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Introduction
Heart disease is the leading cause of death in the United 

States, with coronary heart diseases (CHD) as the first cause of 
deaths attributed to heart diseases. Globally, the prevalence of 
CHD has increased over the last decades [1]. This increase in the 
prevalence of CHD, as a major contributor to heart failure (HF), 
has caused an increase in the prevalence of HF which has become 
a burden placed on healthcare systems [2]. The deteriorated 
contractile capability of the heart post-myocardial infarction 
leads to a reduction in left ventricular ejection fraction (LVEF) 
causing ischemic cardiomyopathy. Thus, the amount of blood 
pumped into the circulation is insufficient. The failing contractile 
function of the heart increases the hemodynamic burden on the 
heart and causes mechanical stretch of the already stressed 
tissue contributing to HF [3,4]. Ischemic cardiomyopathy is 
known to have an inevitable progressive nature with about 50% 
mortality during the first five years after diagnosis [5,6].

The notion of the limited ability of the heart to repair itself 
combined with the unclear efficacy of coronary artery bypass 
grafting (CABG) surgery for these patients with poor cardiac 
function and the shortage of donor hearts for transplant had 
provided a rationale for an adjuvant therapy with CABG surgery 
that can restore cardiac function. Since 2001, the focus of 
attention has been the potential ability of stem cell therapy to 
restore deteriorated cardiac functions in these patient [7]. The 
promising results in animal studies have encouraged a lot of 
centers all over the world to launch their clinical trials to test the 
efficacy of this approach [8,9]. The aim of our review is to update  

 
the literature with the evaluation of cell therapy for IHD from the 
surgical standpoint.

Myocardial Damage and Remodeling
Coronary arteries occlusion causing myocardial ischemia 

is followed by sequelae of myocardial damage and remodeling. 
This damage becomes irreversible following the first 30 
minutes of ischemia. During the following 6 hours, the affected 
cells undergo death, apoptosis, and necrosis. Thus, releasing 
intracellular proteins which initiate an inflammatory response 
with leukocytic infiltration of the infarcted area. Later, 
macrophages and lymphocytes undergo phagocytosis of dead 
myocardial cells stimulating fibroblasts which start proliferation 
and collagen production. Then, the affected myocardial tissue is 
replaced by a fibrotic scar [10,11].

Replacement of contractile myocardial tissue by non-
contractile scar tissue causes ventricular stress, which starts a 
cascade of morphological changes as an adaptive mechanism. 
The process of these morphological changes is known as 
cardiac remodeling, during which the fibroblasts proliferate 
to strengthen the scar tissue in order to prevent ventricular 
wall rupture. In addition, viable cardiomyocytes undergo 
hypertrophy as an adaptive mechanism for stress and pressure 
overload. The magnitude of cardiac remodeling is affected mainly 
by the extent of the myocardial infarction (MI) [12,13]. Although 
this compensatory process is crucial for maintaining cardiac 
functions post-infarction, it provokes long-term contractile 
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dysfunction and formation of arrhythmogenic areas. Thus, leads 
to increased morbidity and mortality 

Ischemic Cardiomyopathy
The deteriorated contractile capability of the heart leads to 

a reduction in LVEF. Thus, the amount of blood pumped into the 
circulation is insufficient. The failing contractile function of the 
heart increases the hemodynamic burden on the heart and causes 
mechanical stretch of the already stressed tissue contributing 
to heart failure [3,4]. As a compensatory mechanism, both 
the sympathetic nervous system and the renin-angiotensin-
aldosterone (RAA) system are activated leading to a rise in heart 
rate, vasoconstriction, fluid retention, and elevated systemic 
blood pressure [14]. All these effects increase the workload of 
the heart stretching the walls of the atria and ventricles. This 
stretch stimulates the increase of B-type natriuretic peptide 
(BNP), which tries to counteract the actions of both the 
sympathetic nervous system and the RAA system. However, this 
process contributes more to heart failure 

Clinically, symptoms of patients with ischemic 
cardiomyopathy are dyspnea, fatigue, lower limb edema, and 
chest pain. Deteriorated contractile function of both ventricles 
leads to fluid accumulation in the lungs causing dyspnea which 
increases in supine position due to increased intrathoracic 
volume and pressure. The two most common classification 
systems used to quantify the degree of functional limitation 
caused by cardiac disease in adults are the New York Heart 
Association (NYHA) and the Canadian Cardiovascular Society 
(CCS) functional classification [15-19].

Despite the clear correlation between survival and the 
severity of the symptoms, patients with less severe symptoms 
may still have bad prognosis with a high risk of hospitalization 
and death. These patients are susceptible to sudden worsening 
of symptoms due to, for example, infections or arrhythmias that 
may lead to recurrent hospitalizations. That represents a major 
economic burden for any health-care system.18,19 Additionally, 
ischemic cardiomyopathy is known to have an inevitable 
progressive nature with about 50% mortality during the first 
five years after diagnosis [5,6].

Myocardial Regeneration
Traditionally, the heart was considered as a post-mitotic 

organ with permanent histological structure formed during 
embryogenesis that has no regenerative abilities. While most 
of the cardiac cells are derived from mesoderm, a few cardiac 
cells are derived from proepicardium and neural crest. During 
embryogenesis, Mesodermal cardiac cells are divided into 
two groups the first and second heart [20]. The first heart 
field forms the left ventricular cardiomyocytes. However, the 
specific progenitor cells and phenotypic markers for these 
cardiomyocytes are not established yet [21]. On the other hand, 
the second heart field cells express LIM-homeobox transcription 
factor ISL1 and show great multipotency. In vivo, they have the 

ability to form cardiomyocytes in the right ventricle, the outflow 
tract, the right and left atria, the proximal coronary arteries, and 
most of the conduction system [22]. Ex vivo, fetal cells with ISL1 
expression can differentiate into cardiomyocytes, endothelial 
cells, and smooth muscle cells. These three cell types are found 
in the cardiac morphological structure [23].

Several studies have emerged since 1980’s contradicting the 
traditional assumption of the regenerative inability of the adult 
human hearts. Some of these studies have shown the evidence 
proving the division ability of mitotic cells found in human 
adult hearts. This cell population known as cardiac progenitor 
cells (CPC) was found in different areas of the heart like the 
atrial appendages and outflow tract [24-28]. However, the exact 
marker profile for CPC is still debatable. Additionally, although, 
the regenerative capabilities of CPC has been proven, its ability 
to regenerate cardiomyocytes post-infarction is quite limited 
just 1 to 4% [25].

Treatment for Ischemic Heart Failure

Surgical

The role of CABG in treating CHD is limited to the presence 
of viable myocardium. CABG targets stunned myocardial tissue 
that can restore its contractile function after the returning of the 
blood flow [29]. Thus, the typically indicated patients for CABG 
are the ones with stable multiple vessel disease and LVEF greater 
than 35 to 40%. Historically, in patients with left main coronary 
artery stenosis, left main equivalent disease, three-vessel, or two-
vessel coronary artery disease with more than 75% proximal 
stenosis in the left anterior descending (LAD) artery CABG was 
proven to improve survival [30-32]. In 2014, Windecker et al. 
conducted a huge meta-analysis including 100 trials and 93 
553 patients to investigate whether revascularisation by CABG 
or percutaneous coronary intervention (PCI) could improve 
prognosis compared to medical treatment in patients with 
stable CHD. Their results showed that CABG was associated 
with improved survival [hazard ratio (HR) 0.80, 95% confidence 
interval (CI) 0.70 to 0.91) and reduced risk of MI (HR 0.79, 95% 
CI 0.63 to 0.99) compared to medical treatment [33]. Surgical 
ventricular reconstruction (SVR) may provide further benefit for 
some CABG patients with scar tissue. The aim of this procedure 
is to restore normal cardiac morphology for some extent post-
infarction by removing the scar tissue [34]. However, according 
to the guidelines, this procedure should be limited only to 
patients with severe heart failure symptoms, transmural scar 
tissue, and large left ventricle (LV) dimensions. Additionally, it 
should be only performed in centers with long experience in 
treating ischemic cardiomyopathy patients.For the most centers, 
effective medical treatment combined with CABG should be the 
treatment of choice for ischemic cardiomyopathy. Additional 
surgical intervention should be limited to some hemodynamics 
affecting complications like ischemic ventricular septal defect 
(VSD), ventricular wall rupture, or ischemic mitral regurge [35].
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Bone Marrow Stem Cell Therapy
Currently, there are no guidelines on the use of BMSC 

transplant combined with CABG surgery in treating IHD. Broad 
meta-analyses evaluating cell therapies with different types 
of interventions have provided robust evidence to suggest a 
beneficial effect of these therapies on HF patients [36]. However, 
there is no updated meta-analysis specifically evaluating BMSC 
transplant with surgical intervention. Recently, the anticipated 
results of phase III of the PERFECT trial [37] in Europe and 
phase II of the IMPACT-CABG trial [38] in North America 

have been published. BMSCs can be delivered to the injured 
myocardium via different routes during CABG procedure. The 
three major techniques used for BMSCs delivery in most studies 
are: a) Intramyocardial injection, b) Intracoronary infusion and 
c) Retrograde coronary sinus delivery. These approaches are 
still in the stage of development and implementation. Although 
the optimum delivery method has yet to be determined, most 
clinical trials have reported a low frequency of complications 
regardless of method of BMSCs delivery proving the safety and 
feasibility of these methods.

Intramyocardial Injection

Figure 1: Route of Bone Marrow Stem Cells Injection During CABG.

This method of BMSCs delivery is performed by direct 
multiple injections of cell suspensions into target myocardial 
areas. The ischemic areas are identified preoperatively using 
nuclear imaging and echocardiography then visualized directly 
during the procedure. The prepared BMSC suspension is injected 
into the border zone of the target area after the graft-coronary 
anastomosis is completed [39,40]. That was the method used by 
Stamm et al. in the first trial of combined CABG and BMSC therapy 
[41]. The injections can also be performed at infarcted areas that 
will not be mechanically revascularized during CABG due to lack 
of graftable coronary vessels. This method is considered to be 
the most reliable and the widest used method of BMSCs delivery 
during CABG [42]. However, one of its drawbacks is the risk of 
perforation at the injection site. Also, cell leakage and clumping 
during injection may cause nonspecific delivery and prevent 
uniform cell distribution as well [43] (Figure 1).

Intracoronary Infusion
Infusing the BMSCs via coronary arteries can be performed 

by injecting the cell suspensions via the saphenous vein graft 
after distal anastomosis is finished, or injecting it through distal 
left anterior descending artery before completing the distal 
anastomosis with the internal thoracic artery. The arteries used 

for the injection are determined preoperatively by identifying 
the anatomical feeding vessels of the infarcted area [44]. Unlike 
intramyocardial injection, this method requires the presence 
of graftable coronary vessels feeding the target area. The 
intracoronary infusion has been the most practiced method 
of BMSCs delivery in catheter-based studies for interventional 
cardiology [45].

Retrograde Coronary Sinus Delivery
The coronary sinus has been utilized for retrograde delivery 

of cardioplegic solution in cardiac surgery. A similar technique 
can be used to deliver the BMSCs via retrograde infusion through 
the coronary sinus to the coronary veins [46]. Although this 
method has a theoretical advantage of more homogeneous cell 
delivery, it is the least investigated method of delivery [47].

Potential Mechanism of Action
In spite of the great expansion of knowledge and experience 

that has been achieved in the field of regenerative medicine, a 
major gap still persists in understanding the exact mechanisms 
of action of cell-based therapies in cardiac regenerative 
medicine. The oldest presumed mechanism was the direct cell 
transdifferentiation from BMSCs to contracting mature cardiac 
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myocytes replacing the dead ones and restoring the cardiac 
functions [7]. Another theory was developed later depending 
on the neovascularization capacity of the transplanted BMSCs. 
Neovascularization may be beneficial in ischemic situations by 
increasing blood vessel density and providing a well-developed 
network of collateral vessels for maintaining adequate blood 
supply to the ischemic area. However, these benefits are less 
clear for old infarcted areas with no viable myocardium [48]. 
Later the paracrine hypothesis was developed referring to the 
capacity of transplanted BMSCs to release signals and growth 
factors into extracellular matrix affecting the neighboring cells 
[49]. Examples of processes associated with the paracrine 
effect of transplanted BMSCs may include neovascularization, 
cytokine-induced myocyte growth, stimulation of endogenous 
myocardial stem cells, preventing overstretch of myocytes 
and maintain proper electrical behavior of myocardium by 
extracellular matrix remodeling, inhibition of cardiomyocytes 
hypertrophic response, and cell fusion between resident 
myocytes and transplanted BMSCs [50-52]. 

Types of Stem Cells for Cardiac Therapy
The stem cell population is either embryonic (pluripotent) 

cells or adult somatic (multipotent) cells. Using re-programming 
techniques, the genes that are produced in the embryonic cells 
can be injected into adult cells to reproduce immature cells 
that possess characters resembling the embryonic ones, which 
are then called induced pluripotent cells. The stem cells can 
be driven from peripheral blood, fatty tissue, muscle, cardiac 
muscle, and bone marrow. The ideal stem cells must not carry 
any oncogenic effects on the host. They must be immune inert 
and not arrhythmogenic or cause any serious life threating 
condition. They should be easily and cheaply gathered, treated 
and delivered. They should be able to migrate and integrate into 
the host tissues and be available to be used anytime as an “off-
the-shelf” product for the emergency cases and should have a 
remarkable effect on the clinical outcome of the patients. Their 
collection and usage should not be morally and lawfully dubious 
[53].

Bone Marrow Extracted Cells
The primitive endothelial progenitor cell cells can migrate 

from the bone marrow through the blood to the regions of 
ischemia and take a role of the regenerations of blood vessels 
and mature cardiac cells, hence the interest of using the bone 
marrow stem cells in treating IHD patients has emerged [54]. 
The bone marrow provides a source for different populations 
of stem cells such as non- hematopoietic, hematopoietic cells 
and progenitor cells. Collection of bone marrow-derived cells 
is feasible clinically by aspiration of the bone marrow or by 
extraction of the mononuclear cells from the blood to get 
the unfractionated bone marrow stem cells which include 
hematopoietic stem cells, endothelial progenitor cells, and 
mesenchymal stem cells. The unfractionated bone marrow stem 
cells can be further treated and purified using noncomplex 

techniques to get the subgroups of differentiated cells according 
to the surface expressed genes which are fractionated CD34+ 
bone marrow cells and fractionated CD133+ bone marrow cells. 
The unfractionated stem cells are a safe and feasible option 
that can be used in many heart diseases including IHD and HF. 
However, the results of their usage are still controversial [33,55].

Embryonic Stem Cells
The embryonic stem cells are derived from the inner cell 

mass of the blastocyst. Theoretically, they offer the ideal profile 
for stem cell therapy due to its pluripotency, clonality, and 
self-renewal abilities. However, they still carry a significant 
neoplastic risk due to its virtual ability to differentiate to any 
cell type [56]. They can be differentiated morphologically into 
cardiomyocytes, however, they lack a true mature phenotype. 
Their transplantation in an animal model led to cardiac 
functional improvement in an induced infarction study [57]. In 
addition to its significant neoplastic risk, embryonic stem cells 
carry a lot of ethical and moral controversy. These two factors 
might limit the use of embryonic stem cells in clinical settings.

Cardiac Stem Cells and Progenitor Cells
C-kit+ cardiac stem cells are characterized by the presence 

of the surface expressed c-kit+ markers. Some authors had 
adopted the trans-differentiate into cardiomyocytes as a 
mechanism of action by which they act. Others advocated the 
paracrine mechanism of action by which these stem cells can 
act [58]. Animal studies had demonstrated that the injection of 
human cardiac cells in the induced ischemic heart model had 
improved the contractility of the myocardium and reduced the 
postinfarction ventricular dilatation. Additionally, it had changed 
the molecular and genetic properties of the cardiac cells. It 
had been shown to improve the structural and physiological 
recovery of the cardiac cells [59,60]. Clinically, injecting the 
cardiac stem cells, which were collected in the operating room, 
three months after coronary bypass operation in postinfarction 
patients either in the graft or in the coronary ostium of the 
native coronary vessel supplying the ischemic area had shown 
a remarkable improvement of the pump function of the heart 
as well as improvement in the clinical outcome and the quality 
of life of these patients. The cardiac stem cells harvesting and 
injection was found to be feasible and safe [61].

Ex vivo culture of cardiac biopsies has evolved structurally 
peculiar types of cells that were considered as primitive cardiac 
cells, tend to be globular in shape and could improve the 
structural and physiological recovery of the diseased cardiac 
cells. They can express a variety of surface antigens like the ones 
expressed by endothelial cells, mesenchymal stem cells, stem 
cells, and embryonic cells [27,62]. The animal model showed 
that the injection of the cardiosphere-derived cells had improved 
the ventricular function, the viability of the myocardium, the 
hemodynamics proprieties and reduce the infracted size [63,64]. 
Clinically, the CADUCEUS trial had demonstrated the safety of this 
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approach. In addition, the exercise capacity of patients treated 
with cardiosphere-derived cells had improved. Radiologically, 
follow-up MRI showed improvement in the myocardial viability, 
contractility and wall thickness reducing the scar tissue [65].

Allogenic Stem Cell Therapy
Most of the clinical trials for combined CABG and BMSC 

therapy have investigated autologous cell preparations. 
Considering the advantage of avoiding immunologic rejection, 
autologous sources of stem cells have been more attractive 
for researchers. Nevertheless, autologous stem cell therapy is 
associated with serious limitations. Especially for patients with 
serious IHD who are a candidate for CABG, time is a crucial factor 
that cannot be wasted on tissue harvesting, cell processing, and 
quality control; which usually are not available at the same 
facility where the patient will undergo his CABG surgery. In 
addition, stem cell growth properties may be affected by age 
as well as other comorbidities that are usually found in those 
patients [53,66]. On the other hand, allogenic sources of stem 
cells provide “off-the-shelf” and safe solution for those patients 
being harvested from healthy young donors. Allogeneic stem cell 
therapy has been proven to be safe and clinical trials combining 
it with CABG have been started as well [67-69].
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