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Abstract. Cardiovascular disease constitutes the primary 
cause of mortality and morbidity worldwide, and represents 
a group of disorders associated with the loss of cardiac func-
tion. Despite considerable advances in the understanding of 
the pathologic mechanisms of the disease, the majority of the 
currently available therapies remain at best palliative, since 
the problem of cardiac tissue loss has not yet been addressed. 
Indeed, few therapeutic approaches offer direct tissue repair 
and regeneration, whereas the majority of treatment options 
aim to limit scar formation and adverse remodeling, while 
improving myocardial function. Of all the existing therapeutic 
approaches, the problem of cardiac tissue loss is addressed 
uniquely by heart transplantation. Nevertheless, alternative 
options, particularly stem cell therapy, has emerged as a novel 
and promising approach. This approach involves the transplan-
tation of healthy and functional cells to promote the renewal 
of damaged cells and repair injured tissue. Bone marrow 
precursor cells were the first cell type used in clinical studies, 
and subsequently, preclinical and clinical investigations have 
been extended to the use of various populations of stem cells. 
This review addresses the present state of research as regards 
stem cell therapy for cardiovascular disease.
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1. Introduction

Cardiovascular disease refers to a group of diseases that 
affect the heart and blood vessels and contributes to approxi-
mately 30% of global mortality, making it the most contributory 
cause of mortality worldwide. Although the events leading to 
cardiovasucular disorders are multi-faceted, a fundamental 
problem is the presence of scar tissue, and the irreversible 
loss of cardiomyocytes, which dynamically contribute to the 
contractility and the relaxation of ventricles. This can eventu-
ally predispose to ventricular arrhythmias and lead to heart 
failure (HF).

Traditional therapeutic options employ a strategy to limit 
further scar formation and adverse remodeling (1), but do not 
address the problem of cardiomyocyte loss which can only be 
treated by heart transplantation. In view of the palliative rather 
curative effect of these treatments, new alternative therapies 
have been explored for over a decade, including gene, protein 
and stem cell therapies. In particular, stem cell therapy has 
become a new focal point for the treatment of cardiovascular 
disorders. The demonstration that bone marrow-derived mono-
nuclear cells (BMMNCs) can repair myocardial damage and 
improve heart function by favoring myocardial regeneration 
or reduction of ventricular remodelling has generated great 
expectations (2). This discovery has transformed experimental 
research in the field of regenerative cardiovascular medicine 
and considerably increased the clinical investigation. Herein, 
we present an overview on advances in stem cell therapy for 
cardiovascular disease. Specifically, in this review, we address 
the present state of research as regards different stem cells that 
may be used to regenerate the myocardium, their modes of 
delivery and their mechanisms of action.

2. Spectrum of stem cells investigated

Since the first study reported in 1998 indicating the ability of 
skeletal muscle to repair the heart (3), various cell types illus-
trated in Fig. 1, have been investigated as possible candidates 
for treatment of cardiovascular disease.

Skeletal myoblasts (SMs). Given that SMs are believed to have 
sufficient plasticity to give rise to cardiac muscle, specimens 
of SMs obtained from muscle biopsies were originally used 
for cardiac regeneration (3). Advantageously, these cells have 
the ability to derive autologous cells, thus eliminating the need 
for immunosupression (4,5). In addition, SMs have a high 
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proliferative ability at a later stage of differentiation and are 
resistant to ischemia (3-5). Preclinical and clinical studies have 
revealed that SMs could differentiate into myotubes and form 
skeletal muscle-like grafts that are viable and functional in the 
damaged portions of myocardium. These changes were accom-
panied by a reduction in adverse ventricular remodelling and 
interstitial fibrosis as well as increased cardiac function (3-7). 
However, the inability of these implanted skeletal muscle cells 
to differentiate into cardiomyocytes (6), and to form electrical 
junctions (6) has raised potential concerns as regards the risk 
of ventricular tachycardia, and waned interest in their use for 
treatment of cardiovascular disease.

Bone marrow-derived stem cells. Bone marrow harbors 
several types of stem cells that include mesenchymal and 
hematopoietic stem cells (HSCs) that have been largely tested 
for their use in tissue/organ regeneration in several preclinical 
and clinical studies. These cells are easily procurable and also 
include unfractionated mononuclear cells, and endothelial 
progenitor cells (EPCs).

BMMNCs. In several animal models of acute myocardial 
infarction (AMI), BMMNCs have been used (2,8) and were 
found to contribute to the regeneration of cardiomyocytes and 

endothelial cells following injection into infarcted myocar-
dium.

The first clinical trial of BMMNCs in AMI, carried out 
in 2002 by Strauer et al (9), revealed that these cells improved 
global and regional ventricular function and enhanced myocar-
dial perfusion. Similar results were obtained more recently in 
two separate trials of BMMNCs in AMI (10,11). However, a 
double-blind investigation of BMMNC transplantation in the 
placebo-controlled LateTIME trial, at 2-3 weeks after myocar-
dial infarction (MI) revealed no improvement in regional 
or global cardiac function (12). Furthermore, although the 
analysis of cohort studies and randomized clinical trials has 
shown a modest benefit in favor of BMMNCs in the treatment 
of patients suffering from left ventricular (LV) dysfunc-
tion post-MI, neutral result from other studies of autologous 
BMMNCs continue to fuel controversy about the clinical role 
of this potential new therapeutic tool.

Mesenchymal stem cells (MSCs). MSCs are non-hema-
topoietic cells that have the potential to differentiate into a 
variety of cell types. They have initially been identified in bone 
marrow, but are also found in umbilical cord blood, adipose 
tissue, and the heart. Importantly, MSCs from bone marrow 
do not express costimulatory molecules of the T-cell activation 

Figure 1. Spectrum of stem cells investigated for cardiac repair. Although the pathologic events leading to injured heart are multi-faceted, an underlying cause 
is a diminished blood supply to parts of the myocardium as a result of an occlusion to coronary artery. This translates into low, or no oxygen supply to the 
cardiac muscle leading to wide apoptosis and necrosis of the cells. As consequence, the heart cannot pump blood effectively to the rest of the body, thus leading 
to heart failure and ultimately death of the patient. The main purpose of stem cell therapies is the prevention and or regeneration of dying muscle. A variety of 
cell types have been investigated as candidates for such treatment. These cells include skeletal myoblasts, whole bone marrow cells or bone marrow-derived 
HSCs, bone marrow-derived MSCs, adipose-derived stem cells, adult cardiac resident stem cells, and ESCs including their differentiated progeny. The surface 
marker phenotypes that distinguish certain different stem cells are given in parentheses. HSCs, hematopoietic stem cells; MSCs, mesenchymal stem cells; 
ESCs, embryonic stem cells.
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such as HLA class II and B7, allowing them to survive even 
under inflammatory conditions without interacting with host 
T cells. The use of these cells in rodent models of MI resulted 
in improvement of remodeling and reduction of infarct size 
following their differentiation into cardiomyocyte and endo-
thelial phenotypes (13). Similarly, intracoronary infusion of 
autologous bone marrow-derived MSCs given to patients 
after MI resulted in improved LV function and myocardial 
perfusion (14). In the setting of HF, infusion of autologous or 
allogeneic MSCs improved ventricular remodeling as well as 
the functional capacity, and quality of life of patient (15).

HSCs and EPCs. HSCs present in the bone marrow have 
the potential to differentiate into myeloid as well as lymphoid 
cell lineages. Whereas, EPCs are found in peripheral blood 
and they can differentiate into endothelial cells to promote 
neovascularisation in response to ischemic injury. CD34 and 
CD133 are surface markers of both HSCs and EPCs.

A sustained improvement in regional perfusion and LV 
remodeling by intracoronary cell therapy with both CD133+ 
or CD34+ cell types could be observed in old anterior MI 
patients (16). Interestingly, injection of CD34+ cells into the 
peri-infarct during coronary artery bypass grafting (CABG) 
surgery in patients with ischemic cardiomyopathy led to better 
improvement of contractile function as compared to CABG 
alone (17). Similarly, left ventricular ejection fraction (LVEF) 
and perfusion of the infarcted myocardium were found to be 
much improved in ischemic HF patients who received CABG 
and CD133+ therapy in contrast to patients treated only with 
CABG (18). The use of a novel population of hematopoietic 
cells, known as aldehyde dehydrogenase-bright (ALDHbr) 
cells, resulted in reduced LV end-systolic volume and an 
improvement of maximal oxygen consumption (19).

Adipose-derived MSCs. Miyahara et al were the first inves-
tigators to practice transplantation of adipose-derived MSCs 
into scarred myocardium in a rat model of chronic MI, and 
reported that this intervention led to better cardiac function, 
which was associated with reversal of wall thinning in the 
scar area (20). A subsequent comparative study demonstrated 
that MSCs not only help in improving LVEF, but they also 
promote angiogenesis and lower fibrosis and this ability of 
MSCs is better than adipose-derived cardiomyogenic cells or 
BMMNCs (21). However, the application of adipose-derived 
MSCs in the clinical setting for cardiovascular disease is still 
under evaluation.

Cardiac stem cells (CSCs). It is now known that there is a 
continuous turnover of cellular components of adult heart 
and this is an important development in our understanding of 
cardiac tissue biology. In as much as this process of cardiac 
cellular turnover is likely to be dependent on the population 
of stem cells present in the heart, several cardiac-derived stem 
cells have been evaluated as potential therapeutic tools.

c-kit+ CSCs. The c-kit+ CSCs refer to a multipotent cell 
population expressing the tyrosine kinase receptor c-kit, and 
are considered as a primary source for generation of a new 
myocardium subsequent to injury. The ability of these c-kit+ 

CSCs to curtail LV dysfunction and vascular remodeling, and 
also to promote cardiac tissue regeneration was consistently 
demonstrated in animal models of AMI (22-24). Clinical 

and preclinical studies have suggested that the intracoronary 
infusion of autologous c-kit+ CSCs results in the restoration of 
LV systolic function, and reduces infarct size in patients with 
cardiovascular disease due to ischemia (25).

Cardiosphere-derived cells (CDCs). CDCs are composed 
of various cell types that include cells expressing antigenic 
markers that are charactersitic of endothelial cells [KDR 
(human)/Flk-1 (mouse), CD3], stem cells (CD34, c-kit, Sca-1), 
and MSCs (CD105, CD90). These cells are able to promote 
regeneration, and to reduce both post-MI dysfunction and 
vascular remodeling in various animal models of MI (26-28); 
however, the specific cells responsible for these effects have 
not yet been identified. Nevertheless, considering that 98% of 
CDCs infused are found to be positive for CDC105, it has 
been suggested that the stem cell type responsible for this 
restoration is likely mesenchymal in nature (26). However, 
therapy with CDCs does not lead to a reduction in LV volume, 
an increase in LVEF, and an improvement in quality of life. 
Nevertheless, therapy with CDCs has been shown to lead to 
a 42% reduction in scar size along with an increase in viable 
tissue and regional systolic wall thickening in the infarcted 
region, which suggests cardiac regeneration (26).

Sca-1+ CSCs. Oh et al (29) originally reported the presence 
of Sca-1+ cells in the adult mouse heart, and demonstrated that 
these cells express cardiac structural genes, and differentiate 
into beating cardiomyocytes when treated with 5-azacydine or 
oxytocin. These authors also demonstrated that Sca-1+ cells, 
when transplanted into the peri-infarct and infarct zones in an 
animal model of MI, differentiated into endothelial cells and 
cardiomyocytes, and attenuated LV remodeling.

Embryonic stem cells (ESCs). ESCs are considered to be 
promising therapeutic candidate stem cells, since they are able 
to self-renew in an unlimited manner and can differentiate 
into any cell type of the organism, including cardiomyocytes. 
Accordingly, under appropriate culture conditions, human 
ESCs form contracting areas (30) and embryoid bodies, which 
are positive for cardiomyocyte markers such as myosin heavy 
chain, α-actin, desmin and tropin I. The main advantage of 
ESCs is their capacity of unlimited expansion in vitro, allowing 
them to meet the need for large amounts of cells for trans-
plantation. The administration of ESCs in an animal model 
of MI has been shown to result in engraftment, improved LV 
function and reduced LV remodeling (31). The disadvantages 
of ESCs are their propensity toward teratoma formation, and 
malignant transformation.

Induced pluripotent stem cells (iPSCs). Adult human 
somatic cells (32) and mouse fibroblasts (33), reprogrammed 
to pluripotent stem cells by transduction of transcription 
factors, were shown to differentiate into cardiomyocytes 
which possess functional properties typical of cardiac cells. 
Although these iPSCs are potential therapeutic candidates 
for cardiac regeneration, the transcription factors used for 
their generation such as cMyc, Oct4 and Klf4 are known 
oncogenes that can produce teratomas. In addition, iPSCs 
have a very low efficiency for generation and this varies 
among different batches of iPSCs, rendering their ability 
unpredictable (34). The rapidly evolving technology in this 
field may overcome these problems and the iPSC-based 



SUN et al:  ADVANCES IN STEM CELL THERAPY FOR CARDIOVASCULAR DISEASE26

therapeutic approach could find applications in the treatment 
of cardiovascular disease.

3. Modes of stem cell delivery

The transplantation of sufficient numbers of cells into the 
myocardial region of interest and the achievement of maximum 
retention of cells within the area represent the primary objec-
tive of any cell delivery strategy. Current delivery strategies are 
transvascular approaches, and direct injection into the LV wall.

Transvascular approaches. The transvascular strategies are 
particularly appropriate for recent infarcted and reperfused 
myocardium when expression of chemo-attractants and cell 
adhesion molecules is prominent. These strategies include 
intracoronary delivery, intravenous infusion, and mobilisation 
of stem cells.

Intracoronary delivery. In this approach, cells are infused 
inside the coronary artery, and this is generally done during 
brief coronary occlusion caused by inflating a balloon at the 
tip of the catheter (35-37). The advantages of this procedure 
include the uniform distribution of injected cells in the infarcted 
region, relative simplicity of the technique without the need for 
specialized equipment. The procedure is practical for wide-
spread utilization in clinical practice. However, intracoronary 
delivery has some disadvantages. Indeed, with this approach, 
the immediate retention of cells is low, there is a possibility of 
microvascular occlusion due to large cells, and the cell delivery 
to a myocardial region supplied by an occluded artery is impos-
sible (35-37).

Intravenous infusion. It has been shown that the intrave-
nous delivery of EPCs (38) or MSCs (39) improves cardiac 
function in animal models following AMI, while the homing 
of cells to non-cardiac organs limits the clinical application of 
this approach. Indeed, the myocardial homing of BMMNCs 
was found important only following intracoronary stop-flow 
delivery, but not after intravenous injection in patients with 
post-AMI (40).

Mobilization of stem cells. Given that the infarcted myocar-
dium attracts circulating stem cells to the site of injury, the 
mobilization of stem cells by cytokines may provide a non-
invasive approach for cardiac regeneration. This possibility was 
tested preclinically in animal models of AMI (41) and clinically 
in patients with AMI and chronic myocardial ischemia (42).

Direct injection into the ventricular wall. The direct injection 
of cells into the ventricular wall is considered as a favored 
method for cell delivery when an occluded coronary artery 
precludes transvascular cell delivery or when cell homing 
signals are expressed at low levels in the heart. However, the 
direct injection of cells into the ischemic or scarred myocar-
dium creates islands of cells with limited blood supply. This 
may lead to poor cell survival. Different approaches of direct 
injection are particularly appropriate for the application of 
large cells, such as MSCs or SMs that may cause microembo-
lization following intracoronary delivery. These approaches 
have been used in patients with advanced coronary artery 
disease or ischemic cardiomyopathy, but may be technically 
challenging in patients with AMI, particularly if cells have to 
be injected into the border zone of the infarct. The safety of 

such an approach should be investigated, as the perforation of 
the friable necrotic tissue is a matter of concern. In general, 
direct injection can be performed by transendocardial, tran-
sepicardial, or transcoronary delivery (43).

Transepicardial injection. Transepicardial injection is 
performed as an adjunct to CABG during cardiac surgery. The 
procedure permits the direct visualization of the myocardium 
and the targeted application of cells to scarred areas and the 
border zone of an infarct scar. However, the efficiency of cell 
transplantation may be difficult to evaluate and determine if 
CABG is performed simultaneously (44).

Transendocardial injection. In this approach, cells are 
delivered directly inside the LV with an injection catheter 
advanced across the aortic valve and positioned against the 
endocardial surface. Advantageously, electromechanical 
mapping of the endocardial surface with a catheter-based 
nonfluoroscopic three-dimensional (NOGA) system (45) can 
be used to monitor ischemic and scarred but viable myocar-
dium, thereby facilitating targeted injection of cells into the 
scar or into the border zone. In addition, cells can be distributed 
in a scarred region, even in the presence of a total occlusion 
of the coronary artery supply (15). Given these advantages, 
cell injection by transendocardial approach has been largely 
performed in the clinical setting (46). However, it is important 
to note that an intramyocardial injection can disrupt tissue 
architecture and generate cell clumps that eventually die from 
a lack of adequate blood supply. Furthermore, cells are always 
heterogeneously distributed in the infarct zone.

Transcoronary vein injection. The procedure requires a 
catheter system incorporating an ultrasound tip for guidance 
and an extendable needle for myocardial access. With such a 
system, cells are delivered parallel to the ventricular wall and 
deep into the injured myocardium (47).

4. Potential therapeutic mechanisms of stem cells

Stem cells have been reported to initiate myocardial repair and 
improve cardiac function through direct and indirect mecha-
nisms, including differentiation into cardiac and vascular cells, 
paracrine effects and cell fusion (Fig. 2).

Differentiation of transplanted stem cells into cardiac cells. 
The differentiation of injected stem cells into cardiomyo-
cytes is one of the major controversies in the field of cardiac 
regeneration. Indeed, although differentiation may provide the 
clearest explanation for the therapeutic effect of transplanted 
stem cells, there is no clear evidence supporting this. While 
certain studies using genetic and fluorescent labeling support 
the differentiation as important mechanism for cardiac regen-
eration (2,48-50), other studies challenge this notion despite 
improved LV function (8,48). Accordingly, the majority of 
stem cell-based therapies have reported improvement of both 
LV function and vascular remodeling, without necessarily 
forming new cardiomyocytes.

Formation of new blood vessels from transplanted stem cells. 
Various cell types have demonstrated the ability to differen-
tiate into new blood vessels following their transplantation. 
This phenomenon is likely essential for models of chronic 
coronary occlusion with ischemic but viable myocardium, 
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however, not for models with infarcted and scarred myocar-
dium (49). Interestingly, patients with ischemic heart disease 
have demonstrated improved cardiac performance, which was 
associated with formation of new vessels from transplanted 
stem cells (50). This is indicative of the clinical importance 
of stem cell differentiation in patients suffering from ischemic 
cardiomyopathy. It is however, difficult to envisage the process 
in the setting of non-ischemic cardiomyopathy or in patients 
suffering from ischemic heart disease but without flow-
limiting coronary lesions.

Paracrine effect. Paracrine effect is a concept that has been 
proposed to provide an explication regarding the therapeutic 
effects of transplanted stem cells on injury tissues. It refers 
to the notion that transplanted stem cells repair damaged 
myocardium by releasing into the surrounding tissue, several 
factors such as cytokines, chemokines, growth factors, 
exosomes or microparticles, which initiate various processes 
of restoration that include activation of endogenous CSCs, 
neovascularisation (51), inhibition of apoptosis, inhibition 
of hypertrophy, and favorable alterations of the extracellular 
matrix.

Cell fusion. Cell fusion refers to a cellular mechanism in 
which many mononuclear cells combine to form a syncy-
tium. A study examining cell fusion events of BMMNCs 

with cardiomyocytes using a procedure based on Cre-lox 
recombination, has indicated that cell fusion is the alterna-
tive mechanism used by transplanted BMMNCs to generate 
different adult tissues (4). However, subsequent studies 
concluded that cell fusion is not required for the differen-
tiation of BMMNCs into cardiomyocytes and coronary 
vessels (52). Furthermore, the Cre-lox recombination-based 
method appears inappropriate to study cell fusion, since 
unmodified Cre-recombinase in stem cells can imitate cell 
fusion by crossing the cell membrane. Consequently, the 
importance of cell fusion in therapeutic mechanisms of the 
stem cell seems stripped of support.

5. Conclusion

Despite considerable resources and effort dedicated over 
the last decade to study the bioactivity of stem cells and 
examine their potentiality for clinical intervention, stem cell 
therapy for cardiovascular disease remains a relatively young 
science. Nevertheless, remarkable progress has been made in 
a relatively short time during which, most of clinical trials 
conducted were generally small and inconclusive. However, 
the results were encouraging, and the stem cell therapy 
appears safe. This therapeutic approach is likely a clinical 
reality that may revolutionize the treatment of cardiovascular 
disease.

Figure 2. Potential therapeutic mechanisms of stem cells. Infusion of stem cells in the injured heart initiates myocardial repair via several direct and indirect 
mechanisms, including differentiation into cardiac and vascular cells, cell fusion and paracrine effects such as activation of endogenous precursors, promotion 
of neovascularisation, favorable modulation of the extracellular matrix, inhibition of apoptosis, and inhibition of hypertrophy. Collectively, these events result 
in enhanced LV function, improved perfusion, and improved cardiac function, leading to improvement in clinical status.
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