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  Initial cardiac cell transplantation efforts utilized 
skeletal myoblasts (SMBs), an adult-derived stem cell 
which can differentiate into skeletal myofibers in vitro 
and in vivo. The observation that SMB transplantation 
could improve cardiac function in the absence of bona 
fide cardiomyogenic differentiation ultimately led to the 
notion that donor cells could have ‘secondary’ beneficial 
effects in injured hearts. Indeed, it is now apparent from 
experiments using a variety of donor cell types that cell 
transplantation can antagonize adverse cardiac remodel-
ing and promote cardioprotection following transplanta-
tion into injured hearts. Other studies examined the use 
of fetal or neonatal cardiomyocytes as donor cells. These 
latter studies clearly established that exogenous cells can 
structurally and functionally integrate into the host myo-
cardium.

  More recently, both embryonic and adult-derived stem 
cells have been examined for cardiomyogenic differentia-
tion in vitro, and following transplantation into normal 
and injured hearts. In many instances, markedly differ-
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 Abstract 

 Cellular transplantation has been employed for several years 
to deliver donor cardiomyocytes to normal and injured 
hearts. Recent reports of a variety of stem cells with appar-
ent cardiomyogenic potential have raised the possibility of 
cell transplantation-based therapeutic interventions for 
heart disease. Here we review the preclinical studies demon-
strating that intracardiac transplantation of skeletal myo-
blasts, cardiomyocytes and cardiomyogenic stem cells is 
feasible. In addition, recent clinical studies of skeletal myo-
blast and adult stem cell transplantation for heart disease 
are discussed.  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 The concept of cell transplantation as a means to in-
crease myocyte number in injured hearts first appeared 
in the early 1990s. The approach is based on the notion 
that transplantation of cardiomyocytes, or alternatively 
cardiomyogenic stem cells, will result in the formation of 
new cardiac muscle in the recipient heart. It is assumed 
that if a sufficient number of donor cells engraft, and if 
these cells are able to participate in a functional syncy-
tium with the host myocardium, improvement in cardiac 
output would be achieved.
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Abbreviations used in this paper

BMCs bone marrow cells
CPCs circulating progenitor cells
EF ejection fraction
EGFP enhanced green fluorescent protein
ESCs embryonic stem cells
G-CSF granulocyte colony-stimulating factor
LV left ventricular
SMBs skeletal myoblasts
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ent results have been obtained with regards to the degree 
of cardiomyogenic differentiation with adult stem cells. 
Despite the clear absence of cardiomyogenic differentia-
tion and/or the absence of donor cell retention in some 
studies, improvement in cardiac function following cell 
transplantation was observed, which again was likely at-
tributable to the secondary effects mentioned above.

  Here we provide a brief review of the field of cardio-
myocyte and cardiomyogenic stem cell transplantation 
for the treatment of heart disease.

  SMB Transplantation from Bench to Bedside 

 The first successful intracardiac engraftment of SMBs 
was reported in 1993 and utilized an established myo-
blast cell line. In this study, C2C12 SMBs were transplant-
ed into the heart of syngenic C3Heb/FeJ mice [Koh et al., 
1993]. Light microscopy and ultrastructural analyses re-
vealed that the donor cells formed differentiated skeletal 
myotubes, and were viable for as long as 3 months after 
implantation (the latest time point analyzed). The donor-
derived skeletal myotubes were observed to be roughly 
aligned with host cardiomyocytes. The presence of donor 
grafts was not associated with overtly deleterious effects 
on the host myocardium (as monitored by surface elec-
trocardiograms and plasma enzyme levels).

  Several studies were performed to determine if SMBs 
could impact upon cardiac function following transplan-
tation into injured hearts. For example, neonatal SMBs 
were transplanted into the heart of syngeneic adult rats 
following a freeze-thaw cryoinjury [Murry et al., 1996]. 
Multinucleated myotubes were observed within 3 days of 
transplantation, and by 7 weeks the grafts began express-
ing  � -myosin heavy chain (a marker of slow-twitch fi-
bers). Wound strips harvested from 2-week-old grafts de-
veloped tetanus when stimulated at high frequency ex 
vivo, suggesting that the SMB-derived myotubes retained 
physiologic attributes of skeletal muscle. In another study, 
autologous SMBs were transplanted into rabbits follow-
ing cryoinjury [Taylor et al., 1998]. Histologic analyses 
revealed the presence of striated muscle grafts within the 
infarct tissue in roughly 50% of the rabbits receiving cell 
transplants when analyzed at 3–6 weeks after transplan-
tation. Functional analyses with ultrasonic dimension 
transducers indicated improvement in cardiac function 
in animals exhibiting cell grafts at necropsy compared to 
those lacking grafts.

  The mechanism of functional improvement following 
SMB transplantation was subject to considerable debate, 

which was fueled in part by the suggestion that SMB-de-
rived cells might differentiate into cardiomyocytes. Two 
experiments were performed to address this issue at the 
functional level. In the first study, primary rat SMBs were 
transfected in vitro with adenovirus expressing an en-
hanced green fluorescent protein (EGFP) reporter trans-
gene [Leobon et al., 2003]. The cells were then transplant-
ed into myocardial scar 1 week following permanent cor-
onary artery occlusion. Fluorescent dye injected into 
EGFP-expressing myotubes in vibratome sections pre-
pared from the hearts at 4 weeks after transplantation did 
not transfer to adjacent myotubes or into host myocar-
dium. Moreover, intracellular recording and motion de-
tection analyses revealed that neither spontaneous nor 
evoked contractions propagated between the donor-de-
rived myotubes and the host myocardium.

  In the second study, SMBs isolated from transgenic 
mice with a ubiquitously expressed EGFP reporter trans-
gene were injected into uninjured mouse hearts [Rubart 
et al., 2004]. Hearts were harvested between 11 and 106 
days after transplantation, subjected to retrograde perfu-
sion with rhod-2 (a calcium indicator dye) and cytocha-
lasin D (an excitation/contraction uncoupler), and then 
imaged via 2-photon laser scanning microscopy. The 
presence of the EGFP reporter permitted identification of 
donor versus host cells, while the rhod-2 indicator per-
mitted assessment of calcium transient (and by inference, 
action potential) propagation. In agreement with the re-
sults of Leobon et al. [2003], the vast preponderance of 
donor-derived myocytes were functionally isolated from 
the host myocardium. However, a very small number of 
EGFP-expressing cells were observed to be electrically 
coupled with the host myocardium (fewer than 7 cells per 
heart), which appear to have arisen as a consequence of 
fusion events between donor SMBs and host cardiomyo-
cytes. Tetanus was readily induced in these heterokary-
ons, indicating that they retained electrical properties 
typical of skeletal myocytes. The inability of donor-de-
rived skeletal myocytes to participate in a functional syn-
cytium with the host myocardium strongly implied that 
any positive effect on cardiac function following trans-
plantation into injured hearts is due to secondary effects 
of the cells.

  These results have sparked a series of phase 1 clinical 
trials that were designed to test the feasibility and safety 
of autologous SMB transfer in patients with severe postin-
farction left ventricular (LV) dysfunction. In the first 
study,  � 900 million autologous SMBs were injected into 
myocardial scars of 10 patients (LV ejection fraction, EF, 
 ̂  35%) during coronary artery bypass surgery [Menasche 
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et al., 2003]. A 7% increase in EF as measured by trans-
thoracic echocardiography, with a concomitant improve-
ment in clinical status, was observed at an average follow-
up of 11 months. Four of the patients experienced sus-
tained ventricular tachycardia, requiring implantation of 
internal cardioverters/defibrillators. Autopsy of 1 patient, 
who died from a presumed stroke at 17.5 months after 
surgery, revealed clusters of myotubes within the myo-
cardial scar, although myotube number was not quanti-
fied. Follow-up study of the surviving 9 patients at an 
average of 52 months after surgery confirmed stable im-
provement in both clinical state and global ventricular 
function, as well as effective control of ventricular tachy-
arrhythmias by the implanted antiarrhythmia devices 
[Hagege et al., 2006]. Given that the patients received by-
pass grafts, the degree to which cell transplantation im-
pacted function could not be ascertained in these studies. 
Additionally, 2 of the patients were implanted with ven-
tricular resynchronization pacemakers for treatment of 
refractory congestive heart failure. This intervention also 
was likely to have contributed, at least in part, to the pos-
itive long-term results in this patient cohort.

  In a similar study, patients with ischemic cardiomy-
opathy (EF  ! 40%) undergoing either coronary artery by-
pass grafting or implantation of a LV assist device re-
ceived direct intramyocardial injections of autologous 
SMBs at escalating doses (10–300 million) [Dib et al., 
2005]. An average increase in LV EF of 8% was apparent 
at 6 months, which persisted for 2 years, with a concom-
itant improvement in clinical status. Interestingly, histo-
logical analyses in 4 of 6 patients who underwent heart 
transplantation demonstrated the presence of multinu-
cleated, MY-32-positive skeletal myotubes in scarred 
myocardial tissue at 5 days to 6 months after cell injec-
tion. Graft sizes were not quantitated. Two additional 
phase 1 clinical trials confirmed the procedural safety 
and similarly found stable improvement in functional 
and clinical outcome up to 1 year following surgery [Si-
miniak et al., 2004; Gavira et al., 2006].

  Nonsurgical approaches for SMB delivery have also 
been tested. In one study, autologous SMB transplanta-
tion (17–106 million cells per patient) in 10 postinfarction 
patients (interval between myocardial infarction and 
transplantation: 5 months to 8 years) using a catheter-
based transvascular approach for cell delivery resulted in 
clinical improvement [Siminiak et al., 2005]. Interesting-
ly, the extent of functional improvement did not correlate 
with the number of cells injected. Two additional trials 
have utilized endoventricular catheters to introduce cells 
during electromechanical mapping [Brasselet et al., 2005; 

Biagini et al., 2006]. Both studies reported an improve-
ment in regional and/or global LV function up to 1 year 
after cell transfer, although no data demonstrating stable 
SMB engrafted was presented.

  Collectively, phase 1 clinical trials in patients with se-
vere postinfarction LV dysfunction did not appear to be 
associated with a significant procedural risk, however, in-
creased incidence of ventricular arrhythmias following 
SMB injection in several studies remained a major safety 
concern. All studies uniformly demonstrated the feasi-
bility of growing large quantities of SMBs ex vivo from 
small muscle biopsies. None of the phase 1 clinical trials 
were designed to examine the efficacy of autologous SMB 
transfer for treatment of congestive heart failure in pa-
tients with ischemic cardiomyopathy. In fact, although 
short- and long-term follow-up suggested a moderate, yet 
significant, increase in LV EF, as measured by echocar-
diography, it has been impossible to unambiguously as-
cribe those improvements to the engraftment of cells.

  Proof of Concept Studies with Fetal Cardiomyocyte 

Transplantation 

 The initial study demonstrating transplantation of 
cardiomyocytes into adult hearts utilized a cardiomyo-
cyte-restricted nuclear localized  � -galactosidase report-
er transgene to monitor donor cell fate [Soonpaa et al., 
1994]. Embryonic cardiomyocytes isolated from the 
transgenic reporter mice were transplanted into unin-
jured syngeneic adult hearts, and donor cells were subse-
quently identified by histochemical staining with a chro-
mogenic  � -galactosidase substrate. Light microscopic 
analyses revealed the presence of well-differentiated do-
nor cardiomyocytes which were closely juxtaposed with 
host cardiomyocytes. Subsequent transmission electron 
microscopy analyses revealed the presence of mature in-
tercalated discs comprised of fascia adherens and gap 
junctional complexes between donor (identified by the 
presence of the electron-dense  � -galactosidase reaction 
product) and host cardiomyocytes [Koh et al., 1995].

  Although the ultrastructural characteristics of the do-
nor and host cardiomyocyte junctional complexes strong-
ly suggested that they were functionally coupled, direct 
proof required the development of the 2-photon laser 
scanning microscopy-based imaging assay described 
above. Donor cells expressing a cardiomyocyte-restricted 
EGFP reporter transgene were isolated from embryonic 
hearts and transplanted directly into the hearts of non-
transgenic adult recipients. The hearts were subsequently 
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harvested, perfused with cytochalasin D and rhod-2, and 
imaged. Spontaneous and evoked action potential propa-
gation, as inferred by the presence of transient increases 
in rhod-2 fluorescence, were observed to occur simulta-
neously in donor and host cardiomyocytes, indicative of 
physiologic coupling [Rubart et al., 2003]. Calcium tran-
sient characteristics were indistinguishable between the 
donor and host cardiomyocytes, and remarkably all do-
nor cells which were in contact with host cardiomyocytes 
were observed to be functionally coupled. These data in-
dicate that fetal cardiomyocytes can readily electrically 
integrate, and thus form a functional syncytium, with the 
host myocardium.

  Given these results, it is not surprising that a number 
of studies have examined the consequences of fetal and 
neonatal cardiomyocyte transplantation in injured hearts. 
Although this area has recently been reviewed in detail 
[Dowell et al., 2003], several early studies warrant consid-
eration here. For example, fetal cardiomyocytes trans-
planted into the hearts of rats 4 weeks following cryoin-
jury formed stable grafts comprised of well-differentiated 
cells. An improvement in cardiac function (inferred from 
developed pressure measurements on a Langendorff ap-
paratus with an intraventricular balloon) was observed at 
8 weeks after injury in the engrafted hearts compared to 
nonengrafted animals [Li et al., 1996]. However, the small 
size, anatomical location and architecture of the donor 
cardiomyocyte grafts strongly suggested that improve-
ment in cardiac function was not a consequence of the 
contractile activity of the donor cells. Rather, the absence 
of infarct expansion and concomitant LV dilation in the 
cell-treated animals strongly suggests that the functional 
improvement resulted from attenuated adverse postinju-
ry remodeling, similar to that observed with SMB trans-
plantation described above. In agreement with this, an 
equivalent improvement in cardiac function was observed 
in rats with coronary artery ligation following transplan-
tation of fetal cardiomyocytes or SMBs, compared to non-
engrafted infarcted hearts [Scorsin et al., 2000].

  Embryonic Stem Cell-Derived Cardiomyocytes 

 Embryonic stem cells (ESCs) are derived from the in-
ner cell mass of blastocysts, and can be propagated in vi-
tro in an undifferentiated state by coculturing with mi-
tomycin-treated embryonic fibroblasts, which secrete cy-
tokines that suppress differentiation. For mouse ESCs, 
the relevant cytokine is leukemia inhibitory factor. When 
grown in suspension culture in medium lacking differen-

tiation-suppressing cytokines, ESCs will form spherical 
multicellular structures called embryoid bodies. Stochas-
tic inductive cues occurring within the embryoid bodies 
promote differentiation, and cell types deriving from all 
3 embryonic lineages typically appear, including sponta-
neously contracting cardiomyocytes. Similar results are 
observed with mouse [Doetschman et al., 1985] and hu-
man [Kehat et al., 2001, Mummery et al., 2002] ESCs, and 
numerous studies have shown that ESCs generate bona 
fide cardiomyocytes with attributes of the atrial, ventric-
ular or conducting myocardium [for review, see Rubart 
et al., 2006]. Interestingly, an ESC-like cell with cardio-
myogenic potential was recently obtained from cultured 
spermatogonial stem cells [Guan et al., 2006].

  ESC-derived cardiomyocytes were examined for their 
ability to engraft into normal and injured myocardium. 
Because cardiomyocytes typically comprise only a small 
percentage of the cell types in spontaneously differentiat-
ing ESC cultures, a number of enrichment schemes have 
been employed to obtain sufficient cells for transplanta-
tion. For example, ESCs carrying a transgene encoding 
aminoglycoside phosphotransferase under the transcrip-
tional regulation of a cardiomyocyte-restricted promoter 
were allowed to undergo spontaneous differentiation. 
Treatment of the cultures with the neomycin analogue 
G418 resulted in essentially pure ( 1 99%) populations of 
cardiomyocytes [Klug et al., 1996]. This selection proto-
col was readily converted to bioreactor cultures, and 
more than 10 9  ESC-derived cardiomyocytes were pro-
duced from a 2-liter reactor vessel [Schroeder et al., 2005]. 
Murine ESC-derived cardiomyocytes were also enriched 
via fluorescence-activated cell sorting following trans-
fection of a lineage-restricted fluorescence reporter 
[Muller et al., 2000], an approach which has recently been 
shown to work with human ESCs [Huber et al., 2007]. 
Considerable effort has also been invested in identifying 
combinatorial growth factor treatments which enhance 
cardiomyogenic differentiation (and consequently, yield) 
in ESC cultures [for review, see Rubart et al., 2006]. Inter-
estingly, recent studies have shown that both vascular 
cells and cardiomyocytes arise from a common progeni-
tor cell in differentiating ESC cultures [Kattman et al., 
2006; Moretti et al., 2006; Wu et al., 2006], raising the 
possibility that transplantation of such cells might result 
in restoration of contractile cell mass as well as enhanced 
perfusion of the graft.

  A number of studies have examined ESC-derived car-
diomyocytes following intracardiac engraftment. When 
transplanted into the heart of normal syngeneic hosts, 
genetically selected ESC-derived cardiomyocytes sur-
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vived and formed well-differentiated grafts [Klug et al., 
1996]. Human ESC-derived cardiomyocytes can also en-
graft following transplantation into normal ventricle. For 
example, populations of spontaneously contracting hu-
man ESC-derived cardiomyocytes (enriched by micro-
dissection) were transplanted into the hearts of pigs with 
surgically induced complete atrial-ventricular conduc-
tion block. Histochemical analyses revealed that the 
transplanted cells survived, and the presence of pacing 
activity originating from the site of engraftment was in-
terpreted as being indicative of functional coupling be-
tween the donor and host cardiomyocytes [Kehat et al., 
2004]. Similarly, physically enriched human ESC-derived 
cardiomyocytes transplanted into guinea pig hearts were 
able to drive pacemaker activity in vitro after ablation of 
the atrioventricular node [Xue et al., 2005]. Surprisingly, 
human ESC-derived cardiomyocytes retained a relatively 
high level of cell cycle activity following transplantation 
[Laflamme et al., 2005], which, if sustained, would result 
in larger grafts over time.

  ESCs and ESC-derived cardiomyocytes have also been 
transplanted into injured hearts [for review, see Rubart et 
al., 2006]. As was observed with fetal cardiomyocyte 
grafts, transplantation of enriched populations of mouse 
ESC-derived cardiomyocytes into hearts with experi-
mental infarcts in many instances led to an improvement 
in cardiac function. However, quantitative assessment of 
donor cardiomyocyte survival typically was not per-
formed and, consequently, it cannot be determined if the 
improved cardiac function resulted from the contractile 
activity of the ESC-derived cardiomyocytes or, alterna-
tively, from some other activity of these cells. Given the 
small graft size observed in many of these studies, it is 
almost certain that the benefit resulted at least in part 
from indirect effects of the donor cells.

  Adult-Derived Stem Cells with Apparent 

Cardiomyogenic Potential 

 The notion that cardiomyogenic cells may be present 
in adult mammals has received considerable interest late-
ly. Early evidence suggesting the presence of such cells 
came from bone marrow transplantation studies wherein 
genetically marked marrow stem cells were delivered into 
animals lacking the marker; the presence of a small num-
ber of cardiomyocytes carrying the genetic marker was 
interpreted to represent cardiomyogenic events [Bittner 
et al., 1999; Jackson et al., 2001]. Subsequent studies dem-
onstrated that such cells can arise from fusion events be-

tween resident cardiomyocytes and the transplanted 
stem cells [Alvarez-Dolado et al., 2003]. A similar phe-
nomenon appears to occur in human hearts following 
sex-mismatch transplantation, although the reported 
prevalence of such events ranged over 4 orders of magni-
tude [Hruban et al., 1993; Glaser et al., 2002; Laflamme 
et al., 2002; Quaini et al., 2002].

  Other studies suggested that marrow-derived hemato-
poietic cells with cardiomyogenic potential could be mo-
bilized with granulocyte colony-stimulating factor (G-
CSF) [Orlic et al., 2001a] or directly injected in injured 
myocardium [Orlic et al., 2001b], resulting in the forma-
tion of new cardiac muscle mass and a concomitant im-
provement in cardiac function. In contrast, several groups 
failed to observe significant cardiomyogenic activity fol-
lowing cytokine-mediated mobilization of hematopoiet-
ic stem cells [Kawamoto et al., 2004; Nygren et al., 2004; 
Deindl et al., 2006], although the procedure did appear to 
enhance postinjury cardiac function secondarily to en-
hanced cardiac perfusion (particularly when used in con-
junction with vascular endothelial growth factor gene 
transfer). Similarly, studies from a number of other groups 
failed to detect cardiomyogenic activity following direct 
intracardiac injection of hematopoietic stem cells [Bal-
sam et al., 2004; Murry et al., 2004; Nygren et al., 2004], 
suggesting any functional improvement once again was 
due to indirect effects. This point was elegantly demon-
strated in a series of experiments utilizing Akt-express-
ing mesenchymal stem cells. In the initial study, trans-
plantation of the stem cells resulted in a marked reduc-
tion in infarct size and a concomitant improvement in 
cardiac function compared to untreated hearts [Mangi et 
al., 2003]. Although there appeared to be a small number 
of cardiomyocytes derived from the transplanted stem 
cells, these would be too few to impact upon function 
[Noiseux et al., 2006], again suggesting that alternative 
mechanisms contributed to functional improvement. In 
support of this, injection of conditioned medium from 
cultured stem cells completely recapitulated the effect 
observed with stem cell transplantation [Gnecchi et al., 
2006], indicating that a paracrine activity underlies the 
cardioprotection observed with this model. This view 
was recently confirmed by the isolation of the molecule 
responsible, Sfrp2 [Mirotsou et al., 2007].

  Several reports have suggested that the adult heart also 
contains cells with cardiomyogenic potential. For exam-
ple, one study suggested that progenitor cells expressing 
the c-kit receptor could be propagated in an undifferenti-
ated state in vitro, and would contribute to neocardio-
myogenesis upon transplantation into injured myocar-
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dium [Beltrami et al., 2003]. However, subsequent studies 
attempting to confirm these results revealed that the car-
diac c-kit-expressing cells were in fact derived from the 
marrow, and exhibited cardioprotective rather than car-
diomyogenic activity [Fazel et al., 2006]. The observed 
cardioprotection was attributed to a stem cell-induced 
proangiogenic milieu, resulting from increased vascular 
endothelial growth factor levels and a more favorable ra-
tio of angiopoietin-1 to angiopoietin-2. Progenitor cells 
from the adult heart expressing the Sca-1 receptor were 
reported to home to injured myocardium and exhibit 
both fusiogenic and cardiomyogenic activity following 
intravenous delivery [Oh et al., 2003]. Other studies sug-
gested that direct transplantation of these cells into in-
jured hearts enhanced angiogenesis with a concomitant 
improvement in cardiac function, in the absence of car-
diomyogenic activity [Wang et al., 2006]. Several other 
adult cardiac resident cells with apparent cardiomyogen-
ic activity have been reported [Hierlihy et al., 2002; Mes-
sina et al., 2004], although follow-up analyses on these 
cell types have been limited.

  Clinical Studies with Circulation- and

Marrow-Derived Progenitors 

 A number of phase 1 clinical trials have established 
that intracardiac transplantation of peripheral- and mar-
row-derived stem cells is both safe and feasible, prompt-
ing a series of phase 2/3 random trials to directly investi-
gate the efficacy of autologous bone marrow cell (BMC) 
transfer to improve LV systolic function in patients with 
acute or chronic myocardial infarction. In the Bone Mar-
row Transfer to Enhance ST-Elevation Infarct Regenera-
tion (BOOST) trial, 60 patients were randomized to re-
ceive either a single infusion of  � 3 billion unfractionated 
BMCs into the infarct-related artery or no infusion with-
in 5 days after successful reperfusion therapy [Wollert et 
al., 2004]. LV EF, measured by magnetic resonance imag-
ing, was 6% greater in the BMC group than in the control 
group at 6-month follow-up. At 18-month follow-up, 
however, LV EF in the control group had approached the 
value in the BMC group, suggesting that the main effect 
was an acceleration of LV EF recovery after acute myo-
cardial infarction by BMC transfer [Meyer et al., 2006].

  Several other randomized, double-blind, placebo-
controlled, multicenter studies have been conducted to 
evaluate the effectiveness of autologous BMC transfer in 
attenuating LV systolic dysfunction following acute myo-
cardial infarction. One, the Reinfusion of Enriched Pro-

genitor Cells and Infarct Remodeling in Acute Myocar-
dial Infarction (REPAIR-AMI) trial, indicated that BMC 
transplantation has a positive effect. In this trial, 200 pa-
tients received either autologous BMCs (unfractionated 
mononucleated BMCs) or placebo (medium plus autolo-
gous serum) via infusion into the infarct-related artery 
within 3–7 days after successful reperfusion therapy 
[Schachinger et al., 2006]. At 4 months follow-up, the ab-
solute increase in LV EF, measured by ventricular angi-
ography, was significantly greater in the BMC group than 
in the placebo group (5.5 vs. 3.0%). A subset analysis re-
vealed that the benefit was greater in patients with the 
lowest EF at baseline. Although the study was not pow-
ered to evaluate the clinical outcome, it is interesting that 
the rate of combined clinical endpoints (death, recur-
rence of myocardial infarction, revascularization proce-
dure) was significantly lower at 1 year among patients 
receiving BMC than among those receiving placebo. Data 
on ventricular function at 1 year are not yet available.

  In contrast, the Autologous Stem-Cell Transplanta-
tion in Acute Myocardial Infarction (ASTAMI) trial 
found no statistical evidence for a beneficial effect of au-
tologous BMC transfer on LV EF, measured by 3 indepen-
dent noninvasive imaging methods, at 6 months in the 
BMC group, compared with the control group (no bone 
marrow aspiration, no sham injection; Lunde et al., 2006). 
Similarly, Janssens et al. [2006] were unable to find a sig-
nificant effect of intracoronary BMC injection on global 
EF in patients after successful percutaneous reperfusion 
therapy for acute myocardial infarction, although infarct 
size was significantly reduced and systolic function of the 
reperfused myocardium showed better recovery.

  So far, only 1 randomized study has examined the ef-
fectiveness of bone marrow or progenitor cell transfer in 
improving LV EF in patients with chronic myocardial in-
farction and moderately reduced LV function (EF at base-
line  � 40%). In the Transplantation of Progenitor Cells 
and Recovery of LV Function in Patients with Chronic 
Ischemic Heart Disease (TOPCARE-CHD) trial, a ran-
domized crossover trial, the absolute change in LV EF at 
3 months, measured by ventricular angiography, was sig-
nificantly greater among patients receiving BMC than 
among those receiving circulating progenitor cells (CPCs) 
[Assmus et al., 2006]. After initial treatment with one cell 
type, the groups received the other cell type in the next 
phase of the trial, but the result was independent of the 
order in which the cells were administered, suggesting a 
BMC-specific effect. This study implies that BMC can 
have effects other than acceleration of LV EF recovery 
after acute myocardial infarction.
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  Although the case for cardiomyogenic induction fol-
lowing cytokine-mediated stem cell mobilization is not 
strong, clinical trials have been performed in the hope of 
impacting cardiac function via altered perfusion (see 
above). For example, several uncontrolled phase 1 trials 
have suggested that delivery of G-CSF after treatment of 
ST-elevation myocardial infarction via percutaneous re-
perfusion therapy resulted in enhanced LV function and 
systolic wall thickening compared to reperfusion therapy 
alone [Ince et al., 2005a, b; Valgimigli et al., 2005]. How-
ever, 3 double-blind, randomized, placebo-controlled tri-
als failed to confirm these results [Engelmann et al., 2006; 
Ripa et al., 2006; Zohlnhofer et al., 2006]. Although per-
cutaneous reperfusion therapy alone resulted in im-
proved cardiac function in these studies, combined treat-
ment with G-CSF had no additional benefit. Moreover, 
G-CSF treatment failed to enhance cardiac function in 
patients with chronic ischemic heart disease [Hill et al., 
2005; Wang et al., 2005]. Although these results are dis-
appointing, it remains possible that treatment with mul-
tiple cytokines (perhaps in combination with stem cell 
therapy) will yield a more favorable outcome.

  Summary 

 This review has provided an update of basic and clin-
ical studies involving cell transplantation as a means to 
treat heart disease. The basic studies revealed that donor 
cardiomyocytes can successfully be transplanted into the 
myocardium and are able to participate in a functional 
syncytium with the host myocardium. Although donor 
SMBs differentiate into nascent myotubes and have a 
positive impact on adverse remodeling after transplanta-
tion, these cells remain electrically isolated from the host 
myocardium. The results with adult-derived stem cells 
are less clear. On one hand, the cardiomyogenic potential 
of many adult-derived stem cells has been called into 
question. On the other hand, transplantation of these 
cells can have a beneficial impact on cardiac function. In 
many cases this can occur in spite of the absence of car-
diomyogenic differentiation, and for that matter, the ab-
sence of long-term retention of the donor cells. The clin-
ical studies revealed that SMB, BMC and CPC transplan-
tation appears to be well tolerated. Some studies 
indicated that transplantation of these cells can have a 
positive impact on cardiac remodeling, cardiac function 
and/or clinical outcome.

  In light of this, future directions for both basic and 
clinical experimentation are clear. Minimally, 2 avenues 

of basic research are warranted. First, it is imperative to 
ascertain the molecular mechanism underlying the im-
provement in cardiac function seen with noncardiomyo-
genic cells. Studies from the Dzau laboratory character-
izing the basis of mesenchymal stem cell-mediated car-
dioprotection [Mangi et al., 2003; Gnecchi et al., 2005, 
2006; Noiseux et al., 2006; Mirotsou et al., 2007] are ex-
emplary. Acquiring such mechanistic insight is impera-
tive if one wishes to enhance the effectiveness of the in-
tervention. Second, it is important not to give up on the 
ideal of true regeneration of lost myocardial mass (as op-
posed to the types of cardioprotective activities described 
above). Current cell transplantation approaches can 
clearly generate de novo functional myocardium in ex-
perimental animals, albeit in limited volumes. Enhanc-
ing donor cell seeding, survival and posttransplantation-
al growth could result in replacement of transmural de-
fects with nascent myocardium.

  The current lack of a precise understanding of the 
mechanism underlying cell therapy-mediated improve-
ment in LV function should not distract from future clin-
ical trials. Future research in the field will most likely 
have to focus on the cell type(s) that best mediate(s) the 
benefits, on the requirement for stable engraftment for 
long-term therapeutic efficacy, and on the involvement of 
cytokines in this process. Indeed, based on the recent ba-
sic observations, activation of signaling cascades by se-
creted cytokines, ultimately giving rise to enhanced sur-
vival and/or contractility of host cardiomyocytes, consti-
tutes a more realistic interpretation of the mechanisms 
underlying the apparent functional and clinical benefits 
of cardiac cell therapy in humans.

  One should also keep in mind that increases in LV EF 
by only a few percent could potentially translate into sig-
nificant improvements in clinical outcome. Thus, if SMB, 
BMC or CPC transfer exerts a beneficial effect in addition 
to that conferred by state-of-the-art therapy for systolic 
heart failure, then this would indeed constitute an im-
portant step toward improved treatment for patients with 
severe LV dysfunction. Additional long-term follow-up 
clinical studies are needed to clarify whether any cell 
transfer approach confers a sustained benefit over pla-
cebo treatment with regard to improvement in LV sys-
tolic function. Studies are also needed to determine 
whether increases in LV EF on the scale of a few percent-
ages actually translate into improved clinical outcome, 
including morbidity and mortality. It is quite possible 
that the clinical benefits may exceed the seemingly mod-
est improvement seen in LV performance.
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