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INTRODUCTION

Acute myocardial infarction (AMI) is a leading cause of mor-
bidity, mortality, and disability worldwide [1]. Although advances 
in mechanical interventions for reperfusion and optimal medical 
therapies have contributed to a dramatic improvement in clinical 
outcomes, heart failure after AMI remains a major challenge. Al-
though prompt reperfusion therapy could restore the blood flow 
of an infarct-related coronary artery and reduce the infarct size, 
the cardiomyocytes lost during the blockage of blood supply can-
not be regenerated. Many patients who survive from myocardial 
infarction (MI) are often left with a significant impairment of left 
ventricular systolic function due to ischemic cardiomyopathy trig-
gering the remodeling of the left ventricle and fibrosis. Ischemic 
cardiomyopathy can lead to a poor quality of life and a poor prog-
nosis with high mortality of more than 25% within the first year of 
diagnosis [2,3]. Current treatment strategies, including optimal 
pharmacotherapy, cardiac resynchronization therapy, and implant-

able cardioverter-defibrillators, slow progression of the MI to heart 
failure, improve systolic function, and prevent fatal arrhythmias 
that can cause sudden cardiac death [4-7]; however, they cannot 
stimulate cell regeneration to recover the loss of functional myo-
cytes. Heart transplantation has evolved as the final treatment op-
tion for end-stage heart failure patients who have severe symptoms 
despite several medical therapies, but this option is available to 
only a few patients because of the lack of donors and the prohibi-
tively high cost [8]. Hence, there is an unmet need to develop meth-
ods to reduce damage to cardiomyocytes and regenerate function-
al myocardium. 

While it was previously believed that the heart has negligible in-
trinsic regenerative capacity and undergoes limited renewal, over 
the past decades several experimental studies have shown that 
cardiomyocytes may be able to undergo mitosis [9,10] and initiate 
limited regeneration through the recruitment of residential or cir-
culating stem cells to the damaged site in the heart [11]. Clinical 
studies have supported the use of stem cells as a potential thera-
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peutic modality to regenerate damaged myocardium and restore 
cardiac function (Table 1)[12]. The stem cells that have been trans-
planted into damaged myocardium show successful engraftment 
and generate new cardiomyocytes by transdifferentiation or cell 
fusion [13]; in addition, the injected stem cells also have paracrine 
effects [14]. Thus, cell-based therapy using stem cells, which is also 
known as cellular cardiomyoplasty, has emerged as a strategy to 
prevent and reverse myocardial injury and to promote myocardial 
regeneration. Here we review the status of research on cell-based 
therapy for cardiovascular diseases, focusing on the relevant clini-
cal trials conducted so far.

 

MECHANISM OF CELL-BASED THERAPY

Stem cells are undifferentiated and primitive cells that can dif-
ferentiate into multiple cell lineages and have the capacity of re-
newing themselves through cell division. Precursor or progenitor 
cells are a type of partially differentiated, usually unipotent, cells 
that can differentiate into only one cell type, and divide only a 

limited number of times. These cells have been widely used to re-
generate various damaged tissues in animal models [15,16]. The 
basic concept of cell-based therapy for cardiovascular diseases is 
that stem cells extracted from the source are delivered to the dam-
aged tissue, where they grow and differentiate into cardiomyo-
cytes to heal the damaged heart. The mechanism of myocardial 
regeneration by stem cells is as follows: 1) Cardiomyocyte regener-
ation resulting from the transdifferentiation of stem cells [17], 2) 
Proliferation of endogenous cardiomyocytes by cell fusion with 
stem cells [18], 3) Paracrine signaling effects of the stem cells [14] 
and 4) Reduced cardiomyocyte apoptosis by neovascularization 
(Fig. 1)[19]. Human embryonic stem cells (ESCs) are derived from 
the inner cell mass of the embryo in the blastocyte stage; ESCs are 
considered the most pluripotent cells and can differentiate into 
many cell lineages. The potential for using differentiated human 
embryonic stem cells to treat damaged heart has long been evident 
bases on the results of preclinical studies [20,21]. However, no hu-
man clinical study has been performed so far because of the ethi-
cal issues concerning the use of embryos and the risk of teratoma 

Table 1. Summary of clinical trials on stem cell therapy 

Type of stem cell Study (year) Study population Sample size Follow up duration                     Outcomes

BMMNCs BOOST (2004) [24] AMI 60 6 months
18 months

LVEF ↑ at 6 months
LVEF – at 18 months

REPAIR-AMI (2006) [25] AMI 187 1 year LVEF ↑
Clinical outcomes ↑

ASTAMI (2009) [29] AMI 100 4 months LVEF –
Exercise capacity ↑

STAR-heart (2010) [26] ICMP 391 5 years LVEF ↑
Exercise capacity ↑

FOCUS-CCTRN (2012) [31] ICMP 92 6 months LVESV –
Clinical outcomes -

TIME (2012) [33] AMI 120 6 months LVEF –
Daniel S et al. (2013) [30] AMI 200 4 month LVEF –

MSCs Hare et al. (2009) [39] AMI 53 6 months LVEF ↑
POSEIDON (2012) [40] ICMP 30 13 month Functional capacity ↑
C-CURE (2013) [43] CHF 47 2 years LVEF ↑

Exercise capacity ↑
TAC-HFT (2014) [41] ICMP 65 1 year Functional capacity ↑

Infarct size ↓
CSCs SCIPIO (2011) [47] ICMP 23 1 year LVEF ↑

CADUCEUS (2012) [49] AMI 31 6 months Global LV function ↑
CPCs TOPCARE- AMI (2002) [52] AMI 20 4 months LVEF ↑

MASIC cell (2004) [50,51] AMI 27 6 months, 5 years LVEF ↑
Clinical outcomes ↑

SMs MASIC (2004) [57] AMI 127 6 months LVEF ↑
MARVEL (2011) [59] ICMP 23 6 months Premature terminated d/t fatal arrhythmia

BMMNCs, bone marrow derived stem cells; AMI, acute myocardial infarction; LVEF, left ventricular ejection fraction; CHF, congestive heart failure; MSCs, mesenchymal stem 
cells; ICMP, ischemic cardiomyopathy; CSCs, cardiac stem cells; CPCs, circulating blood derived progenitor cells; SMs, skeletal myoblasts.
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Fig. 2. Cell types and delivery 
methods for stem cell therapy.
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Fig. 2. Cell types and delivery methods for stem cell therapy 

Fig. 1. Mechanism of stem cell therapy for myocardial regen-
eration and improvement of cardiac function.

formation. To date, the major cell types used for cell-based cardio-
myoplasty are bone marrow-derived mononuclear cells (BMMNCs), 
skeletal myoblasts, resident cardiac stem cells (CSCs), mesenchy-
mal stem cells, circulating blood-derived progenitor cells, and in-
duced pluripotent stem cells (iPSCs) (Fig. 2).

TYPES OF STEM CELLS FOR CELL-BASED THERAPY

1. Bone marrow derived mononuclear cells 

Bone marrow elements have been shown to contribute to cardi-
ac repair in the infarcted heart in animal studies [22]. Orlic et al. 

have reported that lineage-negative, c-kit-positive bone marrow-
derived cells can differentiate into new cardiomyocytes after MI 
[11]. In 2002, the first clinical trial of intracoronary, autologous 
BMMNC transplantation for improving cardiac function and 
myocardial perfusion in patients after acute MI was reported [23]. 
After standard therapy for AMI, the BMMNCs aspirated from the 
ilium of the patients were transplanted during balloon dilatation 
through a balloon catheter placed into the infarct-related artery. 
The transplanted BMMNCs led to the repair of the infarcted tis-
sue, likely by improving myocardial perfusion. After this trial, 
BMMNC transplantation became the most widely studied cell-
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based therapy for human applications. The Bone Marrow Transfer 
to Enhance ST-Elevation Infarct Regeneration (BOOST) trial fur-
ther reported relative improvement in the left ventricular ejection 
fraction (LVEF) estimated by cardiac magnetic resonance imag-
ing (cMRI) after the transplantation of BMMNCs at 6 months 
[24]. The Reinfusion of Enriched Progenitor Cells and Infarct Re-
modeling in Acute Myocardial Infarction (REPAIR-AMI) trial is 
the largest study on cardiac cell therapy, which was a multicenter 
double-blind trial of the intracoronary infusion of BMMNCs after 
successful percutaneous coronary intervention (PCI) for patients 
with AMI. At 4 months, the absolute improvement in global LVEF 
was significantly greater in the BMC transplantation group than 
in the placebo group (mean increase, 5.5% vs 3.0%, P= 0.01) and at 
1 year, the clinical outcomes including death, recurrence of MI, 
and revascularization were better in the study group than in the 
placebo group (23% vs 39%, P= 0.01) [25]. The STAR-heart study 
showed that intracoronary BMC therapy improves ventricular 
performance, quality of life, and survival not only in the acute 
phase of MI, but also in chronic ischemic cardiomyopathy [26]. 
The long-term efficacy and safety of BMMNC transplantation 
have also been established in many clinical trials. Cao et al. report-
ed that the functional improvement of LV function is maintained 
during a 4-year follow up in STEMI patients who underwent in-
tracoronary BMMNC transplantation [27]. The long-term clinical 
outcomes of REPAIR-AMI were also better in the cell therapy 
group than in the placebo group in terms of death, MI, and re-
hospitalization for heart failure in 5 years after the transplantation 
[28]. However, it is important to note that some recent studies have 
shown negative results for BMMNC therapy in AMI patients. The 
Autologous Stem-Cell Transplantation in Acute Myocardial In-
farction (ASTAMI) study, a randomized clinical trial (RCT), could 
not prove the effect of an intracoronary injection of autologous 
BMMNCs on the global left ventricular function in short-term 
and long-term follow up [29]. Surder et al. also reported that intra-
coronary infusion of BMMNCs at either 5 to 7 days or 3 to 4 weeks 
after AMI did not improve LV function at 4 months of follow-up 
[30]. Recent RCTs including the FOCUS-CCTRN trial [31], late 
TIME trial [32], and TIME trial [33] could not show any benefits 
of cell therapy. 

Despite the debates on the efficacy of BMMNC transplantation 
for short-term or long-term improvement of cardiac function and 
clinical outcomes, several meta-analyses have documented that 
the transplantation of BMMNCs was more efficient at improving 

LV function and decreasing infarct size and remodeling in patients 
with ischemic heart disease compared to standard therapy [34]; 
these effects resulted in improved clinical outcomes during long-
term follow up in the patients [35,36]. A recently published meta-
analysis [37] including 48 RCTs enrolling 2,602 patients has shown 
that BMMNC transplantation resulted in better LVEF (2.92%; 
95% confidence interval [CI], 1.91 to 3.92; P<0.00001), smaller in-
farct size (-2.25%; 95% CI, -3.55 to -0.95; P= 0.0007) and left ven-
tricular end-systolic volume (LVESV) (-6.37 mL; 95% CI, -8.95 to 
-3.80; P<0.00001), and lower left ventricular end-diastolic volume 
(LVEDV) (-2.26 mL; 95% CI, -4.59 to 0.07; P= 0.06), compared to 
standard therapy. BMMNC therapy was safe and improved the 
clinical outcomes by reducing the incidence of death, recurrent 
MI, ventricular arrhythmia, and cerebrovascular accident (CVA) 
during follow-up. It is possible that definite conclusions about BM-
MNC transplantation after MI can be drawn after the ongoing 
BAMI trial (NCT01569178), which is a multinational, randomized 
controlled trial with a large study population of up to 3,000 patients.

2. Mesenchymal stem cells 

MSCs are another potential candidate for cell-based cardiomyo-
plasty. MSCs are a heterogeneous group of multipotent cells; they 
have the ability of self-renewal and can also help replenish a vari-
ety of specific cell types to aid in tissue repair. MSCs can be found 
in various tissues such as the bone marrow (BM), muscle, skin, 
and adipose tissues [38]. They can be obtained from an autologous 
origin or maybe used from an allogenic origin due to their pro-
posed hypoimmunogenic character in cell transplantation. The 
efficacy of intravenous allogenic transplantation of human MSCs 
was suggested by Hara et al. [39]. According to this study, LVEF 
and pulmonary function were improved in patients who received 
MSC therapy. Two recently published studies, the POSEIDON tri-
al and the TAC-HFT trial, which used MSCs cultured from the 
BM aspirate, demonstrated that MSC transplantation improved 
LV function, ventricular remodeling, and the functional capacity 
and quality of life of the patients [40,41]. Another feasible source of 
MSCs is the adipose tissue; stem cells from this tissue are called 
adipose tissue-derived stem cells (ADSCs). The APOLLO trial, the 
first human trial conducted using ADSCs for the treatment of pa-
tients with STEMI showed a trend toward improving cardiac func-
tion, accompanied by a significant improvement of the perfusion 
defect and a 50% reduction in myocardial scar formation after 
stem cell infusion [42]. However, MSC preparations comprise sub-
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sets of cells with different phenotypes and functions, and it is not 
yet fully elucidated how this heterogeneity could affect therapeutic 
efficacy and safety. Most recently, the Cardiopoietic Stem Cell 
Therapy in Heart Failure trial, named as the C-CURE trial, was 
conducted in patients with ischemic heart failure using lineage-
specific MSCs; these MSCs were pre-primed using cardiogenic 
cocktails, which can trigger the expression and nuclear transloca-
tion of cardiac transcription factors, before endomyocardial injec-
tion of the MSCs into areas of the dysfunctional myocardium [43]. 
This trial showed significantly improved cardiac function and ex-
ercise tolerance in the treated patients compared to the patients 
that received conventional treatment. MSCs thus present advan-
tages over the other types of stem cells. Further, in the case of MSCs, 
it is possible to use an allogenic graft. The allogenic cell product, 
that can be made available as “off the shelf,” would be more cost 
effective and easier to administer and could potentially allow the 
delivery of greater numbers of cells than autologous cell therapy. 

3. Resident cardiac stem cells 

For decades, the human heart was recognized as a terminally 
differentiated organ; however, several studies have reported that a 
population of stem cells within the myocardium can differentiate 
into cardiac myocytes [44-46]. Despite the unclear origin of CSCs, 
they can be isolated from the heart tissue and expanded ex vivo for 
use in cell-based therapy. In the Stem Cell Infusion in Patients with 
Ischemic Cardiomyopathy (SCIPIO) trial, autologous CSCs were 
isolated from the right appendage during cardiac surgery and re-
infused intracoronarily. No adverse effect was observed and the 
LVEF increased in the treated patients along with an improvement 
in the functions and quality of life at 4 months after therapy [47]. 
In addition, the Cardiosphere-Derived Autologous Stem Cells to 
reverse ventricular dysfunction (CADUCEUS) study, in which the 
stem cells were obtained by percutaneous endomyocardial biop-
sies, showed that viable heart mass and regional contractility, ana-
lyzed by cMRI, increased in the treated patients [48,49]. 

4. Circulating blood-derived progenitor cells

Circulating blood-derived progenitor cells, which are mainly 
composed of endothelial progenitor cells, are suitable for use in 
cell-based therapy. Granulocyte colony stimulating factor (G-CSF) 
is usually used for the mobilization of stem cells and stem cell fac-
tors; these cells and factors are then harvested from peripheral 
blood without invasive BM cell collection. In the MAGIC cell trial, 

Kang et al. reported that G-CSF therapy with intracoronary infu-
sion of peripheral blood stem cells improved cardiac function and 
promoted angiogenesis in patients with MI in short-term and long-
term follow up [50,51]. Next, the efficacy and safety between BM-
MNCs and circulating blood-derived progenitor cells were com-
pared in the TOPCARE-AMI trial. Both the cell therapies signifi-
cantly improved LVEF and there was no difference between the 
two groups [52]. 

5. Skeletal myoblasts

 Skeletal myoblasts are known as satellite cells, which are reser-
voirs of regenerative cells for skeletal muscle tissues. These myo-
blasts can differentiate into myotubes and myocytes in response to 
injury. Experimental studies have shown that skeletal myoblasts 
can engraft in post-infarction scars in the heart, differentiate into 
myotubes, and improve LV function [53]. Dib et al. performed a 
phase I nonrandomized pilot study that demonstrated survival, 
feasibility, and safety of autologous myoblast transplantation into 
the infarcted myocardium [54]. However, the early clinical studies 
of myoblast transplantation in the post-infarct myocardium sug-
gested the possibility of a proarrhythmic effect [55,56]. Two trials, 
the MAGIC trial [57] and the SEISMIC trial [58], showed no sig-
nificant changes in terms of global and regional LV function in 
skeletal myoblast-treated patients, and the MARVEL trial was 
prematurely terminated due to the occurrence of sustained ven-
tricular tachycardia [59]. These multiple negative results and con-
cerns about fatal arrhythmia make it unlikely that myoblast-based 
cell therapy will be further pursued. 

6. Induced pluripotent stem cells 

As mentioned above, embryonic stem cells from the human 
embryo are pluripotent cells that can differentiate into cardiomyo-
cytes, but their use is limited due to ethical issues and the risk of 
teratoma formation. One possible solution to these problems is the 
use of induced pluripotent stem cells. In 2006, Takahashi and Ya-
manake demonstrated the induction of pluripotent stem cells from 
adult human fibroblasts by introducing four factors (Oct3/4, Sox2, 
c-Myc, and Klf4) [60]. The generation of pluripotent cells from dif-
ferent adult somatic cell types is referred to as reprogramming. 
Currently, the reprogramming of somatic cells is an inefficient 
process that needs to be refined before it can be applied in clinical 
trials. Therefore, nowadays, iPSCs represent a novel source of cells 
for regeneration therapy of the heart, but are not ready for applica-
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tion in human hearts yet. 

MYOCARDIAL REGENERATION WITHOUT STEM CELLS

Current concepts of cell-based therapies are focused on the fa-
cilitation of endogenous repair processes by transplanted stem 
cells rather than through the actual regeneration of the lost cardi-
ac cells [61]. The observation of paracrine effects of stem cells, 
which have been shown to trigger angiogenesis, prevent apoptosis 
of myocardial cells, induce the proliferation of endogenous cardio-
myocytes and recruit resident CSCs, has stimulated an emerging 
concept of myocardial regeneration therapy [14]. In situ activation 
of paracrine signaling to initiate effective endogenous myocardial 
repair without stem cell transplantation would help avoid some 
major concerns associated with stem cell transplantation, such as 
delayed injection after acute injury for stem cell preparation, the 
high cost of the procedure, issues concerning the most effective 
route of delivery, and insufficient retention of the transplanted 
cells in damaged tissue. The paracrine effects of several growth 
factors such as the vascular endothelial growth factor, fibroblast 
growth factor, granulocyte colony stimulating factor, granulocyte-
macrophage colony-stimulating factor, erythropoietin, insulin-
like growth factor-1, and hepatocyte growth factor have been stud-
ied for regeneration of damaged myocardium. Ellison et al. re-
ported that the intracoronary injection of a combination of insu-
lin-like growth factor-1 and hepatocyte growth factor in the in-
farct-related coronary artery reduced ventricular remodeling and 
improved myocardial regeneration in an animal study [62]. Other 
growth factors can also be used to promote cardiac regeneration 
and improve cardiac function. However, to date, no randomized 
clinical trial confirming the clinical benefits of growth factor in-
jection for the treatment of ischemic heart failure has been pub-
lished. 

CONCLUSION

Stem cell therapy is a novel and promising therapeutic modality 
for patients with significant cardiac dysfunction. Although many 
experimental studies and clinical trials have proven the feasibility, 
safety, and efficacy of cell-based cardiomyoplasty, the mechanisms 
underlying the regeneration of damaged cardiac tissues by stem 
cells are not fully understood. There are also many issues related 
to the use of stem cells, including the eligibility of patients, optimal 

timing of cell transfer, dosage, method of cell administration, and 
selection of the correct type of cells, that remain to be solved. There-
fore, further research in the form of preclinical studies and large 
randomized clinical trials is required to optimize cell-based thera-
py for cardiovascular diseases.
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