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SUMMARY 

 

In contrast to the differentiated cells of adult tissues, which stay differentiated and lose their 

capacity to proliferate, stem cells are able to divide repeatedly and produce both new stem 

cells and differentiated cells, thereby ensuring a supply of new differentiated cells. In several 

traumas and diseases, cell losses in affected tissues are too severe to be regenerated by 

endogenous stem cells. In these cases, stem cell-based therapies could be applied to repair 

the damaged tissues, either by repopulating the tissue with new differentiated cells or by in 

vitro formation of tissue for transplantation (tissue engineering). Cardiovascular diseases are 

among the candidates for stem cell-based therapies. This thesis reviews possible applications 

of stem cells in coronary heart disease and heart valve disease.  

Coronary heart disease is the major cause of death within the cardiovascular diseases. In this 

disease, a coronary artery that supplies the myocardium (heart muscle) with oxygen 

becomes obstructed due to atherosclerosis (hardening of the arteries). This leads to 

myocardial infarction (heart attack) and the death of the cardiomyocytes (heart muscle cells) 

in the affected area. Since the heart is not able to regenerate the damaged tissue, the lost 

cardiomyocytes will be replaced by fibrous scar tissue, which is not contractile, thereby 

leading to a decrease in contractility, and thus function, of the heart. Stem cell-based 

therapies that are able to repopulate the damaged myocardial tissue with new 

cardiomyocytes would thus be extremely useful to prevent progression to heart failure after 

myocardial infarction. For the generation of cardiomyocytes, currently tree types of cells are 

studied: embryonic stem cells, which can be isolated from early embryos, adult stem cells, 

which can be isolated from adult tissues, and induced pluripotent stem cells, which resemble 

embryonic stem cells, but are generated from differentiated adult cells. When stimulating the 

different types of stem cells with the right factors, they are able to differentiate into 

cardiomyocytes. Experiments in animal models indicate possible beneficial effects of stem 

cell-derived cardiomyocyte transplantations after myocardial infarctions, but some major 

difficulties remain to be solved before such treatments can be applied in the clinic, most 

important being the survival of the transplanted cells and their integration in the damaged 

tissue. Besides the transplantation of in vitro generated cardiomyocytes, possibilities for the 

transplantation of in vitro engineered myocardial tissue are explored.  

Although not occurring as much as coronary heart disease, heart valve disease is a 

significant cause of death within the cardiovascular diseases. In heart valve disease, 

malfunctioning heart valves lead to a decrease in pump function of the heart and thereby 

cause heart failure. Currently, heart valves are replaced with prostheses that know major 

complications and limitations. Therefore, possibilities are explored to produce patient-

specific, living replacements from stem cells (tissue engineered heart valves). Experiments 

have shown that it is possible to engineer heart valves, but these heart valves were not yet 

able to withstand the in vivo mechanical stress. Therefore, improvements are required before 

clinical application of tissue engineered heart valves. 

Taken together, it is still a long way to effective and safe application of stem cell-based 

therapies for cardiovascular diseases in the clinic and much more research is required to 

reach this goal. 
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INTRODUCTION 

 

Stem cells are able to divide repeatedly, thereby giving rise to both new stem cells and 

differentiating cells, which form the tissues of the body. In contrast to stem cells, tissue-

specific differentiated cells lose their capacity to proliferate. When tissues suffer major cell 

loss caused by trauma or disease, endogenous stem cells are often not able to repopulate the 

tissue with new differentiated cells. Since it is possible to isolate stem cells and differentiate 

them in vitro, they are a possible source for differentiated cells that might eventually be able 

to regenerate damaged tissues. A lot of research is performed on the possibility of such stem 

cell-based therapies in a variety of diseases. This thesis focuses on the possible applications 

of stem cells in cardiovascular diseases, especially in coronary heart disease and heart valve 

disease. The following sections describe the general concepts of stem cells, their therapeutic 

applications, heart physiology and cardiovascular diseases.  
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Stem cells 

 

The differentiated, specialized cells of adult tissues stay differentiated and lose their capacity 

to proliferate1, 2. In contrast, stem cells are able to divide repeatedly and produce daughter 

cells that can either remain stem cells (self-renewal) or differentiate towards terminally 

differentiated, specialized cell types3.  This section describes the various types of stem cells 

and their possible therapeutic applications.  

 

Stem cell types 

 

There are different types of stem cells, characterized based on their differentiation potential; 

totipotent, pluripotent, multipotent or unipotent stem cells. In an early embryo, totipotent 

cells are able to produce all types of differentiated cells, including extra-embryonic tissues. 

Stem cells able to produce all these cell types would thus be totipotent stem cells. Pluripotent 

cells give rise to all cell types of the embryo proper. Both embryonic stem cells (ESCs) and 

amniotic epithelial cells (AECs) are pluripotent. Multipotent stem cells can no longer 

produce all types, but still different types of differentiated cells. Fetal cells (FCs), umbilical 

cord blood cells (UCBCs) and tissue specific adult stem cells (ASCs), such as mesenchymal 

stem cells (MSCs) and haematopoietic stem cells (HSCs) from the bone marrow (BM), belong 

to this category. Unipotent stem cells produce one type of daughter cells. An example of this 

type of stem cells are the cells that produce spermatozoa2, 4.  

 

Embryonic stem cells 

 

In an early embryo at the blastocyst stage, the outer layer of the blastocyst (trophectoderm) 

will form extra-embryonic tissue, such as the placenta, and the inner cell mass (Fig.1) will 

form the embryo proper, with ectoderm, mesoderm and endoderm. The cells in the inner 

cells mass are pluripotent; they give rise to all cell types in the body of the foetus1. For 

several mammalian species, including mice5, 6 and human7, it is possible to obtain, separate 

and culture cells from the inner cells mass, thereby generating an ESC line.   

 

 
 

When cultured separately and under the right conditions, these cells are able to maintain 

their pluripotent state. Besides, when stimulated with the right factors, the ESCs are able to 

differentiate into all cell types1, 8. In case of mouse ESC lines, an often used model system, 

three assays are used to determine if the cells are pluripotent. The ESCs are considered 

pluripotent if they are able to 1) differentiate into all cell types in vitro, 2) form teratomas 

Figure 1. Blastocyst. 

Schematic representation (left 

panel) and micrograph (right 

panel) of a blastocyst 

indicating the inner cells mass 

(ICM). 

Figures from ref. 40 (left 

panel) and ref. 41 (right panel) 
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(pluripotent tumors, see page 15), and 3) form germline-competent chimeric mice when 

injected into a blastocyst. In case of human ESC lines, only the first two assays are used to 

determine pluripotency, because the third assay is not ethically and legally justifiable9. 

Notable, there are differences between mouse and human ESCs. Although both mouse and 

human ESCs originate from the inner cells mass of the blastocyst, they differ in morphology 

and in the culture conditions required for the maintenance of pluripotency; mouse ESCs are 

cultured in the presence of LIF and BMP, whereas human ESCs require Wnt, Activin, Nodal 

and bFGF to activate genes, such as Oct4, that keep the cell in an undifferentiated state9, 10. 

Possibly, several types of pluripotent cells exist, each with slightly different characteristics9.  

Besides maintaining their undifferentiated state, ESCs are able to differentiate in vitro upon 

stimulation with the appropriate factors, for example growth factors and cytokines. They can 

give rise to cells originating from all germ layers, such as haematopoietic progenitors, (heart) 

muscle cells, bone cells (mesodermal), neuronal cell types (ectodermal), lung cells, and 

pancreatic cell types (endodermal). Different ESC lines differ in their differentiation potential 

and efficiency4, 8.  

 

Adult stem cells 

 

In continuously renewing tissues (e.g. blood cells and (intestinal) epithelium), terminally 

differentiated cells become depleted. Since the differentiated cells themselves are not able to 

divide and thereby produce new cells, they are replaced by differentiated cells that arise 

from progenitor cells, which, in their turn, are progeny of tissue-specific ASCs. These 

multipotent ASCs are self-renewing and continuously provide the tissue with new cells1, 2, 8. 

When terminally differentiated cells become depleted (due to damage) in non-renewing 

tissues that lack ways to replace their specialized cells, such as the nervous system and the 

cardiac muscle, this has serious consequences for the affected tissue, which is then 

irreversibly damaged, leading to reduced functionality2. 

Most types of ASCs are quiescent, meaning that they do not divide regularly. This feature 

prevents replicative senescence and protects genome integrity11. Other ASCs, such as the 

stem cells that produce the intestinal epithelium, divide very actively12. Either way, the ASCs 

ensure a life-long supply of differentiated cells11. 

ASCs divide asymmetrically, meaning that their daughter cells have different characteristics; 

they will either remain their undifferentiated state (stem cell self-renewal) or start to 

differentiate. There are two ways for such asymmetric divisions. The first possibility is 

asymmetric division on the level of a single stem cell, in which cytosolic determinants or 

environmental factors determine the two fates of the daughter cells. The other possibility is 

asymmetric division on the level of a population of stem cells, in which some cells will only 

self-renew and others will differentiate, resulting in the required amount of differentiated 

cells at that time1, 3.  

Several types of ASCs have been identified and isolated, such as BM-derived MSCs, which 

can for example give rise to bone, cartilage, and muscle cells, and HSCs, which are able to 

form all types of blood cells (both lymphoid and myeloid). Some other types of ASCs are not 

yet identified or obtained from adult tissues1, 8.  
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Therapeutic applications of stem cells  

 

Stem cell-based therapies could be applied in cases of tissue damage caused by a major cell 

loss that is too severe for regeneration by endogenous stem cells. Examples of such 

conditions are damages nerves caused by a trauma, loss of functional heart muscle tissue due 

to an infarction, tissue damage as an adverse effect of chemotherapy, autoimmune diseases, 

such as Multiple Sclerosis and diabetes, neurodegenerative diseases, such as Parkinson’s 

Disease, ALS (Lou Gehrig’s disease) and Huntington’s Disease, muscle degenerative 

diseases, age-related macular degeneration (blindness), and certain types of infertility. Stem 

cells provide a source of the differentiated cells that are lost in these diseases and could 

thereby be suitable for the repopulation and regeneration of the damaged tissue. Besides, 

stem cells could be used to produce tissue structures in vitro (tissue engineering). 

It is still a long way to effective and safe application of stem cell-based therapies in the clinic. 

This has two main reasons, one being the lack of fundamental knowledge on stem cells, their 

exact properties and their therapeutic potential, and the other one being the regulatory 

affairs, since there is no established path for clinical approval of stem cell-based therapies 

and many doubts exist about the safety of these therapies13. However, a lot of experiments 

are done and progress is made. For example BM-derived HSCs, MSCs and endothelial 

progenitor cells (EPCs) have shown to be of great interest for clinical applications4, 14. Already 

for a few decades HSC transplantations are performed in the clinic, for example in cases of 

cancer.  

Some ideas about the feasibility of stem-cell based therapies exist. Functional integration of 

the new differentiated cells seems to be the major difficulty on the way to tissue repair. 

Therefore, it might be easier to apply stem cell-based therapies in diseases in which only one 

cell type is affected and if no functional integration of the cells is required. An example of 

this is diabetes, in which pancreatic β-cells are damaged. If the production of insulin 

secreting cells from stem cells succeeds, these cells would not necessarily have to integrate in 

the pancreas, because glucose-dependent secretion of insulin into the blood stream would be 

sufficient for beneficial effects. Besides, cell-based therapies could be less complicated in case 

of non-genetic diseases, because the patients own stem cells can then be used, in contrast to 

hereditary disorders, for which stem cells of a healthy donor are required8, 14.  

Besides tissue regeneration, other possible therapeutic applications of stem cells are 

explored. There are indications that neural stem cells might serve as a vehicle for therapeutic 

agents, for example in case of a brain tumor, by being able to cross the blood-brain barrier4, 14. 

Furthermore, stem cells might be useful in preventing rejection in organ transplantations. 

Experiments in mice have shown that when ESC-derived haematopoietic progenitor cells 

from the donor were injected into the recipient before organ transplantation, organ rejection 

was reduced15. 

Although stem-cell based therapies seem promising for a variety of applications, stem cells 

should not be regarded as the cure for all diseases and the ultimate answer to all medical 

problems. As mentioned before, it is still a long way to clinical applications of stem cell-

based therapies. Most experiments are performed in model animals and therefore the results 

might not be translational to humans. Besides, fundamental, safety and regulatory issues 

remain to be addressed.  
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Cardiovascular diseases 

 

Cardiovascular diseases, diseases of the heart and blood vessels, are the major cause of death 

in Western countries and candidates for stem cell-based therapies. This section describes the 

physiology and histology of the healthy heart, the epidemiology of cardiovascular diseases, 

and the two diseases this thesis focuses on; coronary artery disease and heart valve disease.  

 

Physiology and histology of the heart  

 

The heart pumps blood through two circulations by coordinated actions of its chambers, the 

atria and ventricles (Fig.2). The left atrium receives oxygenated blood from the lungs, which 

is subsequently pumped into the aorta (systemic circulation) by the left ventricle. The blood 

flows through arties and capillaries to all tissues in the body in order to supply them with 

oxygen and nutrients. The deoxygenated blood is returned to the heart by veins and, via the 

right atrium and ventricle, pumped into the pulmonary circulation in order to be oxygenated 

again in the lungs2, 16.  

 

 
 

To ensure the pressure in the chambers and thereby blood flow in the right direction (one-

way flow), heart valves can close the openings between the ventricles and atria (the two 

atrioventricular or AV valves: tricuspid valve and mitral valve) and between the ventricles 

and arteries (aortic valve and pulmonary valve)16 (Fig.2). These valves consist of avascular 

connective tissue with elastic fibers and are covered by endothelium (see below)2. 

The muscular walls of the heart consist of three layers (Fig.3). The endocardium (tunica 

intima) is the inner layer, consisting of endothelium and connective tissue, which covers the 

chambers and valves. The myocardium (tunica media) contains the heart muscle cells, 

cardiomyocytes, that form muscle fibers. Besides, it contains elastin and connective tissue, 

the endomysium, in which the capillaries lay that supply the heart with oxygen. The outer 

layer of the heart wall is the epicardium (tunica adventitia), consisting of mesothelium and 

Figure 2. Anatomy of the heart. Schematic representations of the heart indicating the 

atria, ventricles, major arteries and veins (left panel) and the heart valves (right panel).  

Figures from ref. 42 and 43 
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connective tissue. This layer merges with the endomysium and contains the arteries of the 

heart, the coronary arteries, that are the first branch of the aorta16, and nerve fibers2. 

 

 
 

Histology of the myocardium 

 

The myocardium represents the major part of the heart wall, containing the striated muscle 

fibers that enable the heart to contract and thereby pump blood through the circulations. In 

contrast to the contractions of striated skeletal muscle fibers, the contractions of the heart 

muscle cells are involuntary, because cardiomyocytes display a spontaneous, intrinsic 

contractility. The rate of contraction, and thereby the heart rate, is controlled by the 

autonomic nervous system. The force of contraction is calcium-dependent and can be 

modulated2.  

 

 
 

Figure 4. Histology of 

the myocardium. 

Microscope image of the 

myocardium, indicating 

one of the muscle fibers,  

a cardiomyocyte nucleus 

and an intercalated disc.  

Figure from ref. 45 

Figure 3. The heart wall. The 

three layers of the heart wall, 

the epicardium, myocardium 

and endocardium, indicated 

in a picture of the dissection of 

a fresh porcine heart. 

Figure from ref. 44 
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The muscle fibers of the myocardium consist of chains of muscle cells, cardiomyocytes, 

joined by three types of cell junctions; fascia adherens junctions, desmosomes, and gap 

junctions, the latter of which enables the electric coupling of the cells that is required for the 

conductance of the heart muscle. The fibers are traversed by intercalated discs that provide 

further intercellular connections2 (Fig.4). 

 

Embryonic development of the heart 

 

In the third week of embryonic development, the heart is formed from the splanchnopleuric 

mesoderm. Ectomesenchymal cells, derived from the ectodermal neural crest, contribute to 

the formation of the truncoconal septa that separate the chambers and form connective 

tissue, smooth muscle cells and parasympathic neurons17. Studies in mice and chickens have 

elucidated some of the molecular mechanisms of cardiac development. Retinoic acid, for 

example, has an important role in inducing an atrial gene expression pattern in future atrial 

cells. Homeobox genes Prx-1/2, MSX2, Irx4, and Nkx-2.5, and transcription factors Sox4, 

MEF-2C, and GATA4 are involved in heart formation and the protein connexin43 is required 

for gap junctions and normal cardiac morphogenesis17. 

 

Cardiovascular diseases 

 

Cardiovascular diseases account for more deaths than any other disease (36.4% in 2004), 

thereby being the largest killer in the USA16, 18. In The Netherlands, the situation is quite 

similar, with approximately 34% of all deaths being due to cardiovascular diseases19.  

 

Coronary heart disease 

 

Within the cardiovascular diseases, coronary heart disease, leading to myocardial infarction 

(heart attack), is the major cause of death. Estimated is that in the USA approximately 

770,000 people have had a heart attack in 200816, 18.  

In coronary heart disease, the coronary arteries that supply the heart muscle with oxygen 

become obstructed by cholesterol deposits (atherosclerosis) and blood clots, causing ischemia 

in the affected part of the muscle (Fig.6). This leads to the death of the cardiomyocytes that 

are subsequently replaced with scar tissue, which is not contractile, thereby leading to a 

decrease in contractility, and thus function, of the heart16.  

Several factors, such as hypercholesterolemia (high levels of LDL-cholesterol in the blood), 

hypertension (high blood pressure), diabetes, obesity and smoking lead to atherosclerosis 

(hardening of the arteries). In this condition, LDL-cholesterol accumulates in the inner layer 

of (damaged) blood vessel walls, causing an immune response that eventually leads to the 

formation of fibrous tissue around the cholesterol accumulation (a plaque). If this plaque 

ruptures, blood platelets attach to the damaged area and cause the blood to clot (Fig.5). This 

will ultimately block the artery and thereby stop the blood flow. If the affected artery is a 

coronary artery, the blood flow to the heart muscle stops (Fig.6), resulting in a myocardial 

infarction (heart attack). The cells in the part of the heart that is depleted from blood do not 

receive oxygen, leading to irreversible damage and cell death. The affected part of the 

myocardium is no longer able to contract, thereby causing arrhythmias that can result in a 

cardiac arrest. Approximately 38% of the people having a heart attack will die from it18. 

Besides, despite improvements in cardiac function as a result of current therapies, about 20 - 
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50% of the heart attack victims that survive will develop heart failure, a disease in which the 

heart is no longer able to pump a sufficient amount of blood into the body18, 20. 

 

 
 

 
 

Current treatments 

 

After a myocardial infarction, patients often undergo revascularization therapies in order to 

re-open the blocked artery. The two possible treatments are angioplasty, in which 

mechanically opening of the artery is maintained by a stent, and bypass surgery, in which 

vessels from elsewhere in the body are attached around the blocked artery to establish a new 

route for blood flow (Fig.7). Besides, patients suffering from myocardial disease or heart 

failure receive pharmacological therapies to reduce symptoms and increase the length of live 

by controlling blood clotting, blood pressure and heart rhythm. Drugs designed for these 

Figure 6. Myocardial 

infarction. Due to 

atherosclerosis, a blood 

clot in one of the coronary 

arteries blocks the blood 

flow to the myocardium, 

thereby causing ischemia 

in a part of the muscle 

(myocardial infarction). 

The cells in the affected 

part of the tissue are 

damaged, leading to cell 

death.  

Figure from ref. 46 

Figure 5. Atherosclerosis. 

In atherosclerosis 

cholesterol accumulates in 

the blood vessel wall, 

causing an immune 

reaction that results in 

hardening of the tissue, 

thereby forming a plaque 

that and can eventually 

rupture. Attracted blood 

platelets initiate blood 

clotting, which can lead to 

blockage of the artery. 

Figure from ref. 42 
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purposes are angiotensin-converting enzyme (ACE) inhibitors, angiotensin II receptor 

blockers, aldosterone receptor blockers, beta adrenergic receptor blockers, digoxin, 

vasodilators, diuretics, and Ca2+ channel blockers21. 

 

 
 

Heart valve disease 

 

Although not occurring as much as coronary heart disease, heart valve disease is a 

significant cause of death (approximately 20,000 deaths per year in the USA)22. In heart valve 

disease, malfunctioning heart valves (Fig.2) lead to a decrease in pump function of the heart 

and thereby cause heart failure. 

 

Current treatments 

 

End-stage valvular diseases are treated by heart valve replacements. In the USA, 

approximately 100,000 replacements are performed annually22, 23. These replacements can 

either be artificial or biological (allo- or xenogenous) and know several complications, such 

as immune rejection, obstructive tissue outgrowths and thromboembolisms. Therefore, 

patients are treated with anti-coagulant, to prevent thromboembolisms, and often new 

surgeries are required22. 

 

 

Figure 7. Current revascularization therapies. After a myocardial infarct the blood flow 

through the artery has to be re-established. This can either be done via the implantation of 

a stent that opens the artery (left panel) or via bypass surgery, in which a blood vessel 

transplanted from elsewhere in the body takes over the function of the blocked artery 

(right panel). Figures from ref. 42 
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STEM CELLS FOR CARDIAC REPAIR 

 

After myocardial infarction, as mentioned before, damaged cardiac muscle tissue cannot be 

renewed, but it is replaced by non-contractile scar-tissue2, 14. The limited regenerative 

capacity of the heart could, besides the non-proliferative state of the cardiomyocytes, be 

caused by a lack or shortage of stem cells in the heart14, 24. Stem cell-based therapies that are 

able to regenerate myocardial tissue would be extremely useful by preventing progression to 

heart failure after a myocardial infarction4, 20.  

In patients suffering from heart valve disease, the malfunctioning heart valves are replaced 

with prostheses that know major disadvantages. To produce heart valves with improved 

features, stem cells could be used.  

The following sections describe the possible use of embryonic, adult and induced pluripotent 

stem cells for myocardial repair and the application of stem cells in heart valve engineering. 
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Embryonic stem cells for myocardial repair 

 

Since ESCs are able to differentiate into cardiomyocytes in vitro, they could be used as a 

source for cells that could eventually repopulate damaged myocardial tissue4, 8, 14 (Fig.8). 

Whereas yet hundreds of cardiomyocytes can be derived from ESCs, for regeneration 

purposes millions of cells are required and the success of this approach will thus partially 

depend on the ability to produce such large numbers of cardiomyocytes efficiently and 

specifically14.  

 

 
 

As mentioned before, survival and integration of transplanted differentiated cells in the 

tissue is critical for success of the therapy. Currently, in experiments in animal models, cell 

survival and integration in host tissue is suboptimal. Human ESC-derived cardiomyocytes 

showed poor survival rates when transplanted into rat hearts damaged by ischemia (some 

studies report that only 4% of the scar tissue contained viable transplanted cells20). When 

treating the ESC-derived cardiomyocytes with cell death blocking reagents before 

transplantation, thereby preventing apoptosis caused by ischemia or inflammation, the cells 

showed better survival rates20. Other experiments with ESC-derived cardiomyocytes in 

rodents show that the graft, consisting of transplanted cells, is often separated from host 

myocardial tissue by a layer of fibrotic tissue. Thereby, integration of the graft in the host 

tissue is not achieved, leading to a risk on arrhythmias. Since the formation of the fibrotic 

tissue is caused by secretion of extracellular matrix (ECM) proteins by the graft cells, the 

procedure could possibly be improved by reducing the secretion of ECM proteins in the 

transplanted cells14. Moreover, to improve the effects of transplanting ESC-derived 

cardiomyocytes, other cell types could be added to the transplant. ESC-derived endothelial 

cells are known to be able to integrate into the host circulation after transplantation, thereby 

mediating vascular repair. This could be beneficial for cardiac repair too, because 

neovascularization protects the endogenous cardiomyocytes around the infarcted area, 

supplies the transplanted cardiomyocytes with blood and might help to connect the 

transplanted cells to the host tissue14. 

Despite the inability to integrate into the host tissue, transplantation of human ESC-derived 

cardiomyocytes into infarcted hearts of mice resulted in an improvement in cardiac function, 

measured by magnetic resonance imaging, when compared to the transplantation of human 

ESC-derived non-cardiomyocytes at 4 weeks post-transplantation. However, when 

examining the mice at 12 weeks post-transplantation, these two treatments did no longer 

Figure 8. Embryonic stem cells for cardiac repair. Schematic representation of a possible 

embryonic stem-cell based therapy for myocardial repair showing the process from 

differentiation of embryonic stem cells into cardiomyocytes until the transplantation and 

engraftment of cardiomyocytes in the scar tissue. Figure from ref. 20 
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show different effects. Still, animals treated with both ESC-derived cardiomyocytes and non-

cardiomyocytes showed an improvement of cardiac function, in contrast to non-treated 

animals. These observations suggest that the enhancement in cardiac function, since it is 

limited in time and not related to the type of transplanted cells, does not depend on the 

integration of functional cardiomyocytes, but might be a result of paracrine signals from the 

transplanted cells that stimulate endogenous cells to repair the damaged myocardium14, 25. 

Knowledge about these possible paracrine mechanisms can lead to the development of 

pharmacological therapies that support, or maybe even replace, stem-cell based therapies. 

Noteworthy, the above described experiments use human ESCs to transplant into rodent, 

often rat, damaged myocardial tissue. This might be a cause of the problematic integration 

and functional coupling of the transplanted cells, since there are important differences 

between human and rodent hearts, such as the heart rate (60-100 bpm in humans versus 300-

600 bpm in rodents), that could make functional coupling impossible14, 20. Therefore, 

experiments in rat and mouse models might not be predictive for the therapeutic potential of 

ESCs in humans and other models should be explored. An example of a possible suitable 

model animal is the pig, which heart (rate) is quite similar to the human heart (rate).  

 

Difficulties in using embryonic stem cells 

 

Although ESCs have a great differentiation potential and are able to survive in grafts, the use 

of these cells does also know difficulties. Besides ethical issues, the use of ESCs is 

problematic due to the risk at immune rejection and teratomas4, 14. Since a transplantation of 

ESCs will be autologous, the donor cells might be rejected by the recipient and thus not able 

to accomplish therapeutic effects. A teratoma is a benign tumorous growth of ESCs, arising 

when these cells are transplanted into adult tissue, containing many types of (un-

)differentiated cells that form tissue-like structures. Similar tumors are occasionally 

spontaneously formed in the testis and ovaries, possibly arising from pluripotent cells 

present in these organs. When the cells in a teratoma lose their proliferation potential, like 

they do when differentiating during embryonic development, the teratoma will stay a benign 

growth, but when the cells keep proliferating, the growth can progress to a teratocarcinoma, 

a malignant tumor1, 8. Though not yet reported in studies using human ESCs for 

transplantation into rodent hearts20, the formation of these tumors can result from the 

transplantation of residual undifferentiated ESCs, which are present in ESC-derived 

differentiated cell populations. Therefore, better selection procedures are required to 

eliminate undifferentiated cells before safe transplantation of these populations4, 14. In 

addition to these two possible disadvantages, the culturing of ESCs and their differentiated 

progeny also knows risks, such as culture stress-induced chromosomal abnormalities and 

animal infections, caused by the use of bovine culture reagents, that might again lead to an 

immune response against the transplanted cells4, 14, 26. For this reason, safe culture conditions 

should be developed26 (see ‘Discussion’, page 24). 
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Adult stem cells for myocardial repair 

 

To achieve long term beneficial effect, i.e. true cardiac repair, replacement of the damaged 

cardiomyocytes seems required. In order to contribute to the contractility of the myocardium 

and to prevent arrhythmias, thus being effective and safe, the new cells should integrate into 

and contract in synchrony with the host tissue14. In addition to the application of ESCs, 

which knows significant difficulties, possibilities to use ASCs for cardiac repair are explored. 

ASCs could be used to produce functional cardiomyocytes that can repopulate damaged 

myocardial tissue. For this purpose, both cardiomyocyte progenitors and non-cardiomyocyte 

progenitors are studied. 

 

Non-cardiomyocyte progenitors 

 

BM-derived stem cells, such as HSCs and MSCs, which are relatively easy to obtain by non-

invasive methods, are suggested to be able to transdifferentiate into cardiomyocytes in vitro 

(by adding transforming growth factor β (TGFβ))27 or when transplanted into the 

myocardium. This is a debatable issue, since some studies state that the BM-derived stem 

cells are not able to transdifferentiate28, but might fuse with differentiated cells, thereby 

adopting the character of these cells. Small clinical trials applying BM-derived stem cells in 

patients with myocardial damage show some weak beneficial effects of the treatment, but 

were not conclusive. The current hypothesis on the effect of BM-derived stem cells on 

myocardial repair is, similarly to the one on ESC-derived (non-) cardiomyocytes, that the 

beneficial effect might not be resulting from the engraftment of the transplanted cells and 

thereby an increase in contractile tissue, but from a paracrine mechanism, in which the BM-

derived stem cells secrete factors that stimulate cardiomyocytes survival and vessel 

formation. As mentioned before, these mechanisms should be further explored in order to 

gain knowledge about the factors that are responsible for the preservation of the endogenous 

cardiomyocytes, since these factors could be applicable in non-cell-based treatments after 

myocardial infarction. This kind of treatment would pass the use of BM-derived stem cells, 

thereby avoiding the risk on the formation of unwanted tissue, such as cartilage, when 

transplanting MSCs into the heart8, 14. 

 

Cardiomyocyte progenitors 

 

The adult heart was believed not to contain dividing cells24, but several studies identified 

cardiac stem cells (CSCs) or cardiac progenitor cells (CPCs) in the adult heart4, 14. However, 

these CSCs were identified by molecular markers characteristic for HSC, such as CD34, 

CD45, MDR1, Sca-1, and c-kit14, 29. Therefore, it is possible that these cells are actually 

circulating BM-derived stem cells.  

In a recent study24, cardiomyocyte progenitor cells (CMPCs) were identified and obtained 

from fetal and adult heart auricles (Fig.9) using cardiac markers, such as CD31, CD105, c-kit, 

Sca-1, Isl-1, and transcription factors GATA-4, Nkx2.5, and Mef2C, which indicate cardiac 

lineage commitment. Before the identification of these CMPCs only ESCs had shown to 

differentiate into true cardiomyocytes, but these CMPCs are possibly able to differentiate 

into homogeneous populations of functional cardiomyocytes. Moreover, they were able to 

differentiate into vascular cells, which indicated their differentiation potential24, 30.  
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To differentiate into cardiomyocytes these CMPCs did not need to be co-cultured with 

neonatal cardiomyocytes, like previous identified CPCs, but could be stimulated with 

soluble factors, such as azacytidine, which demethylates DNA, ascorbic acid, and several 

growth factors, the most important being TGFβ. TGFβ is a growth factor involved in many 

processes, on of which cardiac differentiation of ESCs. Therefore, this might be also the factor 

that neonatal cardiomyocytes secrete, thereby inducing differentiating of co-cultured CPCs. 

When stimulating the CMPCs with TGFβ, the cells differentiated into spontaneously beating 

cardiomyocytes with characteristics of mature cardiomyocytes. These characteristics include 

gene expression patterns, histological features, typical gap-junctions, stable mechanical 

coupling between cells, ventricular-like action potentials, excitation-contraction coupling 

(calcium transients) and response to adrenergic stimulation. The TGFβ induced 

differentiation into functional mature cardiomyocytes was effective and produced large, 

homogeneous populations. The CMPCs could thus be used as a new source for the 

production of large quantities of functional cardiomyocytes, either for cell-based therapies or 

for physiological, pharmacological and toxicological assays24.   

 

Therapeutic applications of cardiomyocyte progenitors 

 

Cell-based cardiac repair seems to depend on the production of sufficient numbers of 

cardiomyocytes with the right properties to integrate into host tissue4, 14, 24. To achieve this, 

suitable sources for functional cardiomyocyte production have to be found. Above described 

CMPCs could be a good option, although these cells only obtained by invasive heart 

surgery24, 30. C(M)PCs or their differentiated progeny could be expanded in vitro to be 

administered, either by intravascular or intramyocardial injection or catheter-based, to the 

patient4, 14. Experiments in mice and pigs have shown that the administration of the cells is 

difficult, since the injected cells spurt out due to the pressure created by the heart beat and 

die quickly. To improve this, cardiomyocytes could be grown in vitro to form small 

structures that are able to attach to the myocardium (see further)30. Once in the myocardium, 

cells need to mechanically and functionally integrate in order to support the contractility of 

the damaged myocardium. Gap-junctions are very important for the (electric) coupling of 

cardiomyocytes. The expression of connexin43, which has an important role in the 

development of the heart and especially the gap junctions (see page 10), is suggested to lead 

to improved electric coupling between muscle cells and might therefore be applicable in the 

production of functional cardiomyocytes from their progenitors31. 

As mentioned above, another approach for cell-based cardiac repair is to grow myocardial 

tissue in vitro (tissue engineering) and transplant that, as ‘cardiac band-aid’, into the heart. In 

Figure 9. Heart auricles. 

Schematic representation 

(left panel) and picture 

(right panel) of the heart 

indicating the heart auricles. 

Figures from ref. 47 
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rodents, the engineering, transplantation and vascularization of contracting tissue is 

possible, but in humans more research is needed8, 30. Suggested is the possibility is to roll up 

engineered tissue, thereby making it small enough to inject, and subsequently make it unroll 

on body temperature30. Moreover, these engineered structures could be coated with C(M)PCs 

that might be able to undergo directed differentiation when transplanted into the heart30. 

Next to the use of C(M)PCs for in vitro production of cardiomyocytes, C(M)PCs could be 

stimulated in vivo to repair the damaged myocardial tissue. For endothelial progenitor cells 

is shown that their migration and vascularization can be stimulated with thymosin-β4. This 

result and the observation that stem cell transplantations might stimulate myocardial repair 

in a paracrine fashion suggests that soluble factors could be applicable in stimulating 

C(M)PCs14. 

 

Difficulties in using adult stem cells 

 

In general, ASCs are not all identified yet and if identified, not always possible to obtain 

from the adult tissue. Application of ASCs that can be obtained might be relatively safe, 

because it knows less risk at the two major drawbacks of the use of ESCs, immune rejection 

and teratoma formation. The chance on an immune response is very small, because in most 

applications the transplanted ASCs will be derived from the patient and not from a donor. 

The fact that ASC transplantations are autologous also intercepts ethical issues concerning 

stem cell-based therapies. The risk at tumor formation is low, since the transplanted cells will 

often be differentiated and therefore not exhibiting a high proliferation potential. However, 

there is still some risk at cancer, since for example leukemia is known to arise from HSCs.  

The disadvantages related to culture conditions also apply to ASCs and their differentiated 

progeny, because the production of sufficient amounts of these cells requires culturing. A 

major advantage of using ASCs is their ability to produce a large, homogeneous population 

of functional differentiated cells, in contrast to ESCs that might show heterogeneous 

differentiation4, 8, 14, 30. 

Specifically for cardiac repair, the major obstacles on the way to clinical application of ASCs 

seem to be to obtain and produce sufficient amounts of cardiomyocyte(s) progenitors, the 

survival of the transplanted cells, and their integration into the myocardial tissue (see above). 

Furthermore, there are practical issues, for example the time point of transplantation. The 

isolation of patient stem cells and subsequent production of cardiomyocytes for 

transplantation takes time, so the patient cannot receive these cells directly after the 

myocardial infarction. It is not known if this would be problematic, therefore this issue 

should be taken into consideration. Possibly, it could even be effective to not transplant the 

cells directly, since the ongoing inflammation in the damaged area might eliminate the 

cells14. Besides, it would be important to investigate the effect of current pharmacological 

therapies on the survival, differentiation and integration of the transplanted cells, since the 

poor survival of the cells might even be worse when influenced by drugs21.  
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Induced pluripotent stem cells for myocardial repair 

 

Since there are some major difficulties in the production and use of ESC- and ASC-derived 

differentiated cells, such as cardiomyocytes, alternative sources (i.e. pluripotent cells) for the 

production of differentiated cells are explored. A possibility to obtain pluripotent cells is to 

reprogram the nucleus differentiated (somatic) cells. During their differentiation, somatic 

cells obtain gene expression patterns specific for their function. These expression patterns are 

a result of the activation of genes relevant for the function of the cell and the inactivation of 

other genes. To regain a pluripotent character, an event that does not occur in a physiological 

situation, the gene expression patterns need to be reset. In vitro, somatic cells can be 

reprogrammed, thereby producing ESC-like pluripotent cells, which are named induced 

pluripotent stem cells (iPS cells). There are several somatic cell types that can be used to 

create iPS cells, such as fibroblasts, bone marrow cells and adult germ cells32.  

The three methods that exist to reprogram differentiated cells are 1) to transfer the nucleus of 

a somatic cell into a denucleated oocyte (Somatic Cell Nuclear Transfer or SCNT)21, 2) to fuse 

a somatic cell with an ESC, and 3) to transfect a somatic cell with defined factors that 

stimulate nuclear reprogramming32. Since the first two methods require oocytes or ESCs, 

again leading to (ethical) difficulties, iPS cells are now produced using defined factors, a 

method proven to be successful for mouse33 as well as human somatic cells34. Adult somatic 

cells are transfected with four transcription factors, Oct3/4, Sox2, Klf4, and c-Myc32, that are 

responsible for maintaining pluripotency in ESCs and are able to induce pluripotency by 

modulation gene expression in somatic cells (Fig.10). The resulting iPS cells are similar to 

ESCs in many aspects, such as morphology, gene expression patterns, proliferation and the 

possibility to form teratomas and germline-competent chimeras32.  

 

 
 

Recently, a new protocol for iPS cell generation was proposed. This protocol excludes the use 

of c-Myc, which can cause tumor formation. The production of iPS cells without using c-Myc 

was shown to prevent tumor formation and be more specific, although it took more time35. 

The use of iPS cells for the production of differentiated cells for stem cell-based therapies, for 

example for myocardial repair, knows several advantages. Besides the fact that somatic cells 

are easy to obtain, without the need for invasive methods, somatic cells could also be 

obtained from a patient, thereby generating patient-specific iPS cells. In contrast to ESC-

derived cells, patient-specific cells will not provoke an immune response when transplanted. 

Moreover, iPS cells might circumvent the need for ESCs and thereby the ethical discussion 

Figure 10. Somatic cell 

reprogramming. 

Schematic representation 

of the effects of the 

transfected factors, Oct3/4, 

Sox3, Klf4, and c-Myc, 

that induce pluripotency 

in somatic cells. 

Figure from ref. 32 
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about this21, 32. However, the low efficiency of iPS cell generation, which could possibly be 

improved by the discovery of other factors that are required for efficient reprogramming, 

and the risk at genomic abnormalities as a result of the genetic modification, which can lead 

to tumor formation, are major difficulties of the production and use of iPS cells14, 30, 32.  
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Heart valve engineering 

 

In approximately 60% of patients that undergo valve replacements, prosthesis-related 

complications, such as thromboembolisms, infections, immune reactions (rejection), 

calcification and obstructive tissue outgrowths, occur within 10 years. Besides, the anti-

coagulation therapy can cause spontaneous bleeding. Moreover, a major limitation of valve 

replacement is the inability of the prosthesis to adapt to its environment. In children for 

example, the prosthesis will not grow along with the heart. This will ultimately lead to new 

surgeries and all risks related to that22. For these reasons, there is a need for living 

replacements, which could be created by using stem cell-derived cells for tissue engineering. 

To circumvent the described disadvantages of current valve prosthesis, valves produced by 

tissue engineering should be viable, able to grow, repair and remodel, and have a 

thromboresistant surface22.  

To engineer patient-specific heart valves, autologous cells have to be harvested and cultured 

in physiological conditions. Currently, the most promising cell types for heart valve 

engineering are vascular-derived endothelial cells and bone marrow-derived cells, latter of 

which are relatively easy to obtain and are able to differentiate into multiple cell types. After 

expansion and differentiation, the cells should be seeded onto a porous, biodegradable 

scaffold. Examples of such scaffolds are synthetic polymers, collagen, and allogenous 

matrices. During the growth of the cells, their ECM will take over the supporting function of 

the scaffold. To create true cardiovascular tissue, the culture conditions of the developing 

heart valves should encompass pulses, pressure and sheer stress, resembling the 

physiological environment of heart valves and thereby producing valves that can function in 

vivo. Eventually, the heart valves should be transplanted into the patient22.  

In experiments, human BM-derived MSCs have shown characteristics of myofibroblast 

differentiation and the ability to successfully produce trileaflet heart valves (Fig.11). These 

valves were viable and possibly functional, shown by their ability to open and close. Besides, 

morphological and mechanical properties were comparable to native heart valves and the 

tissue produced heart valve-specific ECM proteins. However, the characteristic three-layered 

tissue structure of native heart valves was not observed22, 36.  

 

 
 

In other experiments, human myofibroblast derived from blood vessels of patients in 

different age groups demonstrated to be able to form comparable tissues, indicating the 

possibility of autologous transplantations of tissue engineered heart valves in older 

patients22. Yet, no evidence exists for clinical application of tissue engineered heart valves in 

humans22. Experiments in sheep have shown that in vitro grown heart valves from 

Figure 11. Tissue engineered 

heart valves. Pictures of in 

vitro engineered heart valves 

from human BM-derived 

MSCs.  

Figures from ref. 22 (left 

panel) and 36 (right panel) 
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autologous myofibroblasts and endothelial cells could function for 5 months after 

transplantation without causing thromboembolisms22.  

The major challenge for application of tissue engineered heart valves in the clinic seems to be 

to produce valves that are able to withstand in vivo mechanical stress. In order to optimize 

the mechanical properties of the heart valves, in a recent study intermittent straining was 

applied during culturing. This resulted in increased collagen production and stronger 

tissues, indicating possible beneficial effects of this method23. Another difficulty in heart 

valve replacement is the risk on coagulation and inflammation. To reduce this risk, it is 

suggested to cover the engineered valves with endothelial tissue22. Still, there might be a risk 

at inflammation due to the scaffold used to grow the heart valves. Besides, as well as in other 

applications of stem cells, there is a possible risk at tumor formation22. 
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DISCUSSION 

 

Applications of stem cells for cardiovascular diseases in the clinic are far away. Experiments 

in animal models show that a lot of additional research is required before safe and effective 

use of stem cells or stem cell-derived differentiated cells in humans. In case of myocardial 

damage, stem cell-based repair seems to depend on the production of sufficient numbers of 

cardiomyocytes with the right properties to functionally integrate into host tissue4, 14, 24. 

However, the observation that stem cell transplantations might actually stimulate 

myocardial repair in a paracrine fashion suggests that soluble factors could be applicable in 

stimulating endogenous cells and might thereby even replace cell transplantations4, 14 (see 

further).  In case of heart valve engineering, the major challenge is the production of heart 

valves with the right mechanical properties to withstand in vivo mechanical stress.  

Since most experiments on stem cell-based therapies for myocardial repair are performed on 

model animals, such as rodents, it is difficult to translate the results to humans. The way of 

injuring the myocardium of model animals does not resemble the situation after myocardial 

infarction in a human heart and, in contrast to human patients, rodents do not receive 

pharmacological treatments after the infarction13. Besides, experiments that use human cells 

for transplantation into rodent injured hearts might not predict the therapeutic potential of 

these cells in human hearts, because of the great difference in heart rates between rodents 

(300-600 bpm) and humans (60-100 bpm), which might be responsible for a lack of functional 

integration of the transplanted cells. Furthermore, the interpretation of results from different 

studies is difficult due to variation in the used protocols. For example, there are differences 

in the type of stem cells used and the way of differentiation and selection of 

cardiomyocytes20. Besides, negative controls were either no injection, injection of only fluid, 

or injection of an ‘irrelevant’ cell type. The observation that paracrine mechanisms might 

play a role in beneficial effects of cell injections indicates that this kind of variations can 

influence the results of an experiment. Moreover, the time of cell administration and the way 

in which effects on cardiac function were measured differed per study. In order to design 

experiments that can be compared and that might be able to predict clinical outcomes in 

humans, model organisms and protocols should fit this goal. Suitable model organisms 

could for example be pigs or primates, which are more closely related to humans. Especially 

pig hearts resemble human hearts in size and heart rate. In these animals, autologous cell 

transplantations might be more predictive for the effect of autologous transplantations in 

humans. Furthermore, long-term effects of the treatments should be studied, because in 

former experiments only short-term effects were determined14. 

Despite differences between studies, in general they show that difficulties are to determine 

the suitable types of stem cells, to obtain stem cells (from adult tissues), to culture these cells 

in a safe way, to differentiate stem cells into the desired cell type, to effectively deliver the 

cells in the myocardium, and to create cardiomyocytes that are able to functionally couple to 

the myocardial tissue of the heart after transplantation29. Before safe clinical application of 

stem cell-based therapies for myocardial repair, these issues need to be studied extensively. 

The most suitable source for the production of functional cardiomyocyte is not yet 

determined. ESCs and ASCs each have their own (dis-)advantages and the use of both ESC- 

and ASC-derived cardiomyocytes known many difficulties. The recently discovered CMPCs 

in the heart might be a type of ASCs that produces functional cardiomyocytes, but these 

CMPCs are not easily to obtain, since it requires invasive surgery to isolate them from the 

heart24, 30. ASCs that are relatively easy to obtain, are MSCs from the bone marrow. However, 
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there is no proof of differentiation of MSCs into true cardiomyocytes30. iPS cells might be an 

alternative source for producing cardiomyocytes, although the generation of these cells is not 

effective yet and it is not known whether it is safe to use these genetically modulated cells. 

For all types of cells, cell culture conditions need to be determined. To prevent infections or 

immune rejection after cell transplantation, the cells should not be cultured in the presence of 

animal components, such as bovine serum or feeder cell layers consisting of mice cells. Better 

solutions would be to use human feeders or even only the ECM produced by these feeders, 

since feeders might influence the stem cells by secreting signaling molecules, whereas the 

ECM does not secrete signals, but might contain sufficient basic components, such as 

hormones and growth factors, to stimulate the maintenance of pluripotency in the stem 

cells26. To generate functional cardiomyocytes, stem cells should be stimulated with the right 

factors and the resulting cells should be selected based on functional properties and specific 

biomarkers to prevent residual pluripotent cells in the cell population, because 

undifferentiated cells might form tumors after transplantation. To improve survival and 

functional coupling of the transplanted cells in the myocardium, cells could be treated with 

antiapoptotic agents and their ECM secretion could be limited (as discussed on page 14). 

Furthermore, to improve survival and integration, several types of cells could be 

transplanted. For example, cardiomyocytes could be combined with angiogenic cells that 

might ensure blood supply for both damaged and new cardiomyocytes. The delivery of the 

cells to the myocardium is another difficulty, since the pressure in the heart muscle, due to 

the heart beat, causes most of the cells to spurt out directly after injection.  A possible 

solution for this problem could be to use stem cells to grow small tissue parts in vitro (tissue 

engineering), which could be transplanted into the myocardium (see page 17). Another 

important issue that requires to be studied is the possible interaction between stem-cell 

based and pharmacological therapies. Current drugs administered to patients after 

myocardial infarction might interfere with the stem cell-based therapies, for example by 

worsening cell survival. In that case, drug-resistant cardiomyocytes should be generated or 

extra drugs should be designed to stimulate the transplanted cells21. Besides cell-based 

therapies, these kinds of pharmacological therapies might be an interesting option for 

cardiac repair. Several studies suggest that the observed myocardial repair after cell 

transplantation is mediated by paracrine signals from the injected cells. Recent experiments 

in mice showed that secreted frizzled related protein 2 (sFRP2), which antagonizes Wnt 

signalling, is a possible key factor in the paracrine mechanisms that seem to underlay these 

effects37-39. An expansion of the knowledge about this kind of paracrine mechanism and the 

involved signaling molecules could lead to the development of drugs that stimulate 

endogenous stem cells to regenerate the damaged myocardium.  

Partly, the described difficulties also apply to the use of stem cells for the in vitro generation 

of heart valves. The major challenge in this case is to produce valves that are able to adapt to 

the mechanical stress in the in vivo environment. As mentioned, intermittent straining 

during the in vitro growth of the valves might lead to the production of stronger valves23.  

Since there are still many difficulties and safety issues, such as possible tumor development, 

to be addressed, clinical approval of stem cell-based therapies for cardiovascular diseases 

seems far away. However, until then, stem cell-derived cardiomyocytes can also be an 

interesting tool for current research on physiology and pharmacology. Cardiomyocyte 

populations could serve as a human model system for physiological, pharmacological and 

toxicological assays, for example in screens for drugs against arrhythmias. This approach 
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might partly avoid the use or animals or animal cells, which are often not predictive for the 

effects of certain drugs on human cells13, 30. 
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ABBREVIATIONS 

 

AEC  amniotic epithelial cell 

ASC  adult stem cell 

ACE  angiotensin-converting enzyme 

BM  bone marrow 

CMPC  cardiomyocyte progenitor cell 

CPC  cardiac progenitor cell 

CSC  cardiac stem cell 

ECM  extracellular matrix 

EPC  endothelial progenitor cell 

ESC  embryonic stem cell 

FC  fetal cell 

HSC  haematopoietic stem cell 

ICM  inner cell mass 

iPS cell  induced pluripotent stem cell 

MSC  mesenchymal stem cell 

SCNT  somatic cell nuclear transfer 

sFRP2  secreted Frizzled related protein 2 

TGFβ  transforming growth factor β 

UCBC  umbilical cord blood cell 
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