of post-MI cardiac regenera-
tion in humans is necessary. Future identification of
these CPCs by a cell-surface marker may grant
identification of their resident location and then
allow direct experimentation to evaluate function.

Cytotherapy and clinical trials
The potential therapeutic benefit of bone

marrow-derived progenitor cells (BM PCs) and other
noncardiac PCs coupled with the epidemic health-
care burden of ischemic cardiac disease resulted in
a rush to multiple clinical trials for research and
development of cytotherapeutic options.24 In-

Table 1. Cardiac progenitor cell surface markers, the
corresponding heart field, and the resultant progeny

CPC
Markers

First or Second
Heart Field PC Progeny

Ckit First Cardiac myocytes of the bilateral atria left ventricle
Nkx 2.5 Both Cardiac myocytes of the bilateral atria, and ventricles
IsI-1 Second Cardiac myocytes of both atria, the right ventricle,

and conductions system

CPC, cardiac progenitor cell; PC, progenitor cell.

Figure 2. Fetal infarct at 30 days after MI stained for (A) nuclei using DAPI, (B) nkx2.5 + cardiac progenitor cells using immunohistochemistry, and (C) merged
DAPI and nkx2.5 immunohistochemistry. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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vestigators pursued the potential of BM PCs based
on the assumption that these cells of mesodermal
origin could differentiate into cells of cardiac line-
age.24 Granulocyte-colony stimulating factor
(G-CSF), a growth factor known to stimulate mobi-
lization and differentiation of hematopoietic stem
cells, was initially investigated. FIRSTLINE AMI, a
randomized clinical trial, evaluated the therapeutic
effect and safety of G-CSF versus placebo on the
mobilization of CD34 + cells from bone marrow and
the subsequent effect on cardiac function following
first ST elevation MI.27 G-CSF administration, af-
ter percutaneous intervention, demonstrated inhi-
bition of LV remodeling, and improved cardiac
function without increased risk of atherosclerosis
at 4 months. However, these results differ from
those reported in REVIVAL 2, a double-blinded,
randomized trial designed to evaluate stem cell
mobilization after acute MI with treatment of
G-CSF versus placebo.28 REVIVAL 2 did not dem-
onstrate a significant change in cardiac function or
LV remodeling, and similar results were presented
by the G-CSF STEMI trial, with no improvement in
cardiac function between the G-CSF-treated and
placebo groups.29 A published meta-analysis with
combined data on 445 patients from 10 studies, in-
cluding the FIRSTLINE AMI, REVIVAL 2, and
G-CSFSTEMI trials, demonstrated no significant
benefit in the treatment of acute MI with G-CSF,
and concluded that mobilized bone marrow stem
cells were not pluripotent, but rather were multi-
potent PCs able to differentiate into endothelial or
hematopoietic origin.30

Following the initial report on G-CSF, clinical
trials were initiated to investigate the direct re-
generative potential of transplanted BM PCs.12

The BOOST trial was a randomized, controlled
study that included 60 patients treated according
to standards of practice, and then additionally with
placebo or intracoronary infusion of autologous
bone marrow cells administered after percutane-
ous coronary intervention.31 Results demonstrated
significantly improved cardiac function with at-
tenuated LV remodeling at 6 months in the treat-
ment group without increased risk of arrhythmia
or restenosis.

REPAIR AMI is the largest randomized, double-
blinded study that compared intracoronary infu-
sion of BM PCs versus placebo following acute
MI.32 This multicenter, clinical trial included 204
patients and demonstrated the benefits of BM PCs,
with improvement in LV function at 4 months, and
decreased intervention rates, mortality, and MI
recurrence at 12 months post-BM PC infusion. Re-
evaluation of this study population 2 years after

initial publication demonstrated continued bene-
fits, with significantly improved LV contractility in
the BM PC-treated group.33

The first American clinical trial to investigate
the benefits of intracoronary BM PCs following MI
was the TIME study.34 This randomized, double-
blind study demonstrated similar results as the
BOOST and REPAIR AMI studies, but BM PCs
were given via standardized, continuous infusion
within 7 days of MI. This trial evaluated 45 pa-
tients with an ST elevation MI in the anterior
distribution. Results demonstrated a significant
improvement in cardiac function, but no improve-
ment in LV remodeling.

Since intracoronary infusions of BM PCs within
7 days following MI demonstrated improved car-
diac function, the National Heart, Blood, and Lung
Institute funded a randomized, double-blinded
study to investigate the effect of delayed infusions.
Rationale for late infusion resulted from the ideas
that unstable patients would not tolerate infusion,
and few centers offering initial percutaneous cor-
onary intervention possess the expertise necessary
to offer cytotherapy, and therefore, coronary infu-
sions would be delayed until transfer of a stable
patient to a capable facility.34 In the LATE TIME
study, autologous bone marrow stem cells were
administered through the coronary circulation of
patients 2–3 weeks after percutaneous interven-
tion for first MI. Results failed to demonstrate a
benefit of delayed administration of BM PCs over
placebo, thus highlighting the effect of BM PCs as
most beneficial in early healing.

The STAR-heart study evaluated the clinical
effect of BM PCs administered to patients with
chronic heart failure secondary to ischemic coro-
nary disease.35 Included patients presented with
heart failure 8.5 – 3.2 years after percutaneous
treatment for acute MI. A total of 391 patients were
included and received standard medical therapy
alone (n = 200) versus standard therapy with coro-
nary infusion of BM PCs within the infarct distri-
bution (n = 191). Patients were followed up to 5
years, and the results demonstrated significantly
decreased mortality, and improved cardiac func-
tion in the BM PC-treated cohort.

Initial reports on BM PCs presented evidence of
improved cardiac function, inhibition of LV re-
modeling, and subsequent heart failure. However,
the reported improvements in cardiac function by
BM PCs are now attributed to paracrine effects on
residual cardiac myocytes rather than regenera-
tion and integration of new cells.2 Whether by in-
duced mobilization or direct transplantation, BM
PCs have yet to demonstrate genesis of cardiac
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myocytes likely related to intrinsic, multipotent
potential that limits differentiation. Therefore,
medical research is focused on other progenitor
populations able to regenerate functional myocar-
dium without risk of an increased risk of ectopy or
neoplastic transformation.

Autologous skeletal myoblast implants re-
presented a potential cytotherapeutic option with
advantages of low neoplastic and immunologic
rejection risks, and therefore, the Myoblast
Autologous Grafting in Ischemic Cardiomyopathy
(MAGIC) trial was initiated to evaluate safety and
potential efficacy of transplanted myoblasts in
the treatment of LV remodeling.36 This double-
blinded, randomized clinical trial was a multicen-
ter study that evaluated the effect of transplanted
autologous myoblasts versus placebo at the time of
coronary artery bypass graft (CABG) in patients
with pre-existing left heart failure. Results dem-
onstrated inhibition of LV remodeling with only a
high myoblast dose, but failed to demonstrate a
benefit of implanted myoblasts on cardiac function,
and furthermore, demonstrated increased risk of
early postoperative arrhythmias. The study con-
cluded that a better cell type and delivery method
were necessary for the treatment of acute and
chronic coronary disease processes.36

Ckit + CPCs within the human heart demon-
strate the potential to form all types of cells within
the heart. The SCIPIO study represents the first
clinical trial to evaluate the direct effect of ckit +
CPCs on heart failure following MI.37 This ran-
domized, phase 1 clinical trial compares postoper-
ative infusion of ckit + CPCs to placebo following
CABG. This study is ongoing, however, the initial
results demonstrate safety of infusion and suggest
efficacy in prevention of remodeling and subse-

quent heart failure.37 Phase 2 trials will likely
follow as the initial results with human CPCs are
promising and ischemic cardiomyopathy repre-
sents a significant healthcare burden. Future
studies may help further define the function of
ckit + CPCs in regeneration and healing following
acute and chronic ischemic insult.

Cardiosphere-derived cells (CCs) represent
ckit +, multipotent clones derived from endogenous
cardiac tissue capable of cardiac regeneration fol-
lowing MI.24,38 A second prospective study,
CADUCEUS, recently published initial phase 1 data
on CCs cultured from endomyocardial biopsies.39

Autologous CCs were administered via coronary
infusion up to 3 months post-MI, and initial results
demonstrated safety of coronary infusions. Ad-
ditionally, resultsof this phase I studydemonstrated
therapeutic cardiac regeneration with a signifi-
cantly increased myocardium, cardiac function, and
inhibition of remodeling with a decreased scar.39

Human embryonic stem cells (ESCs) demon-
strate the potential to create all cell lines in all
organ systems. However, issues of availability,
cultural perception, and unknown mechanistic
behavior currently limit the therapeutic potential
of ESCs. Investigation of cardiac regeneration by
embryonic progenitors demonstrated improved
cardiac function with ESC transplantation follow-
ing MI.40 However, functional integration into the
infarcted myocardium has yet to be demonstrated,
and therefore, ESC transplantation may carry
significant risk of arrhythmia.40 Additional studies
on recruitment, differentiation, proliferation, and
most importantly integration are necessary to un-
lock the potential of cardiomyogenesis by these
embryonic progenitors. Table 2 summarizes the
clinical trial results for previously investigated PC
therapies.

Adjuncts to cytotherapy
Stromal-derivedfactor1-alpha(SDF-1a,CXCL12)

is a highly conserved chemokine thought to play
an important role in the stimulation and homing of
CPCs following MI.41 SDF-1a binds to CXCR4, a G
protein coupled receptor, and triggers intracellular
signaling, which results in mobilization of cells to
the site of injury. Increased expression of SDF-1a
following MI42 establishes a gradient for CPCs re-
cruitment43 that results in the recruitment of CPCs
to the infarct and border zone at the time of acute
MI.44,45

Numerous studies demonstrate a multifactorial
benefit of SDF-1a expression following MI via re-
cruitment, attenuated inflammatory response, de-
creased apoptosis, and improved cardiac function

Table 2. Progenitor cell types and outcomes in clinical trials

PC Types Clinical Trial Outcomes

BM PC Beneficial outcomes are attributed to paracrine
effects on residual cardiac myocytes rather
than regeneration of new cells

Ckit + CPC Phase I clinical trial demonstrated safety and
preliminary results suggest efficacy for
inhibition of infarct remodeling and
development of heart failure

Skeletal muscle myoblasts Phase II clinical trial failed to conclusively
demonstrate improvement in cardiac function.

Cardiosphere-derived cells These ckit + cells demonstrated safety in
phase I clinical trial and initial results
demonstrate regeneration of myocardium,
restoration of cardiac function, and inhibition
of remodeling with decreased scar.

Embryonic stem cells No clinical trials at this time.

BM PC, bone marrow-derived progenitor cell.
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following MI, but cardiac regeneration has yet to be
reported following SDF-1a treatment.43,46,47 The
level of SDF-1a expression correlates with the
number of PCs recruited.48 However, the exact
mechanisms for recruitment and homing are not
yet understood and are the focus of strategies to
improve cytotherapy. Previous reports demon-
strated the therapeutic benefit of G-CSF following
MI with improved cardiac myocyte survival, de-
creased LV remodeling, decreased inflammation
and scar, blunted apoptosis, and improved cardiac
function as cells mobilize to the site of injury.49,50

Interactions between G-CSF and SDF-1a have
been established, however, G-CSF alone or in
combination has yet to conclusively demonstrate
functional or gross cardiac regeneration in multi-
ple clinical studies.

Thymosin beta-4 (TB4) is a secreted peptide
known to attenuate, inflammation, fibrosis, and
apoptosis in multiple organ systems.51 Specifically,
TB4 demonstrates a cardioprotective effect with
decreased fibrosis, apoptosis, and infarct size
following MI.52 These beneficial effects directly
result from upregulated antiapoptotic, anti-
inflammatory, and antioxidative genes as demon-
strated in neonatal cardiomyocytes.53 These effects
may not be limited to wound healing as PC differ-
entiation and mobilization are triggered by TB4
binding of actin.51,52 The effect of these cytotherapy
adjuncts on PCs and post-MI outcomes is summa-
rized in Table 3.

CONCLUSION

Over the last two decades, science has demon-
strated the regenerative capacity of the heart, and
initial reports of cardiac regeneration in lower an-
imals fostered analysis of cardiac regeneration in
the mammalian heart. Efforts have resulted in
numerous clinical trials to assess potential PCs and
delivery methods for the treatment of acute and
chronic ischemic cardiac disease. Populations of
CPCs have been defined with techniques such as
genetic fate mapping; however, the identity of

CPCs capable of left ventricular regeneration re-
mains undetermined. As a result, mammalian
cardiac regeneration remains unrealized in the
adult, and therefore, the fetal sheep and neonatal
mouse models for cardiac regeneration offer po-
tential to further define CPC niches and biology
necessary for regeneration.

Cardiac regeneration remains elusive in the
adult heart; however, cardiac renewal is well re-
ported although this ability diminishes with
advancing age. This diminished capacity for re-
generation and renewal with senescence is likely
related to the PC number, which also decreases
with age. The limited benefit of adjuncts or the
paracrine-mediated effect of cytotherapy is likely
related to the senescent population of CPCs in the
adult, which lacks the critical number necessary to
effectively regenerate the myocardial mass.

CPC function can be evaluated early in devel-
opment when CPC numbers remain high, and re-
sults may be translated to influence a positive
environment for recruitment, proliferation, differ-
entiation, and integration in the adult. Further
studies are necessary to define gene expression
that results in a regenerative phenotype such
as previously reported for Gata4, Mef2c, and
Tbx5.15–18 Additionally, evaluation of adjunct-
mediated changes to CPC function can be investi-
gated with the hope of translating knowledge
gained to adult regeneration.

Elucidation of CPC biology and resident CPC
location may allow for better therapeutic regimens
with adjuncts alone thereby circumventing prob-
lems of recruitment, proliferation, differentiation,
and integration previously reported with cytother-
apy. Alternatively, with CPC biology and location
defined, these cells can be harvested, expanded ex
vivo, and be administered back to a patient with the
aim of induced cardiac regeneration. Therefore, the
established models represent significant potential
for advancement of knowledge concerning CPCs.

Currently, two mammalian models of cardiac
regeneration exist in the neonatal mouse and fetal
sheep. Although the mouse model demonstrates

Table 3. Adjuncts to cytotherapy and their effects on progenitor cells and cardiac healing

Adjuncts to Cytotherapy Effect on PCs Reported Effect Post–Myocardial Infarction

Stromal-derived factor 1a Stimulates mobilization and homing. Attenuated inflammatory response, decreased apoptosis, and
improved cardiac function.

Granulocyte-colony
stimulating factor

Stimulates mobilization and differentiation
of hematopoietic PCs.

Improved cardiac myocyte survival and cardiac function

Decreased apoptosis, inflammation, and left ventricle remodeling.
Thymosin b 4 Stimulates differentiation and mobilization. Decreased fibrosis, apoptosis, and infarct size

Increased expression of antiapoptotic,
anti-inflammatory, and antioxidative genes.
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dedifferentiation as a mechanism for re-
generation, it does not rule out the influ-
ence of CPCs. Therefore, both models
provide potential to define CPC biology
specifically related to recruitment, pro-
liferation, differentiation, and integra-
tion. However, only the fetal sheep model
allows investigation of cardiac regenera-
tion following ischemic injury as occurs
following acute MI. Future translation of
CPC function from these models is nec-
essary to modulate reparative to regen-
erative healing following MI in the adult.
Once processes are better defined within
these models, knowledge gained will al-
low for the development of better thera-
peutic regimens in the treatment of
ischemic heart disease.
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TAKE-HOME MESSAGES
� Cardiac regeneration in fetal and early neonatal hearts results in res-

toration of organ architecture and function.

� Cardiac regeneration in lower animals occurs by dedifferentiation and
proliferation of existing cardiac myocytes.

� Evidence demonstrates dedifferentiation in mammalian cardiac regen-
eration; however, reports demonstrate CPC function is necessary for
mammalian cardiac regeneration.

� CPCs have been defined and participate in cardiac myocyte renewal
during aging, but are unable to trigger cardiac regeneration and are likely
related to decreased number of CPCs with aging.

� Fate-mapping studies have identified multipotent CPCs and associated
progeny.

� BM PCs, peripheral PCs, skeletal myoblasts, ckit + CPCs, CCs, and ESCs
demonstrate benefits in the treatment of ischemic cardiac disease, but
PC integration and regeneration of functional myocardium have not been
demonstrated in clinical trials.

� Adjuncts to cytotherapy demonstrate a benefit to residual myocardium
following ischemic insult; however, adjuncts have failed to induce car-
diac regeneration.

� The mammalian models for cardiac regeneration offer potential to study
CPC recruitment, differentiation, proliferation, and integration with the
hope of translating knowledge gained to improve clinical outcomes with
cytotherapy following MI.

324 MORRIS AND LIECHTY



REFERENCES

1. Roger VL, Go AS, Lloyd-Jones DM, Adams RJ,
Berry JD, Brown TM, Carnethon MR, Dai S, de
Simone G, Ford ES, Fox CS, Fullerton HJ, Gillespie
C, Greenlund KJ, Hailpern SM, Heit JA, Ho PM,
Howard VJ, Kissela BM, Kittner SJ, Lackland DT,
Lichtman JH, Lisabeth LD, Makuc DM, Marcus
GM, Marelli A, Matchar DB, McDermott MM,
Meigs JB, Moy CS, Mozaffarian D, Mussolino
ME, Nichol G, Paynter NP, Rosamond WD, Sorlie
PD, Stafford RS, Turan TN, Turner MB, Wong ND,
and Wylie-Rosett J: Heart disease and stroke
statistics—2011 update: a report from the
American Heart Association. Circulation 2011;
123: e18.

2. Levy D, Kenchaiah S, Larson MG, Benjamin EJ,
Kupka MJ, Ho KK, Murabito JM, and Vasan RS:
Longterm trends in the incidence of and survival
with heart failure. NEJM 2002; 347: 1397.

3. Herdrich BJ, Danzer E, Davey M, Allukian M,
Englefield V, Gorman JH, Gorman RC, and Liechty
KW: Regenerative healing following fetal myo-
cardial infarction. Eur J Cardiothorac Surg 2010;
38: 691.

4. Porrello ER, Mahmoud AI, Simpson E, Hill JA,
Richardson JA, Olson EN, and Sadek HA: Tran-
sient regenerative potential of neonatal mouse
heart. Science 2011; 331: 1078.

5. Sutton MG and Sharpe N: Left ventricular re-
modeling after myocardial infarction: pathophysi-
ology and therapy. Circulation 2000; 101: 2981.

6. Rowlatt U: Intrauterine wound healing in a 20
week human fetus. Virchows Arch A Pathol Anat
Histol 1979; 381: 353.

7. Longaker MT, Whitby DJ, Adzick NS, Crom-
bleholme TM, Langer JC, Duncan BW, Bradley
SM, Stern R, Ferguson MW, and Harrison MR:
Studies in fetal wound healing, VI. Second and
early third trimester fetal wounds demonstrate
rapid collagen deposition without scar formation.
J Pediatr Surg 1990; 25: 63.

8. Beredjiklian PK, Favata M, Cartmell JS, Flanagan
CL, Crombleholme TM, and Soslowsky LJ: Re-
generative versus reparative healing in tendon: a
study of biomechanical and histological properties
in fetal sheep. Ann Biomed Eng 2003; 31: 1143.

9. Herdrich BJ, Danzer E, Davey MG, Bermudez DM,
Radu A, Zhang L, Zhang Z, Soslowsky LJ, and
Liechty KW: Fetal tendon wound size modulates
wound gene expression and subsequent wound
phenotype. Wound Repair Regen 2010; 18: 543.

10. Oberpriller JO and Oberpriller JC: Response of the
adult newt ventricle to injury. J Exp Zool 1974;
187: 249.

11. Poss KD, Wilson LG, and Keating MT: Heart re-
generation in zebrafish. Science 2002; 298: 2188.

12. Steinhauser ML and Lee RT: Regeneration of the
heart. EMBO Mol Med 2011; 3: 701.

13. Laflamme MA and Murry CE: Heart regeneration.
Nature 2011; 473: 326.

14. Ferreira-Martins J, Ogórek B, Cappetta D,
Matsuda A, Signore S, D’Amario D, Kostyla J,
Steadman E, Ide-Iwata N, Sanada F, Iaffaldano
G, Ottolenghi S, Hosoda T, Leri A, Kajstura J,
Anversa P, and Rota M: Cardiomyogenesis
in the developing heart is regulated by c-kit-
positive cardiac stem cells. Circ Res 2012;
110: 701.

15. Ieda M, Fu JD, Delgado-Olguin P, Vedantham V,
Hayashi Y, Bruneau BG, and Srivastava D: Direct
reprogramming of fibroblasts into functional
cardiomyocytes by defined factors. Cell 2010;
142: 375.

16. Qian L, Huang Y, Spencer CI, Foley A, Vedantham
V, Liu L, Conway SJ, Fu JD, and Srivastava D:
In vivo reprogramming of murine cardiac fibro-
blasts into induced cardiomyocytes. Nature 2012;
485: 593.

17. Song K, Nam YJ, Luo X, Qi X, Tan W, Huang GN,
Acharya A, Smith CL, Tallquist MD, Neilson EG,
Hill JA, Bassel-Duby R, and Olson EN: Heart repair
by reprogramming non-myocytes with cardiac
transcription factors. Nature 2012; 485: 599.

18. Chen JX, Krane M, Deutsch MA, Wang L, Rav-
Acha M, Gregoire S, Engels MC, Rajarajan K,
Karra R, Abel ED, Wu JC, Milan D, and Wu SM:
Inefficient reprogramming of fibroblasts into car-
diomyocytes using Gata4, Mef2c, and Tbx5. Circ
Res 2012; 111: 50.

19. Beltrami AP, Urbanek K, Kajstura J, Yan SM, Fi-
nato N, Bussani R, Nadal-Ginard B, Silvestri F, Leri
A, et al.: Evicence that the human cardiac myo-
cytes divide after myocardial infarction. N Eng J
Med 2001; 344: 1750.

20. Beltrami AP, Barlucchi L, Torella D, Baker M,
Limana F, Chimenti S, Kasahara H, Rota M, Musso
E, Urbanek K, et al.: Adult cardiac stem cells are
multipotent and support myocardial regeneration.
Cell 2003; 114: 763.

21. Urbanek K, Torella D, Sheikh, De Angelis A,
Nurzynska D, Silvestri F, Beltrami CA, Bussani
R, Beltrami AP, Quaini F, Bolli R, Leri A, Kaj-
stura J, and Anversa P: Myocardial regenera-
tion by activation of multipotent cardiac stem
cells in ischemic heart failure. PNAS 2005; 102:
8692.

22. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S,
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Bollwein H, Seyfarth M, Dirschinger J, Schmitt C,
Schwaiger M, Kastrati A, Schömig A; REVIVAL-2
Investigators: Stem cell mobilization by granulo-
cyte colony-stimulating factor in patients with
acute myocardial infarction: a randomized con-
trolled trial. JAMA 2006; 295: 1003.

29. Engelmann MG, Theiss HD, Hennig-Theiss C,
Huber A, Wintersperger BJ, Werle-Ruedinger AE,
Schoenberg SO, Steinbeck G, and Franz WM:
Autologous bone marrow stem cell mobilization
induced by granulocyte colony-stimulating factor
after subacute ST-segment elevation myocardial
infarction undergoing late revascularization: final
results from the G-CSF-STEMI (Granulocyte
Colony-Stimulating Factor ST-Segment Elevation
Myocardial Infarction) trial. J Am Coll Cardiol
2006; 48: 1712.
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