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Abstract
Congestive heart failure remains the leading cause of morbidity and mortality in the developed world.
Current therapies do not address the underlying pathophysiology of this disease, namely the
progressive loss of functional cardiomyocytes. The notion of repairing or regenerating lost
myocardium via cell based therapies remains highly appealing. The recent identification of adult
stem cells, including both cardiac stem/progenitor cells and bone marrow stem cells, has triggered
an explosive interest in utilizing these cells for physiologically relevant cardiomyogenesis.
Enthusiasm for cardiac regeneration via cell therapy has further been fueled by the many encouraging
reports in both animals and human studies. Further intensive research in basic science and clinical
arenas are needed in order to make this next great frontier in cardiovascular regenerative medicine
a reality. In this review, we focus on the role of bone marrow derived stem cells and cardiac stem/
progenitor cells in cardiomyocyte homeostasis and myocardial repair and regeneration, as well as
provide a brief overview of current clinical trials utilizing cell-based therapeutic approaches in
patients with heart disease.

Despite advances in the treatment of congestive heart failure (CHF), morbidity and mortality
remain inappropriately high 1 This medical epidemic has only continued to escalate, given an
overall aging population and the greater number of patients surviving an initial myocardial
infarction (MI). The pathophysiology of post-MI heart failure is driven by the loss of
cardiomyocytes, either due to acute ischemic necrosis or chronic apoptosis, and the inability
of the remaining cardiomyocytes to adequately compensate. As such, the concept of repairing
or regenerating lost myocardium via cell based therapies (so termed “cardiomyoplasty”)
remains highly appealing. Over the past decade, much research has focused upon identifying
the ideal cell type with which to promote myocardial regeneration. Thus far, several cells types
have been investigated in animal models including, but not limit to, fetal cardiomyocytes 2,
3, fibroblasts, skeletal myoblasts 4-7 and endothelial progenitor cells 8,9. Results with all these
cell types have generally been encouraging with regards to beneficial post-MI remodeling;
albeit none have resulted in definitive differentiation into physiologically-significant, force-
generating cardiomyocytes. Five years ago, striking reports suggested, for the first time, that
bone marrow derived stem cells (hematopoietic stem cells) may have the potential to regenerate
significant amounts of lost myocardium in mice following MI 10,11, creating overwhelmingly
enthusiasm and subsequent skepticism in the field of cardiac repair and regeneration. More
recently, the identification of resident cardiac stem/progenitor cells by several groups,
including ours 12-15, has brought about a second wave of the scientific interest. These findings
have advanced our understanding of myocardial biology and physiology and have introduced
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the new paradigm of the heart as a non-terminally differentiated organ. Despite the inability
of myocardial tissue to adequately ‘self-heal’ following acute injury, as well as controversy
regarding the ideal cell type for therapy, and a lack of understanding regarding the underlying
cellular mechanisms mediating cardiac regeneration, we remain cautiously optimistic that cell
based therapies may be sufficiently developed to effectively regenerate myocardium following
cardiac injury.

In this review, we focus on the role of bone marrow derived stem cells and cardiac stem/
progenitor cells in cardiomyocyte homeostasis and myocardial repair and regeneration, as well
as provide a brief overview of current clinical trials utilizing cell-based therapeutic approaches
in patients with heart disease.

Cardiac Stem/Progenitor Cells
For decades, the adult heart has been thought to exist as a terminally differentiated organ with
limited proliferative capacity. Cardiomyocytes undergo hypertrophy, rather then hyperplasia,
in response to hemodynamic stress, in contrast to other tissues, such as liver, intestine, and
skeletal muscle. These long-held tenets of myocardial biology have recently been challenged
and a new paradigm of the heart as a partially self-renewing organ has been proposed. While
evidence challenging the old belief has fermented for some time 16,17, the identification of
resident cardiac stem/progenitor cells (summarized in Table 1) has brought this new concept
to the scientific forefront 12,13,15,18-20 and suggests the capacity of adult myocardium to
maintain physiological homeostasis, at least partially, through resident cardiac stem cells.

The report by Hierlihy and colleagues 18 in 2002 was the first identifying the presence of a
stem cell-like population in adult hearts based on their specific ability to efflux Hoechst dye.
Such Hoechst-effluxing capacity was first introduced to identify highly enriched hematopoetic
stem cell populations, termed side population (SP) stem cells, from bone marrow 21. Recently,
this methodology has been utilized to identify tissue specific stem/progenitor cells in various
adult organs including pancreas, pituitary, testis, mammary gland, lung, liver, skeletal muscle,
liver, lung as well as heart (for review see 22,23). Using immunohistochemistry analysis,
Hierlihy et al found that adult myocardium retains a specific SP cells population, capable of
tissue specific differentiate into cardiomyocytes, in-vitro 18. In 2003, Beltrami et al thoroughly
described a population of cardiac stem cells (c-kit+ cells) found in clusters and residing among
cardiomyocytes in adult hearts 12. In-vitro, cardiac c-kit+ cells appear to be clonogenic and
were able to undergo self renewal and differentiation into cardiac cell lineages
(cardiomyocytes, endothelial, smooth muscle cell). More importantly, these c-kit+ cell, when
implanted in mouse hearts following MI, retained the capacity for differentiation into
cardiomyocytes, in-vivo. These in-vivo data are of both scientific and clinical significance, as
they strongly implicate the regeneration potential of cardiac stem cells in injured hearts. In the
same year of Beltrami’s report, Oh et al employed a different stem cell marker, Sca-1, to identify
yet another population of resident cardiac progenitor cells in adult hearts 19. Similarly, these
Sca1+ cells were found to be capable of differentiation into cardiomyocytes, in-vitro and in-
vivo, in response to 5-azacytidine and myocardial ischemia, respectively 19. In addition to the
initial observation identifying SP cells in adult myocardium, several groups, including ours,
have confirmed the presence of such progenitor cells population in adult hearts 13,15. Martin
et al reported expression of α-sarcomeric actinin in cardiac SP cells co-cultured with other
cardiac cells as well as demonstrated the presence of SP cells in human myocardium 13,18.
Work performed by Tomita and colleagues documented the generation of neurosphere like
clusters, referred to as “cardiospheres”, from neonatal cardiac SP cells 24. Similar to the
cardiospheres described by Messina et al 14, cardiospheres derived from cardiac SP cells have
been shown to harbor clonogenic cells with remarkable multi-lineage differentiation potential
24. These cardiospheres expressed cardiac, smooth muscle and interestingly, neuronal genes
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and proteins. Data from our group demonstrated not only the capacity for biochemical, but also
functional, cardiomyogenic differentiation in cardiac SP cells 15. More importantly, our study
demonstrated that among cardiac SP cells, cardiomyogeneic differentiation is restricted to cells
negative for CD31 expression and positive for Sca-1 expression (CD31-/Sca-1+ SP cells) 15
While the in-vitro cardiomyogenic differentiation potential of cardiac SP cells has been
consistently demonstrated, less is known about the ability of these cells to undergo
cardiomyogeneic differentiation, in-vivo. Recently, Komuro and colleagues studied the homing
and differentiation efficiency of intravenously injected cardiac SP cells in a myocardial
cryoinjury rat model 25. Neonatal rat cardiac SP cells were found to be able to home to areas
of injured myocardium and undergo differentiation into cardiomyocytes, endothelial cells,
smooth muscle cells and fibroblasts. Another potential marker for cardiac stem/progenitor
cells, Isl-1 (LIM homeodomain transcription factor), was more recently reported by Laugwitz
et al 20. These cells were found to harbor similar cardiomyogenic potential in-vitro, though
were phenotypically distinct from SP cells. As more information becomes available regarding
cardiac stem/progenitor cells, a key question remains whether these seemingly unique
progenitor populations described above are truly distinct from each other, or represent the same
population of progenitor cells at different stages in the differentiation process.

Bone Marrow Derived Adult Stem Cells
The bone marrow is known to be excellent reservoir for many adult stem cells, and bone marrow
derived stem cells have been employed to treat hematologic disorders for decades. Recent
reports have demonstrated that bone marrow derived stem cells are able to traverse cell lineage
boundaries and transdifferentiate into hepatocytes, endothelial cells, skeletal muscle, and
neurons upon proper stimulation 26-28. While the ability of bone marrow derived stem cells
to transdifferentiate into cardiomyocytes remains highly controversial, much of the recent
progress in regenerative cardiovascular research, both in animal and humans, has been achieved
using bone marrow derived stem cell populations, including hematopoietic stem cells (HSC),
mesenchymal stem cells (MSC), and endothelial progenitor cells (EPC).

Hematopoietic stem cells (HSC)
HSC can be isolated from bone marrow cells through selective sorting for a particular set of
surface receptors (Lineage-, c-kit+, Sca-1+, CD34lo, CD38hi) 29,30 and represent the
prototypic adult stem cell population. The ability of HSC to reconstitute the hematopoietic
system of a myeloablated host led to the first clinical application of adult stem cells more than
three decades ago 31. Despite the failure of studies to definitely prove differentiation of HSC
into cardiomyocytes, in-vitro, several studies in mice have demonstrated the potential of HSC
to differentiate into cardiomyocytes or vascular cells following cardiac injury, in-vivo 32-34.

Mesenchymal stem cells (MSC)
Within the bone marrow stroma resides a subset of non-hematopoietic cells that have the
potential to differentiate into cells of mesenchymal origin 35,36. These mesenchymal stem
cells (MSC) represent approximately 0.001 to 0.01% of the total nucleated marrow cell
population, a concentration 10-fold lower than their hematopoietic counterparts. MSC are self-
renewing and expandable in-vitro using standard cell culture techniques.
Immunophenotypically, MSC lack the typical hematopoietic antigens (CD45, CD34, CD14)
but express specific adhesion molecules (ALCAM/CD44) and antigens (SH2/SH3/SH4/
STRO-1) 37,38. At first, MSC were thought to contribute solely to the formation of the stromal
microenvironment in the bone marrow and maintain HSC survival and function. However,
subsequent studies have suggested that MSC are themselves capable of multipotency, with
differentiation into chondrocytes, osteoblasts, astrocytes, neurons, skeletal muscle and,
notably, cardiomyocytes 26,39-41.
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Endothelial progenitor cells (EPC)
Endothelial progenitor cells (EPC) represent a subset of hematopoietic stem cells that are able
to acquire an endothelial phenotype, in-vitro 42-45. EPC express the hematopoietic stem cell
markers CD133, CD34 and the endothelial marker Flk-1 (VEGFR-2) 44. EPC can be isolated
directly from the bone marrow or from the peripheral circulation and expanded, in-vitro.

Cardiac Cellular Homeostasis: Physiological and Pathological States
The identification of resident cardiac stem/progenitor cells evokes a new understanding of the
mechanisms by which the adult heart may maintain cellular homeostasis. It is still a matter of
debate whether cardiac cellular homeostasis is maintained solely by endogenous stem/
progenitor cells or via extra-cardiac sources, notably bone marrow derived stem cells. In
particular, the observation of male (host) cells in male patients transplanted with female hearts
(mix-gender donor hearts) 46,47 suggests the potential role of extra-cardiac stem cells in the
turnover of the cardiac cells. Interestingly, it has been proposed that the chimerism observed
in humans may possibly result from cardiac progenitor cells residing in host atria which were
kept intact during cardiac transplantation, and not from circulating bone marrow stem cells
48. More recent data in animal models, however, have suggested that bone marrow derived
stem cells contribute little in maintaining the homeostasis of cardiac cells during normal post
natal growth as well as normal adulthood 34,49,50

In contrast, bone marrow derived stem cells likely play a significant role in maintaining cardiac
cells homeostasis, including the turnover of cardiac stem/progenitor cells, cardiomyogenesis,
and angiogenesis, following myocardial injury 49-51. Jackson et al 34 demonstrated the ability
of bone marrow SP cells to undergo cardiomyogenic differentiation, albeit at a very low
frequency, and angiogenesis, following MI. Utilizing a murine model of GFP-labeled bone
marrow, we also have found that bone marrow derived stem cells (SP cells) homed to areas of
injured heart as early as three days following MI 49. These bone marrow derived cells may not
only contribute to active myocardial repair, as have been suggested by several groups 8,9,32,
33,52-56, but also participate in the reconstitution of the cardiac progenitor cell pool 49. This
is further supported by additional recent work 50, which has utilized genetic mouse models to
demonstrate an increase in cardiac c-kit+ cells, recruited from bone marrow, following MI
50 Moreover, using a rat model of heterotropic gender-mismatched cardiac transplantation,
Wang et al also demonstrated that bone marrow derived stem cells are attracted to areas of
myocardial ischemic injury and participate in cardiac repair 51 These experimental data were
further supported by observations in human mix-gender cardiac transplants, which suggest
greater cardiac chimerism may occur in patients with MI 57. In summary, the current literature
suggests that cardiac injury may serve as a necessary and potent stimulant for the recruitment
and potential cardiomyogeneic differentiation of endogenous bone marrow derived stem cells.

Mobilization and Homing of Marrow Derived Stem Cell
It is well recognized that, despite the existence of cardiac stem/progenitor cells, this
endogenous capacity for regeneration is insufficient to mediate repair following severe cardiac
injury. Thus, the ability of injured myocardium to recruit extra-cardiac stem cells following
injury is critical to aid in myocardial repair and regeneration. At least three major compartments
can be thought of to regulate this complicated orchestra, the injured myocardium, the bone
marrow, and the peripheral circulation. The injured myocardium is responsible for releasing
the signals via peripheral blood to signal the mobilization of the extra-cardiac stem cells from
the major reservoir, bone marrow, into peripheral circulation. Following mobilization, these
circulating bone marrow-derived stem cells are then able to follow a trail marked by specific
signals, subsequently exit the circulation, and home to injured sites to initiate the cardiac repair
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process (Figure 1). These three players involved in mobilization and homing process must
work together to achieve functional significant stem cell-mediated repair and regeneration.

The precise time course, kinetics and factors stimulating bone marrow mobilization remain the
subject of intense investigation; nonetheless, several crucial factors have been shown to
promote the mobilization of bone marrow-derived stem cells into peripheral circulation,
including granulocyte colony-stimulating factor (G-CSF), granulocyte / macrophage colony-
stimulating factor (GM-CSF), stem cell factor (SCF), vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF) and erythropoietin (EPO) (for review, 58).
Myocardial ischemia is known to induce several classically ‘mobilizing cytokines’, including,
but not limit to, G-CSF 59,60,61, SCF 59-61, VEGF 61-65, SDF-1 59,61,65,66, and EPO
67,68 and these cytokines may be responsible for the observed homing of bone marrow-derived
stem cells following MI. Mobilization of EPC through cytokine stimulants increases EPC
concentration in the peripheral circulation substantially 68. In addition to well-recognized HSC
mobilizing agents such as G-CSF and SCF, VEGF, and EPO, statins have been shown to
promote EPC recruitment 68-71. Moreover, given the capacity of bone marrow-derived stem
cells to home to sites of injury, it has been suggested that mobilization of bone marrow-derived
stem cells through systemically delivered cytokine stimulants may represent a less invasive
strategy to activate and deliver stem cells following MI. Therefore, these cytokines/factors and
their respectively receptors can be targeted to promote stem cell mobilization and homing for
therapeutics applications. Herein, we highlight several key signalling factors to demonstrate
the potential of manipulating these signalling axises to achieve functionally significant cell-
based cardiac repair.

G-CSF and SCF/c-kit
SCF, also known as steel factor, is a ligand for c-kit, a receptor expressed in stem cell and tissue
progenitor cells, including resident cardiac stem cells. Similar to G-CSF and GM-CSF, SCF
is a hematopoietic factor that is well known to regulate proliferation, differentiation and
survival of bone marrow derived stem cells 72,73 Orlic et al was the first to use a combined
therapy of G-CSF and SCF in a murine model of MI and demonstrated a significant
improvement in LV remodelling, cardiac function, and animal survival with five days of
treatment 33. Improved outcome was associated with significant bone marrow derived
cardiomyogenesis 33 These results, however, were not reproduced when G-CSF and SCF were
given as a single dose at 4 hours following MI to non-human primates 74 While G-CSF and
SCF/c-kit represent important factors for the recruitment of bone marrow derived stem cells
following MI, actual results from various groups have been controversial at best; owing to the
timing of cytokine administration and the dose utilized, as well as the actual model system.
Nonetheless, the best “proof of concept” approach demonstrating the importance and
involvement of the SCF/c-kit axis in bone marrow mobilization and cardiac repair has taken
advantage of a transgenic mouse model overexpressing mutant c-kit (kitw/kitw-v) 50. In kitw/
kitw-v mice, the mobilization and homing of bone marrow-derived stem cells to the heart is
markedly impaired following MI, despite elevated circulating levels of SCF. This deficiency
further results in early cardiac failure and death. Intriguingly, this dysfunction can be rescued
by bone marrow transplantation with wild type cells, thus restoring the capacity for homing
by bone marrow derived stem cells. While certainly essential, proper manipulation of the SCF/
c-kit axis for clinical benefit remains a goal of the future.

SDF-1/CXCR4
SDF-1, and its receptor CXCR4, have recently been suggested to also be important in regulating
the mobilization of stem cells. Using gain and loss of function approaches, Moore et al has
demonstrated that inhibition of SDF-1/CXCR4 by neutralizing antibodies retards the
mobilization of stem cells 75; while overexpression of CXCR4 augments the migration of
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progenitor cells 76 More recently, several groups have suggested that the SDF-1/CXCR4 axis
may be involved in the mobilization of bone marrow-derived stem cells and homing to injured
myocardium following MI 77,78, whereas the mechanisms regulating this mobilization remain
less clear. SDF-1 may upregulate secondary agents, including metalloproteinase-9 (MMP-9),
causing the release of SCF and subsequently mobilization of c-kit+ cells into the circulation
79 Alternatively, Misao and colleagues have suggested that the beneficial effects of G-CSF
mediated cardiac repair following MI is through the upregulation of SDF-1 and subsequently
recruitment of CXCR4+ cells 80 Altogether, these reports demonstrate the complex interplay
that exists between these mobilizing / homing signals. To take advantage of these secreted
factors/cytokines to improve post-MI cardiac repair and regeneration, thorough investigation
of the timing of the release and interactions among signalling factors is required.

Potential Mechanisms of Stem Cell-mediated Myocardial Repair/
Regeneration

Over the past decade, many groups have employed a spectrum of bone marrow-derived stem
cell populations, including total bone marrow, HSC, MSC, and EPC for the treatment of post-
MI heart failure in both animal models as well as in human clinical trials. Interestingly, while
only few groups have observed differentiation of bone marrow derived stem cell into
cardiomyocytes, most groups have reported a beneficial effect on post-MI remodelling. As
such, these data are certainly both encouraging, given the improvement in objective measures
such as cardiac structure and function, yet disappointing, as they fail to demonstrate
physiologically relevant cardiac differentiation. This has brought into question the ultimate
goal of cell-based therapies. Certainly our central objective is to improve cardiac function, and
by doing so, patient outcomes. To that end, cell based therapies may be beneficial not only in
the regeneration of lost myocardium, via direct trans-differentiation, but also in protecting
existing viable myocardium or repairing damaged myocardium, via paracrine influences.

Stem Cells (Trans)differentiation
The foremost purpose of cell-based therapies remains the regeneration of lost cardiac cells via
differentiation. Using genetic markers and/or labelled fluorescent dyes, several groups have
reported the transdifferentiation of bone marrow derived HSC into cardiomycoytes 32-34
However, these results, subsequently, have been called into question by others, who have failed
to identify HSC-derived cardiomyocytes 81-83. In addition to HSC, MSC have also been
suggested to retain the capacity for cardiomyogenic differentiation both in-vitro with proper
stimulation and in-vivo 40,55,56,84,85. Similar to criticisms voiced regarding HSC, the ability
of MSC to trans-differentiate into cardiomyocytes have been challenged 86. Furthermore,
many studies have suggested that cell fusion, rather than trans-differentiation, of bone marrow
derived cells may explain observed phenotypic changes 87-90 Regardless of the mechanism
responsible, fusion vs. trans-differentiation, it is generally agreed that the number of reported
cardiomyocytes derived from exogenously delivered bone marrow stem cells remains
relatively low and cannot physically account for observed functional improvements. As such,
one alternative proposed mechanism is stem cell-mediated paracrine effects (discussed in the
following section). In contrast to cardiomyogenesis, by in large, most groups have observed
bone marrow derived stem cells to contribute to angiogenesis, an observation made over 10
years by Asahara and colleagues 42,91 and more recently, by many other laboratories 8,
92-95. Finally, an alternative mechanism by which bone marrow derived stem cell populations
may contribute to myocardial repair is via maintenance of cardiac-specific stem cells pool
following injury. Indeed, our group has recently found that bone marrow derived SP cells home
to injured myocardium following MI and under go phenotypic changes to adapt a cardiac SP
cell phenotype. Such cardiac SP cells, may in-turn, contribute to the capacity of the heart for
long-term endogenous cardiac repair.
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Paracrine Influence
As suggested above, the beneficial effects of stem cell therapy on post-MI cardiac function
remain disproportionate to the degree of cardiomyogeneic differentiation. Such observations
have lead to the hypothesis that potential paracrine effects may hold a prominent role in stem
cell therapy. Such paracrine influences may include secretion of factors that either attenuate
apoptosis of endogenous cardiomyocytes 96,97 and EC 8, promote angiogenesis 52,98, and/
or activate resident cardiac stem / progenitor cells 80. Uemura and colleagues suggested that
hypoxia-induced apoptosis may be attenuated in cardiomyocytes co-cultured with total bone
marrow cells, in-vitro 97. Moreover, mesenchymal stem cells also may produce angiogenic
factors such as VEGF and bFGF, as well as chemotactic factors, including as MCP-1 and PGF,
that serve to recruit monocytes and promote angiogenesis 99. While the “paracrine hypothesis”
of stem cell therapy seems rational given prior observations, to date, it remains unexplored
with largely indirect supportive evidence.

Current Translational Approaches for Bone Marrow Based Therapies
While the ideal cell type for stem cell-based therapies remains to be determined, to date, bone
marrow derived stem cells, isolated from whole bone marrow aspirate, remains the most
commonly used cell type for human studies. This is largely due to its easy accessibility and
well characterized properties by haematologists for over thirty years. Among bone marrow
populations, total mononuclear bone marrow cells and circulating endothelial progenitor cells
have recently or are currently being employed in many Phase I and/or II trials (Table 2). Current
methods of delivery include direct intramyocardial injection, via both endocardial catheter-
based and epicardial surgical-based approaches, and more recently, percutaneous (catheter-
based) intracoronary injection. Alternatively, indirect mobilization has also been attempted
with peripheral delivery of cytokines, notably G-CSF.

In just a few years, cell based therapy has evolved at an explosive pace, from early in-vitro cell
studies to animal models of myocardial infarction, and now to several early phase clinical trials.
Overall, most initial non-randomized clinical trials, while designed for safety rather than
efficacy, have encouragingly suggested a moderate improvement in heart function following
stem cell therapy. The first randomized trial of intracoronary bone marrow derived stem cells,
the BOOST I trial 100, demonstrated an early benefit in left-ventricular ejection fraction at 6
months post-cell therapy as assessed by cardiac MRI. However, due to continued improvement
in the control group, the benefit in treated patients relatively to the control group was lost at
18 months follow up 101. Two larger clinical trials investigating intracoronary delivery of bone
marrow cells have also been initiated, with early results presented at the Scientific Sections of
American Heart Association in late 2005. In the ASTAMI trial, a randomized trial of one
hundred patients 102 with acute MI, bone marrow mononuclear cells was delivered 6 days
post-PTCA. At 6 months follow-up, no improvement in left ventricular ejection fraction or
infarct size was observed. In somewhat contrast, the REPAIR-AMI 103, a randomized, placebo
control trial with over two hundred patients following acute-MI, suggested a small, albeit
significantly important, improvement in left ventricular ejection fraction by ventriculography.
While both trials still are ongoing, many potential explanations for observed differences,
including severity ventricular dysfunction, the timing of cell delivery, and the method cells
isolation (quality of the cells), have been proposed and are currently undergoing investigation
in animal models. Mobilization of stem cells from the bone marrow represents an alternative
cell-based therapy that has also recently been investigated in clinical trials. The FIRSTINE-
AMI 104 has demonstrated not only the safety and feasibility of bone marrow mobilization
using G-CSF in MI patients after reperfusion, but also suggested a potential improvement in
left ventricular ejection fraction and an attenuation of left ventricular dilation. Importantly, this
trial showed that treatment with G-CSF did not augment post-percutaneous coronary
intervention restenosis rate. However, subsequent randomized placebo controlled clinical
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trials, REVIVAL II 105 and STEMMI 106, have failed to reproduce the benefits previously
seen in early human studies. Although these trials failed to demonstrate positive outcomes, no
adverse events, including vessel restenosis, were observed. Reasons for these negative results
remain to be determined, though, inappropriate cytokine dosing and inadequate timing of the
cytokine administration have been proposed as potential explanations.

Conclusions
Myocardial infarction results in cell death and it replacement of cardiomyocytes with non-
contractile scar tissue. The optimal goal for cell-based cardiac repair is to restore cardiac
structure and function through regeneration of functionally-competent cardiomyocytes. To
rebuild a normal and functional cardiac tissue requires not only highly integrated
cardiomyogenesis and angiogenesis, but also a proper matrix network system, to ensure
synchronized contraction and relaxation with native myocardium. While the task of achieving
such goal is daunting, the therapeutic potential of myocardial regeneration remains enormous.
Further intensive research, in basic science and clinical arenas, as well as carefully constructed
clinical trials, are needed in order to make this next great frontier in cardiovascular medicine
a reality.
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Figure 1.
A schematic representation of cell-based myocardial repair. Signals for mobilization and
homing must work in an integrated fashion among the myocardium, peripheral blood, and bone
marrow to achieve functionally significant stem cell-mediated repair and regeneration.
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