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Abstract: Congestive heart failure (CHF) has emerged as a major worldwide epidemic and its main causes seem to be the aging
of the population and the survival of patients with post-myocardial infarction. Cardiomyocyte dropout (necrosis and apoptosis)
plays a critical role in the progress of CHF; thus treatment of CHF by exogenous cell implantation will be a promising medical
approach. In the acute phase of cardiac damage cardiac stem cells (CSCs) within the heart divide symmetrically and/or asym-
metrically in response to the change of heart homeostasis, and at the same time homing of bone marrow stem cells (BMCs) to
injured area is thought to occur, which not only reconstitutes CSC population to normal levels but also repairs the heart by dif-
ferentiation into cardiac tissue. So far, basic studies by using potential sources such as BMCs and CSCs to treat animal CHF have
shown improved ventricular remodelling and heart function. Recently, however, a few of randomized, double-blind, pla-
cebo-controlled clinical trials demonstrated mixed results in heart failure with BMC therapy during acute myocardial infarction.
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INTRODUCTION

Congestive heart failure (CHF) has emerged as a
major worldwide epidemic. Its incidence and preva-
lence has continued to increase with the aging of the
population (Hunt, 2005) and the improved treatment
of acute myocardial infarction (AMI) which leads to a
longer post-myocardial infarction survival (Menasche,
2003). Evidences have shown that patients with
ischemic cardiomyopathy may have a worse progno-
sis than patients with nonischemic cardiomyopathy
such as hypertensive and idiopathic dilated cardio-
myopathy (Bart et al., 1997).

Irrespective of the etiology, failing heart is
characterized by cardiac hypertrophy, insufficient
vascularization and cardiomyocyte loss (Anversa et
al., 1993; Fortuno et al., 2001). Cumulative evidences
indicated that the normal heart is not a terminally
differentiated organ (Anversa and Nadal-Ginard,
2002; Beltrami et al., 2001), and a fraction of car-
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diomyocytes may be able to reenter the cell-cycle and
that limited regeneration can occur though recruit-
ment of resident and/or circulating stem cells
(Nadal-Ginard et al., 2003). For example, the human
heart replaces completely its myocyte population ~18
times during the course of life, independently of car-
diac diseases (Anversa et al., 2006). Recent literature
also showed that primitive cells with properties of
stem cells are present in the myocardium; they dwell
in stem cell niches in the adult heart. These cardiac
stem cells (CSCs) divide symmetrically and/or
asymmetrically in response to the change of heart
homeostasis, but asymmetric division predominates
and the replicating CSCs give rise to one daughter
stem cell and one daughter committed cell. By this
mechanism of growth kinetics, the pool of primitive
CSCs is preserved, and a myocyte progeny is gener-
ated together with endothelial and smooth muscle
cells (SMCs) (Urbanek et al., 2006).

Following myocardial damage, homing of bone
marrow stem cells (BMCs) such as endothelial pro-
genitor cells (EPCs) (Leone ef al., 2005) and multi-
potent adult progenitor cells (Jiang et al., 2002a) to
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injured area is thought to occur; the stimulus may be
stem cell factor (SCF) and/or granulocyte col-
ony-stimulating factor (G-CSF) and other cytokines
released from the injured region (Lapidot and Petit,
2002). Thus, although CSC populations are acutely
depleted they are reconstituted to normal levels by
both self-proliferation and selective homing of BMCs
(Fazel et al., 2006; Mouquet et al., 2005). The above
forms the cardiomyocyte regenerating pool (Fig.1).
New cycling cells may constantly enter this pool
through the differentiation of the stem-like cells,
whereas other myocytes continuously exit this pool
when they become terminally differentiated, losing
their capacity to reenter the cell cycle (Urbanek et al.,
2005). Ischemic heart disease and cardiac failure
increase the rate of flux through this transient pool
(Anversa and Nadal-Ginard, 2002), however, because
of insufficient CSC recruitment caused by ischemia
stress (Linke et al., 2005; Urbanek et al., 2005),
and/or functional decline in circulating and BMCs
resulted from aging and environmental risk factors
(Rauscher et al., 2003), this natural regenerative
process is believed to be inadequate in repairing ma-
jor injuries with massive cell lost such as AMI and
CHF.

Replacement and regeneration of functional
cardiac muscle after an ischemic insult could be
achieved by either stimulating proliferation of
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endogenous mature cardiomyocytes and resident
CSCs or by implanting exogenous donor-derived cells.
Thus, new approaches, based on harnessing and ex-
panding the self-renewal potential of the myocardium
and enhancing the recruitment and mobilization of
exogenous donor-derived cells, should improve the
chances to produce true myocardial regeneration that
will maintain or restore cardiac function, and delay the
time or reduce the need for cardiac transplantation.

POTENTIAL SOURCES

To restore function to nonviable infarcted myo-
cardium or to replace the lost heart muscle cells dur-
ing pathological or aging process, optimal cell ap-
proaches should generate contractile cells that inte-
grate both functionally and structurally into the sur-
rounding viable myocardium and develop a network
of capillaries and larger size blood vessels for supply
of oxygen and nutrients to the injured region. The
newly formed cardiomyocytes must integrate pre-
cisely into the existing myocardial wall to augment
contractile function of the residual myocardium in a
synchronized manner and avoid alterations in the
electrical conduction and syncytial contraction of the
heart, potentially resulting in life-threatening conse-
quences.
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asymmetric division
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Fig.1 The cardiomyocyte regenerating pool
The regeneration of cardiomyocytes comes from mitosis of young myocytes and differentiation of resident CSCs. They
go through G1 phase, DNA synthesis, post DNA synthesis, caryokinesis and cytokinesis. However, in pathological
conditions such as myocardial infarction (MI), the injured myocardium may enhance not only differentiating CSCs into
myocytes but secreting cytokines such as stem cell factor (SCF) into circulation and mobilizing bone marrow stem cells
into peripheral blood and then driving them seeding the injured myocardium and differentiating into new myocytes
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Embryonic stem cells (ESCs)

ESCs are very conducive to cell implantation
therapy, mainly because they are pluripotent. These
unique pluripotent cell lines can be propagated in the
undifferentiated state in culture and coaxed to dif-
ferentiate into cell derivatives of all three germ layers,
including cardiomyocytes (Capi and Gepstein, 2006).
A defining characteristic of ESCs is their ability to
give rise to teratoma upon implantation, an obviously
unacceptable outcome within an injured heart (Ott et
al., 2007; Thomson et al., 1998). The human ESCs
can differentiate in vitro into cardiomyocytes having
electrophysiologic, structural, and contractile proper-
ties characteristic of neonatal myocytes (Kehat ef al.,
2001), and even displaying atrial and ventricular
subtypes (Rosenstrauch et al., 2005). ESCs will be the
most promising sources of donor cells for cardiac
regeneration therapy, however, the future work for
cardial regeneration must be dependent on whether
differentiated ESCs to cardiogenic lineage are fully
induced, which matches the basic instinct of CSCs,
otherwise this kind of cell implantation remains to be
settled.

Fetal and neonatal cardiomyocytes

These cells are obtained from fetal and neonatal
hearts, respectively, and then grown in tissue cultures.
In animal models of myocardial infarction, the cells
have been successfully engrafted through epicardial
injection into ischemic myocardium (Scorsin et al.,
1997) and shown to connect with host cells through
intercalated discs containing desmosomes and gap
junctions (Zhang et al., 2001). However, these ex-
citing results are offset by the strong immunogenicity
and small-scale production of engrafted cells and,
above all, by the significant ethical issues raised by
their use (Menasche, 2003).

Skeletal myoblasts (SMs)

Histologically, SMs are committed progenitors
of skeletal muscle cells. Normally, they reside under
the basement membrane of skeletal muscle fibers,
where they remain quiescent until recruited for repair
or regeneration of damaged muscle tissue. Studies in
rats and human being confirmed that implanted SMs
could repopulate scar tissue, resulting in ventricular
wall thickening, elevated left ventricular ejection
fraction (LVEF), and improved contractility (Murry

et al., 1996; Taylor et al., 1998). However, as shown
by fluorescent studies, the engrafted cells also de-
veloped a peculiar phenotype of hyperexcitable
myotubes with contractile activity that was com-
pletely unaffected by neighboring muscle cells
(Leobon et al., 2003). Another investigation showed
that SM-derived myocytes did not necessarily inte-
grate into the surrounding host myocardium, as evi-
denced by the normal expression in vitro versus
downregulated expression in vivo of 2 key proteins
involved in electromechanical cell integration
N-cadherin and connexin-43 (Reinecke et al., 2000).
Thus, intensive studies aimed at improving coopera-
tion between myoblasts and cardiomyocytes in re-
sponse to synchronous electrophysiological stimuli,
including studies using conditioned gene transfer
technologies, are necessary.

Bone marrow stem cells (BMCs)

Adult BMCs mainly consist of hemopoietic stem
cells, EPCs and mesenchymal stem cells (MSCs);
they can be directly enriched from the bone marrow
elements or indirectly from the peripheral circulation
after mobilization with the cytokine treatment; thus
there are no ethical and immunological complications
associated with the use of cardiomyocytes derived
from fetal tissues or ESCs. Whether derived from
peripheral blood or bone marrow, BMCs are readily
accessible and are already part of the current clinical
arsenal for management of hematological diseases so
that BMCs have been used in recent attempts at
myocardial regeneration and neoangiogenesis (Jack-
son et al., 2001; Kamihata et al., 2001).

Among the multipotent cells found in bone
marrow, MSCs seem to be an exciting source for cell
therapy, for which can differentiate into nerve cells,
skeletal muscle cells, and vascular endothelial cells
(Jiang et al., 2002b), and into cells with cardiomyo-
cyte features in vitro, either through exposure to
5-azacytidine (Makino et al., 1999) or coculture with
cardiomyocytes (Rangappa et al., 2003). Furthermore,
these cells are positive for f-myosin heavy chain,
cardiac troponin T, a-cardiac actin and desmin after
differentiation and they exhibit Ca" transients, sev-
eral types of action potentials (Li et al., 2007), and
respond to o and B adrenergic stimulation with an
increase in contractility, phosphorylation of ERK1/2
and an increase in cAMP.
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Cardiac stem cells (CSCs)

A distinct population of CSCs has been isolated
from adult rat heart. These small, primitive cells are
negative for blood lineage markers (Lin ) and positive
for c-kit (c-kit"). They are self-renewing, clonogenic,
and multipotent, with the ability to generate cardio-
myocytes, SMCs, and endothelial cells in vitro and in
vivo (Barile et al., 2007; Leri et al., 2005). When
injected into border zone 5 h after infarction in adult
rats, these CSCs induced the formation of myocar-
dium, composed of cardiomyocytes, capillaries, and
arterioles in the infarcted area (Beltrami et al., 2003).
When delivered in a clinically relevant man-
ner—intracoronary injection, CSCs traverse the ves-
sel barrier, regenerate infarcted myocardium, and
improve cardiac function (Dawn et al., 2005). In the
nonmyocyte fraction of mouse heart, a resident
population of CSCs characterized by expression of
stem cell antigen 1 (Sca-1), but lacking expression of
blood lineage markers and c-kit, has been reported.
Although these cells do not spontaneously differenti-
ate in vitro, when they are exposed to 5-azacytidine, a
small fraction of the population acquires biochemical
evidence and functional evidence of cardiac myocyte
differentiation. When injected intravenously into mice
subjected to myocardial ischemia—reperfusion, these
Sca-1" cells were able to home to the injured tissue and
differentiate into cardiomyocytes (Oh et al., 2003).

SP cells are side population stem cells in the
heart; they have the ability to efflux the dye, Hoechst
33342, by a multi-drug-like transporter, and do not
express myosin heavy chain and rapidly decrease
from 4 d after birth. SP cells can acquire an adult
cardiomyocyte phenotype when placed in a permis-
sive environment. Among cardiac SP cells, the
greatest potential for cardiomyogenic differentiation
is restricted to cells that express Sca-1 but not CD31
(Pfister et al., 2005).

Isll cells are another group of resident CSCs
which are characterized by the expression of the an-
tigen ‘islet 1” (Isl1). Isll is a gene initially iterated in
early embryonic mesodermal cells that were clearly
committed to a cardiogenic lineage, and Isl1™ cells
express the homeobox gene islet-1 and these Isll”
cells develop into cells with a mature cardiac pheno-
type including intact Ca*"-cycling and the generation
of action potentials (Laugwitz et al., 2005).

Cardiosphere cells are isolated from myocyte

depleted fractions of murine and human atria and
ventricles that form spheres when cultured in ‘car-
diosphere growing medium’ (Messina et al., 2004).
They express c-kit and are self-renewing, clonogenic,
and multipotent, with the ability to spontaneously
differentiate into cardiomyocytes, SMCs, and endo-
thelial cells. When injected into the myocardium in
severe combined immunodeficient disease mice im-
mediately after myocardial infarction, they acquired
phenotypic markers of cardiac cells such as lamin
A/C, a human myocyte marker, and connexin-43.
Cardiosphere-derived cells are cardiogenic in vitro;
they promote cardiac regeneration and improve heart
function in a mouse infarct model, which provides
motivation for further development for therapeutic
applications in patients (Smith et al., 2007).
Uncommitted cardiac progenitor cells (UPCs)
isolated from neonatal and adult rat ventricles have
been characterized by expression of the ESC marker
stage-specific embryonic antigen 1 (SSEA-1) (Ott et
al., 2007). In the neonatal heart, small clusters of
SSEA-1" cells were dispersed among mature car-
diomyocytes throughout the heart. In the adult heart,
SSEA-1" cells remained as single cells in the right
and left ventricles and as clusters in the right ven-
tricular outflow tract. When highly enriched popula-
tions of suspended UPCs were isolated and expanded
over a cardiac-derived mesenchymal feeder layer,
temporal maturation of the original cells, from an
uncommitted SSEA-1" or SSEA-1"/octamer-4" (oct-4")
state to a mesodermally committed flk-1" state, then
to an flk-1" and Sca-1" state and then to a cardiac
committed Nkx2.5", GATA-4", or Isll" state, was
observed. Ultimately, cells differentiated into mature
cardiomyocytes, endothelial cells, and SMCs. When
adenovirally green fluorescence protein-labelled,
SSEA-1" UPCs were injected into the failing rat heart,
they generated mature cardiomyocytes and vascula-
ture and led to substantial functional improvement
and attenuation of left ventricular remodelling, but no
evidence of teratoma was seen (Ott et al., 2007).

DELIVERY METHODS

Transvascular strategies
Transvascular strategies are especially suited for
the prevention of recently infarct-induced heart fail-
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ure when chemoattractants and cell adhesion mole-
cules are highly expressed.

Intracoronary vessel infusion

Intracoronary application delivers a maximum
concentration of cells homogeneously to the site of
injury during first passage. Unselected BMCs (Ge et
al., 2006; Wollert et al., 2004), circulating blood-
derived progenitor cells (Erbs et al., 2005), and MSCs
(Chen et al., 2004) have been delivered via the in-
tracoronary artery route in patients with AMI and
ischemic cardiomyopathy in which cells were deliv-
ered through the central lumen of an over-the-wire
balloon catheter during transient balloon inflations to
maximize the contact time of the cells with the
microcirculation of the infarct-related artery.

The intracoronary venous route, the retrograde
coronary perfusion, is another important delivery
method for stem cell therapy (Giordano, 2003; Mu-
rad-Netto et al., 2004). The coronary venous system
was cannulated with a novel, investigational, dou-
ble-balloon catheter. This device comprises 2 con-
centric catheters; a proximal, outer catheter bearing a
large balloon, and a distal, inner catheter bearing a
smaller balloon; the distal balloon is used to minimize
washout of delivered cells into the systemic circula-
tion via distal, low-resistance veno-venous anasto-
moses (Hou et al., 2005).

Intravenous injection

Intravenous injection is the simplest and least
invasive method of administration of stem cells and
obviates the need for cardiac surgery or cardiac
catheterization (Kocher et al., 2001). In this mode of
delivery, the optimal dose of stem cells is of particular
importance. However, because of the long circulation
time, cells could be lost by extraction toward non-
cardiac organs and fail to home to the area of infarct
(Hofmann et al., 2005).

In the acute phase of cardiac damage, BMCs
could also be mobilized with G-CSF and SCF injec-
tions (Kawada et al., 2004; Orlic et al., 2001a). This
kind of approach decreased mortality, infarct size,
cavity dilatation, and diastolic stress in a murine in-
farct model (Orlic et al., 2001a). In addition, there
were improvements in LVEF and hemodynamics due
to the formation of new cardiomyocytes with arteri-
oles and capillaries (Zohlnhofer et al., 2007).

Direct injection in the ventricular wall

Direct injection is the preferred route for cell
delivery in patients with CHF or when cell homing
signals are expressed at low levels in the heart (scar
tissue).

Transendocardial injection is using an injection
needle catheter advanced across the aortic valve and
positioned against the endocardial surface; cells can
be directly injected into the left ventricular wall
(Amado et al., 2005). Electromechanical mapping of
the endocardial surface can be used to delineate viable,
ischemic, and scarred myocardium before cell injec-
tions, which is the best method so far to deliver cells
in CHF patients (Perin et al., 2003).

Percutaneous transcoronary-venous transplanta-
tion was performed using the TransAccess catheter
system under fluoroscopic and intravascular ultra-
sound guidance (Siminiak et al., 2005). Working
through the coronary sinus, a specialized catheter
system was easily delivered to the anterior interven-
tricular coronary vein. The composite catheter system
(TransAccess) incorporates a phased-array ultrasound
tip for guidance and a sheathed, extendable nitinol
needle for transvascular myocardial access. A mi-
croinfusion (IntralLume) catheter was advanced
through the needle, deep into remote myocardium,
and the cells suspension was injected (Thompson et
al., 2003).

Transepicardial injection has been performed as
an adjunct to a surgical procedure such as coronary
artery bypassing grafting (Archundia er al., 2005;
Patel et al., 2005), which during opening heart sur-
gery allows for a direct visualization of the myocar-
dium and a targeted application of cells to scarred
areas and/or the border zone of an infarct scar.

POSSIBLE MECHANISMS

Differentiation of CSCs to cardiogenic cell line-
ages

Lin /c-kit™ cells, with the properties of CSCs,
exist in the rat heart. They are self-renewing, clono-
genic, and multipotent, giving rise to myocytes,
smooth muscle, and endothelial cells; when injected
into an ischemic heart, these cells or their clonal
progeny reconstitute well-differentiated myocardium,
formed by blood-carrying new vessels and myocytes
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with the characteristics of young cells (Beltrami et al.,
2003). In the adult mice heart CSCs expressing Sca-1
exist and given intravenously after ische-
mia-reperfusion, Sca-1" cells home to injured myo-
cardium. By using a Cre/Lox donor/recipient pair,
differentiation was shown to occur roughly equally,
with and without fusion to host cells (Oh et al., 2003).
Rat CSCs delivered intravascularly traverse the
vessel barrier, regenerate infarcted myocardium, and
improve cardiac function (Dawn et al., 2005). Acti-
vation of resident CSCs by hepatocyte growth factor
and insulin-like growth factor 1 in the damaged dog
heart can promote a significant restoration of dead
tissue, which is paralleled by a progressive im-
provement in cardiac function (Linke et al., 2005).

Unsettled transdifferentiation of BMCs to car-
diomyocytes

In 2001, an exciting publication (Orlic et al.,
2001b) showed that locally delivered BMCs could
generate de novo myocardium, ameliorating the
outcome of coronary artery disease. However, in
2004, two independent studies seriously challenged
the above findings (Balsam et al., 2004; Murry et al.,
2004). Both sets of authors used state-of-the-art ge-
netic tools to examine whether BMCs transplanted
into damaged hearts could take on the role of heart
muscle cells and improve heart function. In both
studies BMCs showed little evidence of becoming
cardiac muscle cells after they were transplanted into
damaged mouse hearts. Instead, these stem cells de-
veloped into different blood-cell types, despite being
in the heart.

More recently, a group of investigators (Dai et
al., 2005) demonstrated that allogeneic MSCs could
survive in infarcted myocardium as long as 6 months
and express markers that suggested muscle and en-
dothelium phenotypes. Another group of investiga-
tors (Kajstura et al., 2005) obtained c-kit” BMCs from
male transgenic mice expressing enhanced green
fluorescence protein (EGFP). EGFP and the
Y-chromosome were used as markers of the progeny
of the transplanted cells in the recipient heart. By
these approaches, they demonstrated that BMCs,
when properly administrated in the infarcted heart,
efficiently differentiated into cardiomyocytes and
coronary vessels with no detectable differentiation
into hematopoietic lineages. Within the infarct, in 10

d, nearly 4.5 million biochemically and morphologi-
cally differentiated myocytes together with coronary
arterioles and capillary structures were generated.

In contrast to the unsettled transdifferentiation of
BMCs, other phenomena, such as cell fusion and cell
integration, are well-recognized; this may benefit a
little bit of ventricular remodelling and improve car-
diac performance (Nygren et al., 2004). Cell fusion
occurs with host nuclei penetrating the implanted
cells, whereas cell integration refers to the ability of
certain cell types such as SMs, to integrate into the
cardiac syncytium without transdifferentiating into
the myocardium.

Neovascularization

Neovascularization is an important process, as
increasing perfusion to infarcted myocardium may
decrease ventricular dilatation and improve cardiac
function by rescuing hibernating myocardium, de-
creasing apoptosis of hypertrophied cardiomyocytes,
and helping restore injured matrix. Intravenously
administrated EPCs into rats after myocardial infarc-
tion were shown to migrate into the infarcted region
within 48 h, differentiate into endothelial cells, induce
neovascularization, limit apoptosis of hypertrophied
cardiomyocytes in the peri-infarct rim, reduce pro-
gressive collagen deposition and scar formation, and
prevent late ventricular remodelling (Kocher et al.,
2001). Several experiments on various animal models
showed that implantation of BMCs or MSCs after
myocardial infarction increased capillary density
together with an improvement of contractile function
(Kobayashi et al., 2000; Krause et al., 2007; Silva et
al., 2005; Tomita et al., 2002).

Para- and auto-secretion

Another potential mechanism of the observed
beneficial effects is the possibility that transplanted
cells can release various chemokines and cytokines
which not only stimulate proliferation and/or differ-
entiation of CSCs, but exert cytoprotective functions,
thus, affect myocardial remodelling and function
(Mazhari and Hare, 2007).

Local delivery of cytokines and growth factors
are responsible for ischemic cell survival and en-
dogenous stem cell mobilization and homing (Rafii
and Lyden, 2003; Rajnoch et al., 2001). Recent lit-
erature showed that myocardial medium for hypoxic
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preconditioning can induce MSCs differentiation into
myocardial-like cells (Xie et al., 2006), and geneti-
cally modified MSCs overexpressing the Aktl gene
release paracrine factor(s) that exert cytoprotective
effects on cardiomyocytes exposed to hypoxia, and
notably, myocardial protection can also be achieved
in vivo by Akt concentrated medium injection after
acute infarction (Gnecchi et al., 2005). Thus, a sub-
stantial portion of the salutary effects of 4k modified
MSCs is attributable to protection of ischemic myo-
cardium instead of de novo regeneration by cardio-
myogenic differentiation of the donor cells.

Others

There is strong evidence that some of the bene-
ficial effects of cell transplantation were due to a
reorganization of the extracellular matrix of both the
injured heart region and the normal myocardium to
prevent CHF (Murtuza et al., 2004). Disruption of the
matrix network impairs support for heart cells, lead-
ing to ventricular dilatation. Transplanted cells may
reorganize, secrete and incorporate new matrix ele-
ments into deficient areas. Restoration of the ex-
tracellular matrix could therefore improve structural
support for host heart cells, limiting infarct expansion
and improving regional function (Fedak ez al., 2003).

CLINICAL TRIALS

So far, basic studies to treat animal CHF with
cell implantation have shown improved ventricular
remodelling and heart function (Fuchs et al., 2001; Li
et al., 1996; Miyahara et al., 2006; Nagaya et al.,
2005; Ohnishi et al., 2007; Tang et al., 2005; Wei et
al., 2006; Yamada et al., 2007; Zimmermann et al.,
2006). However, a few of randomized, double-blind,
placebo-controlled clinical trials demonstrated mixed
results in heart failure with BMC therapy during AMI
(Adler and Maddox, 2007; Metharom et al., 2007,
Rosenzweig, 2000).

In the treatment of CHF with BMC transfer, a
very small controlled trial by Perin et a/.(2003) en-
rolled 21 patients (first 14 patients, treatment; last 7
patients, control) with end-stage ischemic heart dis-
ease. BMCs were injected by NOGA Myostar injec-
tion catheter. Electromechanical mapping was used to
identify viable myocardium for treatment. At 2

months, there was a significant reduction in total
reversible defect and improvement in global left
ventricular function within the treatment group and
between the treatment and control groups on quanti-
tative electrocardiogram-gated single-photon-emission
computed tomography analysis. At 4 months, there
was improvement in LVEF from a baseline and a
reduction in end-systolic volume in the treated pa-
tients. Electromechanical mapping revealed signifi-
cant mechanical improvement of the injected seg-
ments (P<0.0005) at 4 months after treatment.

Another trial by Assmus et al.(2006) investi-
gated the effects of cell transplantation in patients
with healed myocardial infarction. They randomly
assigned, in a controlled crossover study, 75 patients
with stable ischemic heart disease who had had a
myocardial infarction at least 3 months previously to
receive either no cell infusion (23 patients) or infusion
of circulating progenitor cells (24 patients) or BMCs
(28 patients) into the patent coronary artery supplying
the most dyskinetic left ventricular area. Results
showed that intracoronary infusion of progenitor cells
is safe and feasible in patients with healed myocardial
infarction; transplantation of BMCs is associated with
moderate but significant improvement in LVEF after
3 months.

In the treatment of AMI and delaying the pro-
gress of heart failure, the BOOST study (Wollert et al.,
2004) involved 60 patients, and treatment (autologous
BMCs versus control) was administered approxi-
mately 5 d after a heart attack. At 6 months, there was
a mild increase in LVEF in the stem cell group, from
about 49% to about 53%. Transfer of BMCs enhanced
left ventricular systolic function primarily in myo-
cardial segments adjacent to the infarcted area. Cell
transfer did not increase the risk of adverse clinical
events, in-stent restenosis, or proarrhythmic effects.
However, the relative improvement in LVEF after
infusion of BMCs at 6 months, as compared with no
infusion, was no longer significant at 18 months,
suggesting that the main effect was an acceleration of
recovery (Meyer et al., 2006).

The REPAIR-AMI investigator group (Schach-
inger et al., 2006) randomly assigned patients with
AMI to receive an intracoronary infusion of progenitor
cells derived from bone marrow (#=101) or placebo
medium (#=98) into the infarct artery 3 to 7 d after
successful reperfusion therapy. At 4 months, the ab-
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solute improvement in LVEF was significantly greater
in the BMC group than in the placebo group
[(5.5+£7.3)% vs (3.0£6.5)%; P=0.01]. Patients with a
baseline LVEF at or below the median value of 48.9%
derived the most benefit (absolute improvement in
LVEF, 5.0%; 95% confidence interval, 2.0 to 8.1). At 1
year, intracoronary infusion of BMCs was associated
with a reduction in the prespecified combined clinical
endpoint of death, recurrence of myocardial infarction,
and any revascularization procedure (P=0.01).

At the same time Janssens et al.(2006) did a
small randomized, double-blind, placebo-controlled
study on 67 patients from whom the bone marrow was
harvested 1 d after successful percutaneuos coronary
intervention for ST-elevation myocardial infarction,
patients were assigned to receive optimum medical
treatment and infusion of placebo (n=34) or BMCs
(n=33). The endpoint was the increase in LVEF and
the secondary endpoints were changes in infarct size
and regional left ventricular function at 4 months’
follow-up, all assessed by magnetic resonance imag-
ing. However, they did not find a significant im-
provement in LVEF at 6 months in the BMC group, as
compared with the control group; compared with
placebo infusion, BMC transfer was associated with a
significant reduction in myocardial infarct size and a
better recovery of regional systolic function. Thus,
they concluded that intracoronary transfer of autolo-
gous BMCs within 24 h of optimum reperfusion
therapy did not augment recovery of global left ven-
tricular function after myocardial infarction, but
could favorably affect infarct remodelling. Another
small clinical trial by Lunde et a/.(2006) enrolled
patients with ST-elevation myocardial infarction of
the anterior wall treated with percutaneuos coronary
intervention. Patients were randomly assigned to the
group that underwent intracoronary injection of
autologous mononuclear BMCs (n=50) or to the
control group (n=47). Left ventricular function was
assessed with the use of quantitative electrocardio-
gram-gated single-photon-emission computed tomo-
graphy and echocardiography at baseline and mag-
netic resonance imaging 2 to 3 weeks after the in-
farction. These procedures were repeated 6 months
after the infarction. The two groups did not differ
significantly in changes in LVEF and in left ven-
tricular end-diastolic volume or infarct size and had
similar rates of adverse events.

The current rationale for cell therapy after AMI
and CHF is derived from the premise that the capacity
of the adult myocardium for repair after severe injury
is inadequate. Such regenerative inadequacy occurs
despite demonstrable mobilization of endogenous
progenitor cells into the circulation (Fazel ef al., 2006;
Leone et al., 2005). The clinical investigators en-
riched stem cells from bone marrow or bloodstream
and reinfused into heart vessels in order to expand the
intrinsic repair ability of human. Indeed, circulating
endothelial progenitor cells prepared ex vivo and
readministered in vivo induced vasculogenesis and
angiogenesis and improved cardiac recovery after
myocardial infarction in both animals and human
(Asahara et al., 1997; Kalka et al., 2000). However,
animal models have questioned the ability of BMCs
to effectively generate cardiomyocytes (Balsam et al.,
2004; Murry et al., 2004). Furthermore, clinical evi-
dences have suggested that after intracoronary deliv-
ery only 1.3% to 2.6% of infused BMCs are retained
in the heart (Hofmann et al., 2005). Functional bene-
fits may also be mediated through paracrine secretion
of growth factors or cytokines, which could indirectly
promote survival of cardiomyocytes, mobilization of
endogenous progenitor cells, or neovascularization.
The effects of cell therapy seemed to be restricted to
the infarct-related territory, for which current thera-
peutic strategies might be adequate for smaller in-
farcts (Janssens et al., 2006; Meyer et al., 2006), leave
very small room for cell therapy. Thus, application of
cell therapy to improve the outcome and myocardial
recovery in patients with large myocardial infarcts,
who experience a moderate reduction in LVEF
(<40%) despite optimum conventional therapy, war-
rants continued research in this field (Metharom et al.,
2007). Several other possible explanations for the
lack of myocardial repair by BMCs exist, including
insufficient progenitor recruitment and mobilization
for a sufficient time period, functional decline in
circulating progenitors resulted from aging and en-
vironmental risk factors (Rauscher et al., 2003), the
timing of cell administration, and microvascular ob-
struction in severely ischemic heart (Anversa and
Sonnenblick, 1990).

Fortunately, the current ascertained source of
cardiogenic lineage differentiation is adult CSCs
which can be acquired from endomyocardial biopsy
specimens and provide motivation for further devel-
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opment for therapeutic applications in patients (Smith
et al., 2007). Another way of getting donor cells may
be through somatic cell nuclear transfer (SCNT). This
technique, also known as ‘therapeutic cloning’, in-
volves the transfer of the nucleus of a somatic cell
into an enucleated donor oocyte. Recently, SCNT has
led to the successful derivation of human ESCs that
were genetically identical to the somatic nuclear do-
nor cells (Hwang et al., 2004). In theory, cells ac-
quired from SCNT can be directed to develop into
heart muscle cells. Because the vast majority of ge-
netic information is contained in the nucleus, these
cells would essentially be genetically identical to the
patient with the failing heart. When these heart mus-
cle cells were transplanted back into the patient, there
would likely be no rejection and no need to expose the
patient to immunosuppressants.

CONCLUSION

It was ascertained that CSCs isolated from ani-
mals or human being are committed to cardiogenic
lineage and have the ability to generate cardiomyo-

cytes, SMCs, and endothelial cells in vitro and in vivo.

Implanted SMs could repopulate scar tissue, resulting
in ventricular wall thickening, elevated LVEF, and
improved contractility despite an increased risk of
ventricular arrthythmias. These may be overcome by
using conditioned gene transfer technologies. An-
other source to get door cells for the treatment of heart
failure is from human ESCs by SCNT, this applica-
tion will avoid the growth of teratoma upon implan-
tation. Though the ability of BMCs to effectively
generate cardiomyocytes is questioned, functional
benefits may be mediated through paracrine secretion
of growth factors or cytokines. In the acute phase of
myocardial damage BMCs are mobilized and seed the
host myocardium reconstituting CSCs to normal lev-
els. Thus, to elucidate clearly which subcomponents
of BMCs are responsible for differentiation of
cardiogenic lineage is warranted and then prepare ex
vivo and readminister in vivo to enhance the intrinsic
repair ability. Clinically, it is worth conducting ran-
domized with placebo controlled trials on cell therapy
of CHF with adult CSCs which can be acquired from
endomyocardial biopsy specimens.
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