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Abstract

Cell therapy has tremendous potential for the damaged heart, which has limited self-renewing capability. Bone
marrow (BM) cells are attractive for cell therapy, as they contain diverse stem and progenitor cell populations
that can give rise to various cell types, including cardiomyocytes, endothelial cells, and smooth muscle cells.
Studies have shown BM cells to be safe and efficacious in the treatment of myocardial infarction. Possible
therapeutic mechanisms mediated by both host and transplanted cells include cardiomyogenesis, neovascu-
larization, and attenuation of adverse remodeling. In this review, different stem and progenitor cells in the bone
marrow and their application in cell therapy are reviewed, and evidence for their therapeutic mechanisms is
discussed. Antioxid. Redox Signal. 11, 1897–1911.

Introduction

Heart failure is a global health problem (109). In the
United States, 5.3 million people have heart failure, and

the prevalence of heart failure in people older than 65 reaches
1% (84). One of the major causes of heart failure is myocardial
infarction (MI), which affects 920 thousand Americans every
year and is a dominant cause of death in the United States.
About 22% of male and 46% of female patients with MI will be
disabled with heart failure within 6 years of MI. As the heart
has limited regeneration capacity, lost cardiac muscle by MI is
replaced by scar tissue, leading to progressive ventricular
remodeling and congestive heart failure (76). Despite many
breakthroughs in cardiovascular medicine, current therapies
for heart failure are of limited benefit in regaining lost cardiac
function.

Recently, cell therapy has emerged as an attractive ther-
apeutic modality to repair damaged myocardium. Initial
studies using committed myogenic cells, such as skeletal
myoblasts (30, 50, 63) or fetal=neonatal cardiomyocytes (51,
52, 90), after MI have shown benefit in restoring lost heart
function. The recent identification of various bone marrow
(BM)-derived adult stem or progenitor cells capable of con-
tributing to tissue regeneration has opened the possibility that
these cells can be used to repair damaged heart tissue. Al-
though BM transplantation has long been used in the treat-

ment of hematologic diseases, BM also has stem=progenitor
cells that can give rise to nonhematopoietic cells, including
neural cells (12, 57), skeletal myoblasts (18, 23, 45), cardio-
myocytes (29, 69), endothelium (4, 29, 69), and epithelium of
lung, gut, and skin (44). The nonhematologic plasticity of BM
cells in humans has further been supported by observations
that BM cells can be detected in the brain (104) and heart (11,
46, 58, 79) as fully differentiated brain and cardiac cells after
BM or heart transplantation.

Various BM cells have been examined for their ability to
repair myocardial damage, and initial animal and limited
human studies to date have shown therapeutic benefit. Con-
troversy exists about the fate of transplanted cells and the
therapeutic mechanism of BM cell therapy in the heart. In this
review, we cover the various types of BM cells used to treat
myocardial damage and their therapeutic effect in animal
experiments and human clinical studies. We also review the
mechanisms underlying the beneficial effect of BM cells on
ischemic heart diseases.

Stem and Progenitor Cells in Bone Marrow

Before discussion of stem and progenitor cells in BM, we
outline the difference between a stem cell and a progenitor
cell. A stem cell is a cell that can self-renew and also can give
rise to differentiated progeny, whereas a progenitor cell is a
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generic term for a dividing cell that can differentiate without
evidence of self-renewing capability (95).

Endothelial progenitor cells

The development of the vascular system consists of two
processes: vasculogenesis and angiogenesis. Vasculogenesis
refers to the de novo formation of blood vessels from endo-
thelial progenitor cells (EPCs) or angioblasts that differentiate
into endothelial cells (ECs) (83), whereas angiogenesis is ex-
tension of preexisting vasculature by the sprouting of new
capillaries through migration and proliferation of ECs (14).
Until recently, vasculogenesis was thought to be restricted to
embryonic development, whereas angiogenesis was consid-
ered to be responsible for neovascularization in embryos and
adults. Now, postnatal vasculogenesis has been reported with
the discovery of BM-derived EPCs, which circulate in adult
peripheral blood (5), home to ischemic tissue, and incorporate
into foci of neovascularization (6), leading to de novo blood
vessel formation to augment oxygen and nutrient delivery to
the ischemic tissue.

Diversity of EPC phenotypes. The definition of EPCs is
complicated by the scarcity of specific or unique markers for
EPCs. It is now apparent that different subsets of peripheral or
BM-derived cells, including HSCs, monocytes, and circulating
ECs, can differentiate into endothelium-like cells. BM-derived
circulating EPCs (CEPCs) in the adult peripheral blood ex-
press a subset of HSC markers (43, 92). Human CEPCs can be
identified as cells expressing CD34, CD133, and vascular en-
dothelial growth factor receptor-2 (VEGFR-2) markers (20, 73,
92). CD133 (AC 133) is expressed in the immature HSCs,
which can differentiate into endothelium-like cells involved
in neovascularization but is absent in the mature ECs
(20, 73). Furthermore, CD34þ=VEGFR-2þ cells, expressing
CXCR4 chemokine receptor, likely reflect immature progen-
itor cells (106). Ex vivo expanded human peripheral blood–
derived EPCs expressed various EC markers, such as CD31,
CD34, KDR, and VE-cadherin, bind lectins, and uptake Dil-
acetylated low-density lipoprotein. The transplantation of
these cells into ischemic tissue augments neovascularization
with the incorporation of transplanted cells into new vessels
as ECs (35). The uncertainty of definition of EPCs has been
emphasized by the endothelial differentiation capacity of BM
or peripheral blood–derived CD14þ cells or monocytes (80,
88, 103). Several studies suggested the overlap between en-
dothelial phenotypes and monocytes, indicating that tradi-
tional endothelium-specific markers such as CD31, CD105,
CD144, CD34, Tie-2, VEGFR-2, acetylated low-density lipo-
protein uptake, and Ulex europaeus agglutinin-1 binding can-
not specifically distinguish between EPCs and monocytes
(80, 88, 114).

The origin of EPCs is further obscured by the two distinc-
tive types of EPCs arising from different culture methods (53).
‘‘Early EPCs’’ are derived mainly from mononuclear cells or
monocytes and do not proliferate after a few weeks (22, 27, 35,
37, 61, 80). Conversely, ‘‘Late EPCs’’ form colonies after >2
weeks in culture, have a cobblestone morphology, and rap-
idly proliferate (27, 115). The distinctive characteristics of
these two types of EPCs are reinforced by the different ex-
pression of cell-surface markers. Early EPCs express panleu-
kocyte and monocytic=macrophage markers such as CD45,

CD11b, and CD14, whereas late EPCs do not. Early EPCs are
also therapeutically effective in vivo, whereas evidence for
therapeutic efficacy of late EPCs is limited (27, 115).

Recently, human adult peripheral blood (PB)- and umbili-
cal cord blood (CB)-derived endothelial colony-forming cells
(ECFCs) with high proliferative potential, which have almost
identical characteristics to outgrowth endothelial cells (OECs)
or late EPCs, were reported. The isolation method for ECFCs
is similar to those reported for OECs. For culturing ECFCs, PB
MNCs or CB MNCs are harvested and seeded on collagen
type I–coated dishes, cultured for 1 day, nonadherent cells
removed, and only adherent cells cultured (28, 114). Colonies
of ECFCs emerge between 5 and 22 days after plating as
monolayers of cobblestone-appearing ECs. ECFCs can form
de novo vessels in vitro and have a phenotype indistinguish-
able from that of cultured ECs. However, their direct dif-
ferentiation into ECs in vivo was demonstrated only by
epifluorescent microscopy but not confirmed by rigorous
imaging technologies with confocal imaging or in situ hy-
bridization. Because of their similarities to fully differentiated
ECs, their participation into new vessel formation in vivo is
still questionable.

Controversies on the transdifferentiation potential of
EPCs in vivo. Transdifferentiation of EPCs and whether
this transdifferentiation plays a main role in the therapeu-
tic benefit of EPCs in recovering cardiovascular function is
controversial. Several recent studies demonstrated transdif-
ferentiation of human peripheral blood CD34þ cells into en-
dothelial lineage cells with incorporation into blood vessels
(75, 112). However, other investigators claim that BM-derived
cells do not transdifferentiate or incorporate into vessel walls
(66, 118). These discrepancies may be due to the difference in
cell types, the use of different animal models used to look for
transdifferentiation, or the application of less or more rigor-
ous criteria to define transdifferentiation. Considering these
controversies, more-sophisticated methods with rigorous
criteria, such as z-stacked confocal imaging and long-term
in vivo tracking, are needed to elucidate the role of transdif-
ferentiation of EPCs or more fundamentally to address the
nature and identity of EPCs. Therapeutic mechanisms of EPCs
in cell therapy in vivo also remain to be better characterized.

Hematopoietic stem cells

A hematopoietic stem cell (HSC) is a cell that can self-renew
and give rise to all blood cells. The transplantation of a single
HSC can constitute all hematopoietic cells in an organism, and
a HSC fulfills the requirements for being a stem cell (i.e., self-
renewal capacity and potential to generate differentiated
progeny). The use of HSCs to repair an infarcted myocardium
in a murine model has been investigated (69). Recent studies
have suggested the possibility that specific stem cell popula-
tions derived from murine BM could regenerate most of the
key elements of myocardium and ameliorate ischemic car-
diac dysfunction. The more-versatile potential of BM-derived
HSCs has been documented with the use of side-population
cells (cells characterized by their ability to expel Hoechst dye)
(21) and with lineage-negative, c-kit–positive cells (cells that
express a specific protein known as a tyrosine kinase, which
adds phosphate groups to the amino acid tyrosine in other
proteins; Lin�c-kitþ) (68); both of which differentiated into
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ECs, vascular smooth muscle cells (SMCs), and cardiomyo-
cytes in a murine MI model (29, 69). However, other studies
suggested that HSCs do not readily acquire a cardiac phe-
notype in the injured heart, despite the improvement in
ventricular function in the HSC-transplanted group (62).
These studies were all performed with murine HSCs, and
currently no studies have been performed with the human
counterpart of these stem cells.

In terms of clinical application, the lack of these HSCs in
BM and the unavailability of culture-expansion techniques
may limit the therapeutic application of HSCs in ischemic
heart diseases.

Mesenchymal stem cells

Nonhematopoietic mesenchymal stem cells (MSCs) are a
common source of adult stem cells. They can be isolated from
various tissues, have high proliferation capability, and are
easy to collect. BM-derived MSCs have shown multilineage
differentiation capacity (78). Both in vivo and in vitro studies
have demonstrated that MSCs can undergo cardiomyogenic
differentiation (91, 100, 107). This cardiomyogenic differenti-
ation capacity was demonstrated with both human and ani-
mal MSCs. However, differentiation of MSCs into ECs has
not yet been demonstrated clearly. Paracrine effects of MSCs
have also been demonstrated. Media from MSC cultures exert
therapeutic effects similar to those of direct MSC therapy,
suggesting that paracrine effects via released cytokines may
play a major therapeutic role in MSC therapy. Also, another
group demonstrated that, in a model of murine hindlimb is-
chemia, MSC transplantation enhanced tissue repair via se-
cretion of multiple cytokines, including vascular endothelial
growth factor (VEGF), fibroblast growth factor-2 (FGF-2), and
placental growth factor (PlGF), rather than incorporation of
MSCs into new or remodeling tissues (39–41).

Others reported that MSC viability can be enhanced with
gene transfection [heme oxygenase-1 plasmid and adenoviral
Akt (71)] with greater therapeutic effect on the injured myo-
cardium. Recently, it was reported that direct MSC injec-
tion by using catheter is safe, reduces fibrosis, and augments
myocardial regeneration (3). Another group demonstrated
that MSC treatment decreases myocardial scar and improves
cardiovasculogenesis (32).

The advantage of MSCs for potential clinical application
lies in the ease of acquisition and isolation, high expansion
capability in culture, and low immunogenicity. The low im-
munogenicity can render MSCs more-attractive candidate
cells for treatment of MI because of their capability for mod-
ulating inflammatory reactions in acute MI and the utility of
the allogeneic approach (reviewed in ref. 59). This extensive
capacity for clinical scale expansion in vitro has facilitated the
development of preclinical models as well as clinical studies
designed to assess the safety, feasibility, and efficacy of MSC
transplantation in a variety of diseases. However, the use of
animal serum for culture expansion restricts the growth of
pilot clinical trials with MSCs in humans.

Other multipotent bone marrow–derived
stem and progenitor cells

A novel adult stem cell population, BM-derived multi-
potent stem cells (BMSCs), was clonally isolated from human
and rat, beginning at the single-cell level from mixed total BM

cell culture (117). Clonally isolated BMSCs exhibited unlim-
ited self-renewal in culture for >140 population doublings
and differentiated into three germ layers (endoderm, meso-
derm, neuroectoderm). None of the characteristic marker
panels (e.g., CD34, CD44, CD90, CD105, and CD117) defining
HSCs, MSCs, and multipotent adult progenitor cells (MAPCs)
match the profile of human BMSCs. The minimal expression
of surface molecules appears to be a prerequisite for the
plasticity of human BMSCs, as shown in other adult multi-
potent stem cells. The characteristics of BMSCs that distin-
guishes them from HSCs include absence of HSC marker
expression, ex vivo expansion with an adherent culture sys-
tem, and differentiation potential to give rise to three germ-
layer cells. BMSCs are also distinct from MSCs because of a
different expression pattern of surface markers, ex vivo culture
expansion on fibronectin-coated dishes, and the potential to
differentiate into endodermal and ectodermal cells. Direct
transplantation of human BMSCs into acutely infarcted
myocardium attenuated cardiac dysfunction both by de novo
differentiation into heart tissue, such as cardiomyocytes, ECs,
and SMCs, and by paracrine (noncellular differentiation
mechanisms) effects of transplanted cells. Furthermore, en-
grafted human BMSCs have been demonstrated to provoke
proliferation of host myocardial cells and prevent apoptosis of
host myocardial cells after ischemic injury, suggesting that
endogenous angio=arteriogenesis and cardiomyogenesis
could occur after stem cell transplantation (49, 117). It seems
that augmenting cell-to-cell contact and multiple paracrine
effects could lead to a higher degree of endogenous cardio-
myogenesis and angiogenesis, as well as the differentiation of
local stem cells.

The potential advantages of human BMSCs with respect
to their potential for treating cardiovascular diseases in-
clude their culture expandability, the higher engraftment
rate in ischemic and infarcted myocardium, and the demon-
strated multifunctional capacity for cardiovascular tissue
regeneration. Conversely, the difficulty of culturing tech-
niques and the use of large quantities of animal serum are
some of the hurdles that must still be overcome before en-
tering the clinic.

A subpopulation of BM cells referred to as MAPCs has been
isolated and shown to possess the most versatile potential of
adult stem cells to date. MAPCs can be clonally expanded,
proliferate indefinitely without obvious genetic instability,
and differentiate into cells of all three embryonic germ layers
in vitro (33, 81, 82, 89). When they are injected into blasto-
cysts, chimerism can be detected in most if not all somatic
tissues. On transplantation into a non-irradiated or minimally
irradiated host, MAPCs engraft and differentiate into the
hematopoietic lineage, as well as other lineages. MAPCs are
distinguished from MSCs and BMSCs by the expression of
embryonic stem cell markers such as Oct4, the use of multiple
cytokines for cultivation, and the requirement of leukemia
inhibitory factor for ex vivo expansion of murine MAPCs.
However, MAPCs showed minimal engraftment into the
myocardium after being injected into the embryonic blas-
tocysts. The therapeutic, engraftment, and differentiation
potentials of MAPCs are controversial in the study of car-
diovascular disease models (74). Furthermore, the require-
ment of multiple expensive cytokines to culture MAPCs and
the difficulty of culture techniques renders them less attractive
for clinical use.
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Therapeutic Effect of BM Cells: Animal
and Human Studies

Our group and others investigated the effects of EPCs in a
rat model of MI. EPCs expanded ex vivo and systemically
administered after MI incorporate into foci of myocardial
neovascularization and have a favorable impact on preser-
vation of left ventricular function. Direct intramyocardial in-
jection of human CD34þ cells has also been shown to induce
new blood-vessel formation in the infarct vascular bed and to
promote proliferation of preexisting vasculature after exper-
imental MI of rats (37, 38, 43).

Other simplified approaches using unselected (19) or se-
lected BM or peripheral blood mononuclear cells fractions (36,
93), based on the premise that BM or peripheral blood cells
would include multiple cytokines and stem=progenitor cell
populations, which could augment neovascularization in is-
chemic tissue, were reported to be successful in improving
cardiac function after various models of myocardial ischemia.
Our group, however, found potential adverse effects after
adult BM cells transplantation (116). We observed unexpected
severe intramyocardial calcification after direct transplanta-
tion of syngeneic unselected BM cells into the infarct myo-
cardium (116). One of the possible contributing factors for the
calcification may be the harsh local milieu in the infarcted
myocardium that favors the deposition of calcium. Further-
more, uncontrolled (trans)differentiation of multipotent stem
and progenitor cells and proliferation of osteoblasts in the in-
jected cells can be another possible mechanism. However, the
exact mechanism of this calcification remains to be elucidated.

The successful results from initial experimental reports
promoted the initiation of clinical studies. Several random-
ized control studies with different cell types (unselected BM
cells, BM mononuclear cells, cultured EPCs), disease states
(acute MI, chronic heart failure), and route of delivery (in-
tracoronary delivery, injection during bypass surgery, in-
tramyocardial injection) showed mixed results [reviewed in
(85)], probably owing to these differences in study parame-
ters. A recent meta-analysis based on the data from random-
ized control trials of BM cell treatment for acute MI revealed

mild, but statistically significant improvement of heart func-
tion over control groups and potential safety of the treatment
(55) and proposed the necessity for further study to determine
the optimal cell type, dose, and long-term outcome. Taken
together, these results suggest the possibility of BM cell ther-
apy as an adjunct to reperfusion therapy for acute MI.

However, in contrast to the favorable outcome of BM
cell therapy, a recent multicenter, randomized, placebo-
controlled, double-blind study showed that transfer of au-
tologous skeletal myoblasts (non-BM cells) to the patient with
left ventricular dysfunction did not improve heart function,
but increased arrhythmic events, warranting further investi-
gation with myoblasts (56).

Mechanism of the Therapeutic Effect

In this section, we address the mechanisms of beneficial
effects of BM-derived cells from two points of view: the role
of BM cells or host tissue or both, and the pathophysiology of
myocardial damage and regeneration. First, we describe the
function of transplanted BM cells and host tissue cells. The
role of transplanted cells will include transdifferentiation into
or fusion with cardiac cells and their paracrine effect. Then,
we address the pathophysiologic mechanisms underlying the
myocardial damage and regeneration by BM cells.

The role of BM cells

Transdifferentiation versus fusion

Transdifferentiation. The loss of cardiac cells with resultant
functional decline of the heart is a key pathogenic component
of MI. Thus, the regeneration of lost cardiac cells by differ-
entiation of BM cells into cardiac cells has been a major goal of
cell therapy for ischemic heart disease. Initially, two groups
reported the transdifferentiation of hematopoietic cells from
BM into cardiomyocytes, ECs, and SMCs in an experimental
model of MI (29, 69, 70). However, these results were called
into question by other groups who reported that HSCs adopt
mature hematopoietic fates in ischemic myocardium without
transdifferentiation into cardiac cells (9, 62). The discrepancy

FIG. 1. A method to distinguish differen-
tiation from fusion in coculture system. DiI-
labeled bone marrow–derived multipotent
stem cells (BMSCs) and carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE)-
labeled neonatal rat cardiomyocytes (CFDA-
SE-NRCM) are cocultured under direct contact
and stained with cardiac troponin I (cTnI)
to identify cardiomyocytes. Cells double-
positive for DiI and cTnI are regarded to
differentiate into cardiomyocytes without
fusion, and those triple-positive for DiI, cTnI,
and CFDA-SE are fused BMSCs with cardi-
omyocytes. D, differentiation; F, fusion. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article at www.liebertonline.
com=ars).
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in the results may arise partly from the different methods used
to determine the fate of transplanted cells, as Murry et al. (62)
suggested: whereas Orlic et al. (68) used fluorochrome-
conjugated antibodies that detect proteins specific to certain
types of cardiac cells, Murry et al. created intrinsic genetic
markers, such as a cardiomyocyte-specific promoter linked to
b-galactosidase reporter, which can be recognized without
antibody staining. However, the results of Balsam et al. (9) are
hard to reconcile with those of Orlic et al. because the Balsam
group was not able to reproduce the experiments of the Orlic
group by using similar methods. Differences in anesthesia or
surgical techniques might have contributed to the discre-
pancies. In summary, transdifferentiation of HSCs into car-
diomyocytes in vivo is currently controversial.

BM-derived MSCs have also been reported to differentiate
into cardiomyocytes in vitro and in vivo. For example, bro-
modeoxyuridine (BrdU)-labeled rat MSCs (101), DiI-labeled
swine MSCs (91), and b-galactosidase (LacZ)-expressing
adenovirus-infected human MSCs (100) differentiate
into cardiomyocytes, as suggested by the expression of
cardiomyocyte-specific proteins in vivo. Furthermore, cardi-
omyocytes can be generated from BM-derived MSCs in vitro
(24, 54). However, as in HSCs, the differentiation of MSCs into
cardiomyocytes has recently been challenged (16). BMSCs
(117) and MAPCs (33) are BM-derived stem cells that have
also been studied in cardiac regeneration. BMSCs differentiate
into cardiac cells, including cardiomyocytes, ECs, and SMCs
in vitro and in vivo (117). MAPCs also differentiate into car-

diomyocytes in vitro. However, in vivo differentiation of
MAPCs in the setting of myocardial injury has not been re-
ported because of the inability to detect it 1 week after
transplantation (74). Peripheral blood–derived human adult
EPCs differentiate into functional cardiomyocytes in vitro
when cocultured with paraformaldehyde-fixed cardiomyo-
cytes (8). However, in vivo cardiac transdifferentiation of
EPCs has not been demonstrated.

Fusion. Most or all of these reports that BM cells can un-
dergo differentiation into cardiac cells are based on the fol-
lowing approach: donor cells are prelabeled with genetic
markers [green fluorescent protein (GFP) or LacZ] or chemical
dyes (DiI or BrdU), transplanted into a recipient host, and
tracked by these markers (Table 1). Differentiation is defined
as co-expression of these tracking markers with concurrent
expression of specific cell markers.

However, this approach cannot rule out the fusion of the
BM-labeled cells with host cells (Fig. 1). The phenomenon of
fusion as a mechanism for apparent differentiation was first
demonstrated by two groups when somatic cells such as BM
mononuclear cells (99) and brain cells (113) spontaneously
fused with embryonic stem cells in vitro with subsequent
epigenetic reprogramming of the somatic cells into embryonic
stem cells. These results were reproduced in vivo by using
state-of-the-art genetic tools, which demonstrated fusion, not
true transdifferentiation, as the main mechanism of cardio-
myocyte generation from BM cells (2) (Fig. 2A). Nigren et al.

FIG. 2. Methods to determine cell fusion or
transdifferentiation from BM cells. (A) Bone mar-
row (BM) cells are isolated from mice with constitu-
tive Cre recombinase (Cre) and green fluorescent
protein (GFP) protein expression and transplanted
into lethally irradiated mice in which a stop cassette
is floxed before the b-galactosidase (LacZ) reporter
gene. Fused cells express LacZ via Cre-mediated re-
combination of floxed stop cassette and also express
GFP, whereas transdifferentiated cells express only
GFP. Donor cells express only GFP, whereas recipient
cells express neither GFP nor LacZ. (B) BM cells are
isolated from mice with constitutive GFP expression
and transplanted into lethally irradiated mice with
constitutive LacZ expression. Fused cells express
both GFP and LacZ, and true transdifferentiation
cells express only GFP. Donor cells express only GFP,
and recipient cells express only LacZ. (For interpre-
tation of the references to color in this figure legend,
the reader is referred to the web version of this article
at www.liebertonline.com=ars).
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(64) also tested the transdifferentiation of BM cells into car-
diomyocytes by using various approaches including direct
injection of hematopoietic cells and cytokine-induced mobi-
lization of BM cells with cardiac-restricted (a-actin promoter)
and constitutively active (b-actin promoter) enhanced GFP
(EGFP)=Cre recombinase-expressing donors and floxed LacZ-
expressing recipients (64) (Fig. 2B). They found that cytokine
mobilization, but not direct intramyocardial injection of BM
cells generated cardiomyocytes at a low frequency through
cell fusion, but not transdifferentiation. In contrast to BM cells,
however, stem and progenitor cells derived from the heart can
undergo true differentiation into cardiomyocytes in vivo
without cell fusion (10, 67, 77). The lack of evidence for true
transdifferentiation of BM cells into cardiomyocytes without
fusion is also compatible with the results of two studies
showing that cell fusion is the principal source of BM-derived
hepatocytes (105, 108). Recent studies demonstrated the fu-
sion of BM cells with hepatocytes with resultant restoration of
liver function in a mouse model of liver disease (47, 105). The
smaller magnitude of heterotypic fusion between BM cells
and cardiomyocytes suggests that fusion may not be a main
mechanism of therapeutic effects for BM-derived cells for the

heart. It has not been demonstrated that BM cells can make
cardiomyocytes without fusion, even though the plasticity of
BM cells for other types of cells, such as hepatocytes and ep-
ithelial cells in the lung, liver, and skin, has been reported
without cell fusion (25, 31).

Recent studies show that injuries or inflammation of the
tissue induces the BM cells to form heterotypic-fusion hybrids
with cardiomyocytes, skeletal muscle, hepatocytes, and Pur-
kinje neurons (34, 65). However, the functional implication of
the fusion of BM cells with cardiomyocytes has not been
elucidated.

Lack of evidence for direct contribution of BM cells to fully
functional cardiomyogenesis. As functional cardiomyocytes
contract in an electromechanically orchestrated manner, the
expression of cardiomyocyte-specific markers and fusion
with recipient cardiomyocytes by bone marrow cells are not
enough to prove the direct contribution of BM cells to the gen-
eration of functional cardiomyocytes. The evidence of electro-
mechanical integration of the transplanted cells into the host
myocardium is required to prove that the transplanted cells
undergo phenotypic change into functional cardiomyocytes.

FIG. 3. The sustained upre-
gulation of the humoral fac-
tors in ischemic myocardium
after cell transplantation is
attributable to host cells. To
determine whether the upre-
gulated cytokines after cell
transplantation into infarcted
myocardium were derived
from injected donor cells or
recipient host cells, human
EPCs were transplanted into
immunocompromised nude
mice, and the levels of cyto-
kines were measured by both
human- and mouse-specific
primers and probes for each
cytokine, such as VEGF or
FGF-2. The expression levels
of cytokines from human EPCs
(donor cells) were at their
highest levels at day 1 and
decreased to an undetectable
range within 7 days. Most of
the mouse (host)-specific cy-
tokine levels continued to in-
crease after day 1 and were
maintained at higher than the
baseline levels over a 14-day
period (n¼ 5 per each time
point). Individual values were
normalized to GAPDH and
shown as fold difference from
the values at day 1. VEGF-A,
vascular endothelial growth
factor-A; FGF-2, fibroblast
growth factor-2; Ang-1, angiopoietin-1; Ang-2, angiopoietin-2; PlGF; placental growth factor; HGF, hepatocyte growth
factor; IGF-1, insulin-like growth factor-1; PDGF-B, platelet-derived growth factor, B polypeptide; SDF-1, stromal cell–derived
factor-1. Originally published in Journal of Experimental Medicine (DOI: 10.1084=JEM20070166; ref. 15). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.
com=ars).
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After transplantation, fetal or neonatal cardiomyocytes
have been demonstrated to be electromechanically integrated
into the normal heart, as evidenced by intravital imaging
studies (71, 86, 119). Rubart et al. (86) demonstrated synchro-
nous calcium transients in adjacent engrafted fetal and adult
host cardiomyocytes by using multiphoton microscopy, and
Zimmermann et al. (119) showed the electromagnetic inte-
gration of the transplanted neonatal cardiomyocytes in the
infracted heart. Furthermore, Ott et al. (71) made beating hearts
by using neonatal cardiac cells and decellularized matrix.

In contrast to fetal and neonatal cardiomyocytes, however,
no convincing evidence for electrical or mechanical activation
and integration of transdifferentiated or fused transplanted
BM-derived cells has been reported, suggesting that the direct
contribution by BM cells to fully functional cardiomyocytes
remains unproven.

Paracrine effect. Therapeutic effects of BM-derived cell
therapy on ischemic heart correlate poorly with generation of
new cardiomyocytes, either by fusion or by transdifferentia-
tion. Accordingly, paracrine effects have been proposed as a
dominant mechanism of beneficial effect of BM cells. All BM
cells that have been shown to be effective in the treatment of
myocardial damage also secrete various angiogenic factors.
Fuchs et al. (19) reported that BM cells released factors such as
VEGF and monocyte chemotactic protein-1 (MCP-1), which
increased the proliferation of host ECs in a dose-dependent
manner. Kamihata et al. (36) showed that BM-derived MNCs
express FGF-2�VEGF> angiopoietin-1 and that intramyo-
cardiac injection of BM-derived MNCs increased cardiac
levels of these angiogenic factors. Kinnaird et al. (39) showed
that MSCs expressed wide array of arteriogenic cytokines,
with hypoxic stress as one stimulus. MSCs in culture secreted
VEGF, FGF-2, PlGF, and MCP-1 into the medium, and this
conditioned medium enhanced proliferation of ECs and SMCs
in a dose-dependent manner in vitro. The injection of the MSC-
conditioned media also augmented the recovery of ischemic
hindlimb in vivo. Cultured EPCs secrete VEGF, hepatocyte
growth factor (HGF), granulocyte–colony-stimulating fac-
tor, and granulocyte–monocytes colony-stimulating factor
in vitro (80), and intramyocardiac EPC transplantation in-
duced prolonged expression of these factors in the ischemic
heart. Overall, paracrine effects of BM-derived cells promote
angiogenesis (19, 36), prevent the apoptosis of cardiac cells
(43, 102), and activate resident cardiac stem=progenitor cells
(15).They may also be the dominant therapeutic mechanism of
BM-derived cell therapy.

The role of host tissue cells

Paracrine effect. The role of host tissue on the beneficial
effect by BM cells was reported in an ischemic hindlimb
model. Tateno et al. (97) treated 29 patients with ischemic
lower-limb disease with implantation of peripheral mono-
nuclear cells. Twenty-one of 29 patients’ conditions were
ameliorated, whereas the remaining eight patients did not
show a response to the treatment. The comparison of the re-
sponders with nonresponders disclosed that the plasma levels
of C-reactive protein, interleukin-1b (IL-1b), interleukin-6
(IL-6), and VEGF were higher in the responders. C-reactive
protein is an inflammatory biomarker (111), and IL-1b, IL-6,
and VEGF are angiogenic and inflammatory cytokines.

To determine the role of IL-1b, they transplanted wild-type
mononuclear cells into IL-1b–deficient mice, and IL-1b–
deficient mononuclear cells, into wild-type mice. The im-
plantation of IL-1b–deficient mononuclear cells improved
the limb ischemia as efficiently as that of wild-type cells by
increasing IL-1b in the ischemic tissue. However, transplan-
tation of wild-type mononuclear cells into IL-1b–deficient
mice failed to induce neovascularization, suggesting that
IL-1b from host tissue plays a role in cell therapy–induced
neovascularization.

Recently, our group clearly addressed the critical role of
host tissue for sustained humoral effect of cell therapy in an
MI model (15). We transplanted human EPCs into the ische-
mic myocardium of athymic mice and observed that most of
transplanted cells disappeared from the heart within a week.
However, EPC transplantation upregulated the levels of
multiple cytokines associated with angiogenesis, antiapop-
tosis, cell proliferation, and BM cell mobilization for at least
2 weeks in the heart tissue.

To explore the origin of the beneficial cytokine produc-
tion, human and mouse specific primers and probes for each
cytokine were designed. Real-time reverse transcription–
polymerase chain reaction with these primers and probes
showed that the expression levels of cytokines from the
transplanted human cells were rapidly decreased to unde-
tectable range within a week, whereas those from host
(mouse) cells were increased 1 day after the transplantation
and maintained over a 2-week period (Fig. 3), suggesting that
sustained upregulation of beneficial cytokines was derived
from host cells, but not from the transplanted cells (Fig. 4).
This study further suggests that patients with severely dam-
aged hearts or peripheral muscles may not properly respond
to BM cell therapy.

Activation of endogenous cardiomyocytes. In addition to
the secretion of beneficial cytokines, BM-derived cell therapy
may activate endogenous cardiac progenitors to repair dam-
aged heart tissue. The presence of endogenous cardiac stem
and progenitor cells has been reported by several groups (10,
26, 48, 67, 77). Hierlihy et al. (26) first reported the presence of
stem cell–like populations of cells from the heart by using
their ability to efflux fluorescent dye, Hoechst 33342. Stem
cells capable of excluding Hoechst were first identified by the
Goodell group (21) as HSCs from BM, and they were termed
side population (SP) cells. Since then, the Hoechst-exclusion
method has been used to identify tissue-specific stem pro-
genitor cells in other tissues, including skeletal muscle, lung,
liver, heart, testis, kidney, skin, brain, and mammary gland, as
well as heart [reviewed in (21)].

Coculture of cardiac SP cells with cardiomyocytes induced
differentiation of SP cells into cardiomyocytes with the bio-
chemical and electromechanical phenotype of cardiomyo-
cytes in vitro (77). When transplanted into injured heart, the
cardiac SP cells underwent differentiation into cardiac cells,
including cardiomyocytes, ECs, and SMCs (72). Yamahara et al.
(110) recently reported that cardiac SP cells are heterogeneous
and include ECs, SMCs, mesenchymal stem=progenitor cells,
and potentially cardiomyogenic cells. Pfister et al. (77) added
CD31�Sca 1þ as another selection marker to obtain more en-
riched cardiomyogenic cells out of SP cells. For another type
of cardiac stem cells, Beltrami et al. (10) isolated c-kitþ cells
from the adult rat hearts and showed that these cells can be
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clonally expanded in vitro and undergo differentiation into
cardiac cells, including cardiomyocytes, ECs, and SMCs both
in vitro and in vivo. Two additional cardiac progenitor cells
were identified by using other stem cell markers such as Sca-1
(67) and LIM-homeodomain transcription factor islet-1 (isl1)
(48). As all these cardiac progenitor cells appear to be distinct
from each other, the heart may have more than one endoge-
nous progenitor population.

However, despite the presence of these resident progenitor
cells, the function of these cells appears to be limited, as the
majority of damaged cardiac tissue is replaced by non-
contractile scar tissue. Several explanations for the restricted

regenerative function of endogenous cardiac stem and pro-
genitor cells are possible. The harsh microenvironment in the
damaged heart may inhibit proliferation, migration, and dif-
ferentiation of endogenous cardiac stem and progenitor cells
or damage the immature cardiac cells differentiated from
cardiac stem and progenitor cells. Additionally, this highly
inflammatory milieu may enhance the proliferation of the
scar-forming fibroblasts. However, the exact mechanism un-
derlying the limited function of cardiac stem and progenitor
cells remains to be explored.

It may be speculated that the favorable effects of BM cells
might arise from either the augmentation of the regenerative
capacity of these endogenous cardiac progenitor cells or the
addition of new cardiac progenitor cells. In support of this
hypothesis, our group showed that the transplantation of
BMSCs increased BrdU- and Ki67-positive host ECs and car-
diomyocytes, suggesting augmented angiogenesis and en-
dogenous cardiomyogenesis (117). Mouquet et al. (77) also
reported that mobilized BM cells contribute to cardiac SP cells
after MI.

The pathophysiology of myocardial regeneration
by BM cells

Muscular regeneration or repair?. As loss of contractile
cardiac tissue plays a crucial role in aggravation of heart
function after MI, the replacement of necrotic=scarred myo-
cardium with viable new muscle is important in the treatment
of ischemic heart diseases with large infarctions. Initial studies
using cultured fetal or neonatal cardiomyocytes provided
evidence for the possibility of muscular regeneration by
showing that the transplanted cells were stably engrafted into
the myocardium and formed cardiac tissue (51). The proof-
of-concept of muscular regeneration by transplantation of
cultured cardiomyocytes was further supported by recent
studies demonstrating that transplanted cardiomyocytes can
form contractile myocardial tissue with electromechanical
integrity with adjacent host cardiac tissue (86, 119). However,
it likely will not be feasible for BM cells, either through
transdifferentiation or fusion, to generate a significant mass of
cardiomyocytes, given the low rate of differentiation of BM

FIG. 4. The role of host cells for sustained paracrine or
humoral effects in ischemic myocardium after EPC trans-
plantation. When endothelial progenitor cells (EPCs) are
transplanted into ischemic myocardium, the transplanted cells
release beneficial biologic factors in the beginning. However,
over the 2-week period, the transplanted cells gradually dis-
appeared, and thus the expression level of the factors de-
creased. In the later phase, the host cells that have been
stimulated by the transplanted cells, secrete beneficial cyto-
kines, and maintain the humoral effects >2 weeks. Yellow
arrows, the secretion of beneficial cytokines. (For interpreta-
tion of the references to color in this figure legend, the reader
is referred to the web version of this article at www.
liebertonline.com=ars).

FIG. 5. BM cell therapy attenuates
the adverse remodeling of the heart
after myocardial infarction. Myocardial
infarction is caused by occlusion of
coronary arteries that supply oxygen and
nutrients to the myocardium. In myo-
cardial infarction without bone marrow
(BM) cell transplantation, the damaged
myocardium undergoes adverse re-
modeling, in which myocardial walls
undergo thinning and the cardiac size
expands over time, leading to dilative
cardiac failure. When BM cells are
applied, the ischemic myocardium in the
border zone is partly salvaged by mul-
tiple cardioprotective effects of BM cells,
which mitigate the thinning of infarcted
wall and the expansion of the infarcted
segment. This eventually attenuates cardiac-chamber dilatation and cardiac dysfunction. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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cells into cardiomyocytes. From current evidence of low en-
graftment, it is possible but also unlikely that inducing car-
diomyogenesis from endogenous cardiac stem=progenitor
cells by BM cell therapy may yield a clinically meaningful
cardiac mass.

Prevention of adverse remodeling. After MI, the injured
wall becomes thin, and the ventricular cavity dilates over
time, leading to a deterioration of heart function. This
postinfarct remodeling is attenuated by b-blockers and
angiotensin-converting enzyme inhibitors without muscular
regeneration. The remodeling of the heart after myocardial
damage has been suggested to be attenuated by cell therapy
by using cardiomyocytes (17, 60, 90), skeletal myoblasts (7, 30,
98), and BM-derived cells (43, 91) (Fig. 5). Early neovascu-
larization induced by transplantation of BM-derived cells
prevented late myocardial remodeling by salvage of intrinsic
cardiomyocytes (43). Furthermore, MSC-transplanted hearts
had much thicker infarct scars and reduced ventricular dila-
tion, suggesting that MSC therapy preserves heart function by
prevention of remodeling (91).

Vascular regeneration through angiogenesis. In MI, most
cells in the infarct center undergo necrosis, whereas cells in the
periinfarct area survive. However, periinfarct cells are exposed
to prolonged ischemia and can undergo apoptosis over time,
leading to additional loss of contractile tissue and progressive
dysfunction of the heart (13). Therapeutic intervention that can
enhance the blood flow to the chronically ischemic cardiac cells
may rescue endangered cardiomyocytes (1) (Fig. 6), enhance
the electrical stability, and prevent infarct remodeling (87). All
types of BM cells used for cardiac cell therapy have been
shown to increase the number of blood vessels in the myo-
cardium and ischemic hindlimb, including BM-derived
mononuclear cells (36, 42, 96), EPCs (38), and MSCs (94).

In contrast to BM cells, fully differentiated mature ECs were
not reported to improve neovascularization after ischemia
(35, 43). At present, angiogenic effects of BM cells are more
likely to explain the benefits of cell therapy rather than vas-
culogenic effects (differentiation into ECs).

Conclusion: Open Questions and Closing Perspectives

Progress in myocardial regeneration by using BM-derived
cells has been rapid, with pilot clinical trials already showing
the safety and efficacy of BM cell therapy in ischemic tissues.
However, several key questions remain unanswered, and
new techniques must be developed to advance this field.
First, methods of cell delivery must be optimized. Despite

FIG. 6. Neovascularization induced by BM cells
salvages the endangered cardiac cells in the ischemic
area. Myocardial infarction is caused by occlusion of
coronary arteries, which supply oxygen and nutrients
to the myocardium. The core of the affected area un-
dergoes acute necrosis due to severe deprivation of
oxygen and nutrients such as glucose, whereas the
surrounding area of the necrotic core has relatively
mild, but chronic ischemia. Without cell therapy, pro-
gressive loss of the endangered cardiomyocytes of the
surrounding area occurs over time. However, when
bone marrow (BM) cells are applied to the affected
myocardium, the endangered cardiac cells are sal-
vaged from further loss. (For interpretation of the
references to color in this figure legend, the reader
is referred to the web version of this article at www.
liebertonline.com=ars).

FIG. 7. Potential multimodal mechanisms underlying the
therapeutic effect of BM cells in myocardial damage. After
transplantation, the engrafted bone marrow (BM)-derived
stem or progenitor cells may undergo differentiation into or
fuse with endothelial cells or cardiomyocytes, leading to
vasculogenesis or exogenous myogenesis. Moreover, the BM
cells can exert humoral effects by secreting various biologic
factors, which induce angiogenesis (growth of preexisting
vessels), endogenous myogenesis (proliferation of host car-
diomyocytes), and prevention of apoptosis of endangered
myocardial cells. Furthermore, the engrafted BM cells may
serve as cellular scaffolds. These multimodal effects (i.e.,
neovascularization, myogenesis, prevention of apoptosis, and
cellular scaffolding) work together and induce favorable
cardiac remodeling and improvement of cardiac function.
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article
at www.liebertonline.com=ars).
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>10 years of work in the field, many parameters have yet to be
optimized, including the route of injection, the number of
cells, the types of cells, and the timing of cell delivery. Second,
mechanisms of the beneficial effects of cell therapy should be
further elucidated (Fig. 7). Even though one plausible mech-
anism of BM cell therapy is the revascularization of the is-
chemic tissue, the involved molecular mechanisms have yet to
be determined. Third, development of therapeutic modalities
to induce both neovascularization and cardiomyogenesis
are required, as both processes are intimately related in
adult heart remodeling and regeneration. Neovascularization
without cardiomyogenesis would lead mainly to revascular-
ization of noncontractile scar tissue, even though some benefit
may be derived from revascularization of periinfarct cardio-
myocytes. Cardiomyogenesis without neovascularization
would lead to apoptosis or necrosis of newly generated car-
diomyocytes.

Notwithstanding the remaining questions and other pos-
sible obstacles in the development of more effective and safe
therapeutic strategies, BM-derived cell therapy holds enor-
mous potential to ameliorate the health of many patients.
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