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ABSTRACT 

The emergence of cardiac stem cell therapy can be 
traced to late 2001, when studies in small animal 
models of myocardial infarction suggested that stem 
cells could engraft, proliferate, and regenerate myo-
cardium. Subsequent animal laboratory studies showed 
improved cardiac function, perfusion and survival 
compared to controls (Figure 1). Within two years, 
the first clinical trials of stem cell therapy began to 
appear, and we now have several trials of intracoro-
nary infusion of bone marrow cells with more than 
one year follow-up. Although this clinical therapy has 
proven to be safe, the magnitude of improvement in 
objective measures like ejection fraction has been 
modest, and the therapy has not entered clinical 
practice. In the absence of a large prospective ran- 
domized trial, the field has moved back to the labo- 
ratory. This manuscript aims to provide clinicians 
with a broad overview of this complex field by briefly 
reviewing the existing status of clinical myocardial 
regeneration therapy, then describing selected exam- 
ples from the laboratory research approaches that 
may provide a platform for new and potentially in- 
creasingly effective clinical strategies. 
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1. THE CURRENT STATUS OF  
CLINICAL CARDIAC STEM CELL 
THERAPY 

The major clinical trials of intracoronary or transendo- 
cardial delivery of autologous bone marrow-derived pro- 
genitor cells are shown in Table 1. The available data has 
significant limitations. Most of these studies had small 
enrollment [maximum: 204 patients inthe Reinfusion of 
Enriched Progenitor Cellsand Infarct Remodeling in 
Acute Myocardial Infarction (REPAIRAMI)] [1,2]. The 
trials differed substantially with respect to cell source, 

number and volume, surface markers, mode of process-
ing, method and timing of delivery, and the use of ad-
junctive therapy. In some of the trials the control group 
also exhibited slight improvement in cardiac function 
over time [2-5]. The largest randomized trial, REPAIR- 
AMI, reported both improved ejection fraction and cli- 
nical benefit following intracoronary autologous bone 
marrow cell therapy at 12 month follow-up [1]. One 
meta-analysis of bone marrow cell (BMC) infusion in 
patients with acute myocardial infarction [6] with median 
follow-up of 6 months found a significant absolute im-
provement in LVEF of 3.0% (95% confidence interval: 
1.9% to 4.1%, p < 0.00001) for treated patients compared 
to controls. Similarly, LV end-systolic volume was re- 
duced in patients receiving cell therapy by –7.4 ml (95% 
confidence interval: –12.2 to –2.7 ml, p < 0.002) com-
pared to controls. Results at one year and beyond are 
inconsistent, however, since some studies report sus-
tained improvement whereas others did not [7,8]. The 
only 5-year follow-up comes from an early nonrandom- 
ized trial of 62 patients [9] who were compared to 62 
patients who refused cell transplantation. At 5 years, 
ejection fraction was 56.2% ± 9% in the treated group 
versus 48.9% ± 8.3% in controls, with a significantly 
better 5 year survival. None of the clinical trials have 
provided evidence of significant myocardial regeneration. 
Further, several laboratories have found that conditioned 
media without any cells can reproduce much of the bene-
fit of MSCs. We may draw the reasonable conclusion 
that clinical stem cell therapy is safe, and confers a mod-
est functional and clinical improvement, most likely 
through paracrine effects of the injected cells. 

The original and continuing long term goal of stem 
cell therapy, of course, remains true myocardial rege- 
neration. Although the barriers to this goal are many, the 
most important may be the environment into which the 
cells are delivered, and the nature of the cells utilized. In 
addition to the broad basic field of stem cell growth and 
differentiation, cardiac stem research is now being di- 
rected at improving cell survival, persistence and proli- 
feration. 
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Table 1. Studies evaluating intracoronary stem cell transplantation. 

Study 
(Reference) 

No of 
subjects 

Age 
(Years)

Men 
(%) 

Cell type
Volume of

injected 
cells (ml)

Number of
injected cells

LVEF (%) 
control group

(Baseline) 

LVEF (%)  
control group 
(Follow up) 

LVEF (%) 
transplant 

group  
(Baseline) 

LVEF (%) 
transplant 

group  
(Follow up)

Strauer [44] 20 50 92.5 BMC 20 46 × 106 60 ± 7 64 ± 7 57 ± 8 62 ± 10 

Bartunek [45] 35 54 91 BMC 15 - 20 NP 44.3 ± 3.1 48.6 ± 3.6 45 ± 2.5 52.1 ± 3.5 

Jannsens [4] 67 57 82 BMC 10 304 × 106 46.9 ± 8.2 49.1 ± 10.7 48.5 ± 7.2 51.8 ± 8..8 

Meyer [8] 60 56 70 BMC 26 2460 × 106 51.3 ± 9.3 52 ± 12.4 50 ± 10 56.7 ± 12.5

Li [46] 70 60 80 BMC 57 72.5 × 106 51 ± 8.1 52.6 ± 5.7 50 ± 8.2 57.1 ± 7.8 

Kang [47] 56 96 80 BMC Not Stated 1500 × 106 53.2 ± 13.3 53.1 ± 11.5 52 ± 9.9 57.1 ± 8.7 

Ge [48] 20 58 90 BMC 16 38.7 × 106 58.2 ± 7.5 56.3 ± 3.5 53.8 ± 9.2 58.6 ± 9.9 

Lunde [3] 100 57 84 BMC Not Stated 68 × 106 42.6 ± 11.7 49.3 ± 11 41.3 ± 10.4 49.3 ± 13.2

Schächinger [2] 204 56 82 BMC 10 236 × 106 46.9 ± 10.4 49.9 ± 13 48.3 ± 9.2 53.8 ± 10.2

Meluzin [49] 66 55 92.4 BMC 21 55 × 106 42 ± 9 44 ± 9 42 ± 9 45 ± 9 

BMC = Bone Marrow Cells. 

 

 
Figure 1. Stabilization of ejection fraction over time follow- 
ing intramyocardial injection of mesenchymal stem cells in the 
pig infarct model. Animals receiving the cells stabilized at an 
ejection fraction of 53% at 3 months compared to the untreated 
controls, which exhibited continued progressive decline to an 
ejection fraction of 42% (modified from reference [50]). 

2. THE PROBLEM OF CELL  
PERSISTENCE AT THE DELIVERY 
SITE 

After intramyocardial delivery of stem cells, only a few 
injected cells can be found at the delivery site. In the rat 
infarct model, only 15% of radio-labeled cells injected 
directly into the myocardium were found to be retained 
at one week [10], and when injected intravenously, no 
labeled cells were detected in the myocardium. In our 
own laboratory, we found 8% of injected labeled cells 
present at one day (White A., unpublished). Imaging of 
injected cells has revealed similar results [11]. Although 
the two potential mechanisms for cell disappearance are 
washout/migration from the injection site and cell death, 
the relative contributions of these and other factors has 

not been quantified. 

3. INCREASING CELL SURVIVAL BY 
MODIFYING THE CELL  
ENVIRONMENT 

Survival of injected stem cells is influenced by the re-
cipient environment. Following myocardial infarction, 
the local environment is invaded by inflammatory cells. 
In addition to the underlying ischemic environment, cy-
tokines expressed by these cells also promote apoptotic 
cell death. Consequently new strategies are aimed at re-
ducing the expression of cytokines like tumor necrosis 
factor (TNF-α) interleukins (ILs), matrix metallopro-
teinases and transforming growth factor-β (TGF-β) that 
are natural regulators of apoptotic cell death [12]. One 
logical strategy is to counteract the pro-apoptotic influ-
ences by delivery of prosurvival cytokines. Among the 
most important regulators of apoptosis is the prosurvival 
Akt system [13]. For instance, erythropoietin-induced 
activation of the Akt system reduced post MI myocardial 
apoptosis by approximately 41% and infarct size by 7% 
in the rat model [14]. Other investigators have used 
growth factors to suppress apoptosis and stimulate pro- 
liferation. For example, in the rat infarct model, the 
growth factors IGF-1, FGF-2, and BMP-2 enhanced 
mesenchymal stem cell (MSC) survival and engraft- 
ment by 20% and 8%, respectively, while simultane- 
ously inducing their differentiation to cardiomyocytes 
[15]. Others have used environment modifying “cock- 
tails”. Laflamme et al. used a cocktail of 6 different 
agents to create an environment conducive to regenera- 
tion (Figure 2). Each agent was chosen to have a diffe- 
rent beneficial function. ZVAD-fmk was used to inhibit 
caspase-induced apoptosis, cyclosporine and Bcl-XL  
peptide to block different mitochondrial death pathways, 
pinacidil to open ATP dependent K + channels, Matrigel 

Copyright © 2012 SciRes.                                                                       OPEN ACCESS 



S. Singh et al. / World Journal of Cardiovascular Diseases 2 (2012) 193-200 195

to prevent anoikis, and insulin-like growth factor-1 (IGF- 
1) to promote cell proliferation [16]. Co-injection of this 
cocktail with cardiomyocyte derived human ESCs re-
sulted in 2.5 fold augmentation of left ventricular wall 
thickening compared to controls. We may speculate that 
environmental modification is a potent potential strategy, 
but among a long list of such candidate agents, the most 
clinically appropriate is yet to be defined. 

4. PRECONDITIONING AS A  
PROSURVIVAL STRATEGY 

An alternate strategy to improve cell survival is pre- 
treatment of the cells prior to injection. For example, 
Pasha et al. found that preconditioning with stromal de-
rived factor 1alpha (SDF-1), a CXCR4 receptor specific 
antagonist, may enhance the survival, proliferation and 
engraftment of the bone marrow derived mesenchymal 
stem cells. In vitro studies showed approximately 20% 
improved cell viability, and an in vivo study in the rat MI 
model found 25% reduction in infarct size with use of 
the preconditioned cells compared to the control group 
[17]. Others have used hypoxic preconditioning. Cells 
that have undergone the process have a 20% relative in-
crease in cell viability when subsequently exposed to a 
hypoxic environment. In the rat acute myocardial infarc-
tion model, preconditioned MSCs exhibited enhanced 
survival, which was accompanied by a 25% improve-
ment in cardiac function compared to its control group. 
The authors attributed these improved outcomes to anti- 
apoptotic and paracrine effects that increased the cells’ 
potential for promoting neovascularization [18]. 

Preconditioning is also being tested using growth fac-
tors (Figure 3). Bartunek et al. pretreated MSCs with 
FGF, IGF-1, and bone morphogenetic protein-2 prior to 
injection in the chronic infarct large animal model. Pre-
conditioning of MSCs led to higher expression of con-
nexin-43 and gap junctions, and cell differentiation ac-
companied by significant increase in both area shorten-
ing and regional wall thickening observed at 4 and 12 
weeks follow-up compared to unmodified cells [19]. The 
authors attributed these results to antiapoptotic effects 
and better intercellular communication. 

We may conclude that since preconditioning involves 
only a relatively brief exposure of cells to a conditioning 
agent prior to injection, both environmental modification 
and preconditioning are amenable to incorporation into 
clinical practice, after the most appropriate agents are 
identified. 

5. GENETIC MODIFICATION PRIOR TO 
INJECTION AS A PROSURVIVAL 
STRATEGY 

A more complex method of preconditioning is genetic 

 
Figure 2. A prosurvival cocktail improves outcome measures 
in the rat infarct model. Human cardiomyocytes were trans- 
planted in serum free medium alone, with a gelatinous ex-
tracellular mixture (Matrigel) or with Matrigel plus a cocktail 
of six pro-survival factors (Matrigel to prevent anoikis, a pep- 
tide from Bcl-XL to block mitochondrial death pathways, cyc-
losporine A to attenuate mitochondrial death pathways, pina- 
cidil to mimic ischemic preconditioning, IGF-1 to activate Akt 
pathways and the caspase inhibitor ZVAD-fmk). No grafts were 
detected in any rats receiving the cells alone. All rats receiving 
cells in Matrigel-only or in the prosurvival cocktail developed a 
surviving graft of human myocardium. The prosurvival cocktail 
group exhibited approximately fourfold more β-myosin-posi- 
tive graft cells than did the Matrigel-only group. These his- 
tologic findings were accompanied by better regional and glo- 
bal function in the treated groups (modified from reference 
[16]). 
 

 
Figure 3. Preconditioning stem cells prior to injection increases 
their effectiveness. Autologous dog BMCs were preconditioned 
with the cardiomyogenic growth factors basic FGF, IGF-1, and 
bone morphogenetic protein-2. The cells were injected in a 
chronic dog MI model at >8 wk following coronary occlusion. 
The treatment group was compared to untreated MSCs. In the 
group that received the preconditioned cells, percent area 
shortening and left ventricular wall thickening in the infarct 
area was superior at 4, 8, and 12 weeks after cell transplant 
(modified from reference [19]). 
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modification. Prior to injection, candidate cells can be 
modified to up regulate or down regulate the expression 
of certain desirable/undesirable genes. For instance Gne- 
cchi et al. found that MSCs overexpressing Akt1 pro- 
vided more cytoprotection than unmodified MSCs. Two 
weeks post-MI, rats treated with Akt-MSCs exhibited a 
significantly less increase in 2-DG uptake in the residual 
myocardium and functional recovery was inversely re- 
lated to the level of uptake [20]. 

One of the most widely investigated prosurvival, pro- 
proliferative cytokines in cardiac stem cell therapy is 
insulin like growth factor-1 (IGF-1). MSCs transduced to 
overexpress IGF-1 increases the release of the anti- 
apoptotic stromal cell-derived factor (SDF)-1, with con-
comitant increased mobilization of cardiac stem cells in 
the infarcted myocardium. These changes are accompa-
nied by histologic evidence of enhanced cell survival, 
angiomyogenesis, significant reduction in infarct size 
with increased ejection fraction and fractional shortening 
compared to the controls [21]. The options for genetic 
modification, as with alteration of the cell environment 
and preconditioning, are numerous. For instance, MSCs 
genetically modified with the anti-apoptotic Bcl-2 gene 
also improves cell survival, engraftment, regenerative 
capacity and functional recovery of infarcted myocar-
dium [22]. 

The relative efficacy of simple preconditioning and 
genetic modification has not yet been compared, and so 
the most effective method of preconditioning cells re- 
mains to be defined. Within these constraints we may 
speculate that the substantial magnitude of benefit re-
ported with animal models suggests that the strategy will 
be worth testing in future clinical trials. 

6. INCREASING CELL PERSISTENCE AT 
THE INJECTION SITE 

Even if cells survive in the peri-infarct area, it seems 
likely that if myocardium is to regenerate, they must also 
persist in the area. Although the relative contribution of 
cell death and of cell washout to their rapid disappear-
ance from the injection site has yet to be defined, both 
processes play a role. A number of strategies to increase 
cell persistence are under investigation. For example 
Simpson et al. applied a biodegradable patch consisting 
of collagen hydrogel mixed with hMSCs. When applied 
directly to the epicardial surface of infarcted myocar-
dium, the patch resulted in 23% better initial engraftment 
of the MSCs and 30% improved fractional shortening 
post-infarction [23]. An alternative strategy used by 
Takehara et al. was to suspend bFGF and human cardio- 
sphere-derived cells (CDC) in biodegradable gelatin, in 
the pig model of chronic myocardial infarction, within- 
tramyocardial injection. The biodegradable gelatin poly- 

ion complex with bFGF provided sustained delivery of 
bFGF accompanied by a 20% increase in CDC engraft-
ment and 33% increase in autonomous human cardio-
myocyte differentiation [24]. 

More complex strategies for providing cell scaffolding 
are also being tested. For instance, Davis et al. bioengi- 
neered a “biotin sandwich” technique in which bioti-
nylated peptide nanofibers were used to deliver IGF-1 
for 28 days post-injection [25]. Use of the IGF-1 tethered 
self-assembling peptide nanofibers with cardiac stem 
cells (CSC) in the rat infarct model induced 23% higher 
number of newly formed myocytes compared to groups 
with CSC alone [26]. 

Other investigators are designing and fabricating scaf-
folds using elastase sensitive nanofibers. Wang et al. 
found that using scaffold incorporated microspheres en-
capsulating IGF-1 improved in vitro cell growth and sur-
vival under both normal and hypoxic conditions [27]. 
Thus methods to increase cell persistence are becoming 
available. 

Strategies to stimulate persistence are being com- 
bined with those to increase cell survival and cell pro- 
liferation. For instance Takehara et al. suspended basic 
fibroblast growth factor (bFGF) in hydrogel. In the 
chronic, porcine MI model the bFGF-hydrogel medium 
injected without cells increased the formation of myo-
cardial microvascular networks. When the bFGF/hy-
drogel mixture was injected with stem cells, engraftment 
and differentiation increased, accompanied by a 5% grea- 
ter absolute ejection fraction and decreased infarct size at 
4 weeks compared to controls [24]. 

At present, methods to increase cell persistence are 
largely confined to open heart or intramyocardial de- 
livery, and do not seem applicable to intracoronary ther- 
apy. While transendocardial delivery in the cath lab is 
certainly feasible, it does add a major element of proce- 
dural complexity compared to intracoronary delivery. We 
may speculate that the problem of cell persistence is 
likely to remain a difficult issue for clinical intracoronary 
application. 

7. NEW STEM CELL TYPES 

Parallel with research on cell survival and persistence are 
efforts to develop new stem cell types. In principle, auto- 
logous stem cells remain the most suitable cell type be- 
cause of their safety (reduced risk of tumorigenesis) and 
immunocompatibility.The early clinical trials which used 
skeletal myoblasts and both unfractionated bone marrow 
cells (BMC) and subfractions of the BMC population [28] 
satisfy these criteria. Development of new cell types is in 
part directed toward finding cells that may have a greater 
capacity to regenerate myocardium. From the diverse 
potential sources of cells which include adipose tissue, 
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placental blood and spermatozoic tissue, we may identify 
two broad cell types that have commanded the greatest 
attention: cardiac stem cells and induced pluripotent stem 
cells. 

8. CARDIAC STEM CELLS AND  
CARDIOSPHERE DERIVED CELLS 

A small segment of the cells obtained at cardiac biopsy 
are cardiac stem cells (CSC) (Figure 4) [29-34]. These 
cells are now thought to be responsible for repopulation 
of the heart’s cells over time, becoming myocytes, vas-
cular cells or stromal cells. It is as yet unclear if these 
progenitor cells exist as a single population or as sub-
populations of vascular and cardiac stem cells in the 
heart. 

CSCs can be identified by use of antibodies, isolated 
and then cultured into millions of cells. When these cells 
are injected in the rat infarct model [35-37] they appear 
to regenerate myocardium. For example, Dawn et al. 
found that intravascular administration of CSCs inhibited 
LV remodeling, improved global and regional LV func-
tion and decreased infarct size [37]. Tang et al. con-
firmed these results, showing increased synthesis of 
myocardial protein by activating resident pluripotent 
c-kit+ CSCwhich in turn would generate new cardiac 
cells, leading to improved left ventricular function [35]. 
Others have found that intramyocardial injection of car-
diac stem cells or growth factors in the healed scar tissue 
promotes cardiac repair and alleviates cardiac dysfunc-
tion [36]. CSCs are currently in clinical trial at the Uni-
versity of Louisville. 

The Cardiosphere-Derived Autologous Stem Cells to 
Reverse Ventricular Dysfunction (CADUCEUS) trial [38] 
is a Phase I, randomized, dose escalation study of the 
 

 
Figure 4. Documentation of the existence of a subpopulation of 
replicating myocyteswith the properties of cardiac stem cells in 
normal hearts. The stemness of these cells is established by the 
expression of the marker c-kit (arrow green rim of cells). These 
cells typically appear in niches within the myocardium. They 
are self-renewing, clonogenic, and multipotent, and capable of 
evolving into myocytes, smooth muscle, and endothelial cells. 
Intramyocardial injection of these cells results in formation of 
areas with differentiated myocardium, new vessels and myo-
cytes (modified from reference [34]). 

intracoronary administration of autologous cardiosphere- 
derived stem cells in patients with a recent myocardial 
infarction. After 6 months the treated group showed re- 
ductions in scar mass compared to the control group. The 
CDC group also showed increases in viable mass, re-
gional contractility and regional systolic wall thickening. 
However the changes in ejection fraction did not differ 
among the two groups by 6 months. 

9. HUMAN EMBRYONIC STEM CELLS 
AND INDUCED PLURIPOTENT CELLS 

Human embryonic stem cells (ESC) have been tested in 
animal myocardial infarction models. Kehat et al. found 
that human embryonic stem cells can differentiate into 
spontaneously contracting foci which have characteris-
tics similar to the cardiomyocyte phenotype. These clus-
ters of cells, known as embryoid bodies, exhibit electro-
mechanical and structural properties identical to those 
seen in the early cardiomyocyte precursors [39]. In the 
rat infarct model, Rufaihah et al. injected hESC-derived 
CD133+ endothelial progenitor cells which were initially 
transduced with adenovirus containing hVEGF gene. The 
comparison with culture medium-injected control cells 
demonstrated enhanced myocardial angiogenesis, in- 
creased systolic function (61% vs. 38%) and reduction in 
infarct size (28% vs. 76%) [40]. 

Since use of human embryonic cells may encounter 
substantial resistance, a potentially major discovery is 
that stem cells closely resembling embryonic cells can be 
created from adult skin cells by nuclear reprogramming 
with factors that cause cells to revert to their original 
pluripotent state. Two research groups made this discov-
ery at the same time [41-43]. One group reprogrammed 
the cell nucleus with the four stemming factors OCT3/4, 
SOX2, KLF4, and c-MYC [41]. The other used OCT4, 
SOX2, NANOG, and LIN28 [42]. The induced new cells 
possess a normal karyotype and are comparable to hu-
man embryogenic stem cells in their cell surface mar- 
kers and their capability to form all the three primary 
germ layers. 

The first intramyocardial injection of iPS cells in the 
mouse infarct model has been accomplished (Figure 5). 
It demonstrated substantial tissue regeneration, improved 
electromechanical functioning and increased ejection 
fraction (12%) [41]. The potential advantages of such 
cells are substantial: they are autologous, easily obtained 
from the patient and are pluripotent. Nonetheless the use 
of this cell type in clinical trials is not yet on the near 
horizon. There are procedural issues of genetic stability 
and long term culture and the more serious issue of neo-
plastic potential. Novel attempts at improvement of iPS 
cell generation including use of small molecules and 
non-viral vectors in nuclear reprogramming are in early 
testing. 
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Figure 5. Effect of nuclear reprogrammed fibroblasts on left 
ventricular function following myocardial infarction. Fibro- 
blasts were reprogrammed with human stemness factors (OCT- 
3/4, SOX2, KLF4, and c-MYC) to create induced pluripotent 
stem cells. These cells were injected into infarct myocardium 
30 minutes after coronary ligation. Substantial differences in 
both ejection fraction and infarct size at one week were ob- 
served in the treated group when compared to unmodified fi- 
broblast-treated controls (modified from reference [41]). 

10. SUMMARY 

Despite its modest beginnings in clinical trials, cardiac 
stem cell therapy retains the promise of regenerating 
myocardium with resultant considerable clinical benefits. 
Since 2001, we have learned that tissue regeneration will 
not be achieved by the simple injection of stem cells into 
tissue. The solution to regeneration, if it becomes possi-
ble, now seems to lie in identifying multi-potent cells 
with the capacity for cardiac regeneration and developing 
strategies that will allow the cells to survive, persist and 
proliferate in a hostile environment. 
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