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ABSTRACT

This review briefly summarizes how cell-based therapeutic interventions are being
developed and applied to treat endothelial dysfunction (ED) as a critical clinical target. ED
directly contributes to the onset and prognosis for all of the major forms of cardiovascular
diseases, including atherosclerosis, pulmonary artery hypertension, peripheral
hypertension, stroke, myocardial infarction and congestive heart failure. Current
pharmacological therapies used to treat ED are discussed and compared with newer
strategies employing endothelial progenitor cells (EPCs) and other stem cells for tissue
repair/regeneration therapies. Cell-based therapies to treat ED are still largely
experimental but they are emerging in the clinic and represent a promising avenue for
new interventional options to combat cardiovascular disease and improve patient
outcomes.
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Cells; angiogenesis; myogenesis; Angiomyogenesis.
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ABBREVIATIONS

ACEI: Angiotensin-converting zyme inhibitors; Ang-1:Angiopoietin-1; CAD:Coronary artery
disease; CCBs: Calcium channel blockers; CPCs: Cardiac progenitor cells;
ECs: Endothelial cells; ED: Endothelial Dysfunction; eNOS: Endothelial nitric oxide
synthases; EPCs: Endothelial progenitor cells; ET1: Endothelin-1; Flk1: Fetal Liver
Kinase 1; Flt-1: FMS-like tyrosine kinase-1 (Yoshida et al. 1987); GATM:
Amidinotransferase; CSF: Granulocyte colony-stimulating factor; HGF: Hepatocyte
growth factor; HMGCoA: 3-hydroxy-3-methyl-glutaryl-CoA; IDDM: Insulin-dependent
diabetes; IGF-1:Insulin-like growth factor-1; IL-17: Interlukin- 17; iNOS: Inducible
oxide synthase; MCP-1: Monocyte chemoattract protein- 1; M-CSF: Macrophage colony
stimulating factor; MNCs: Mononuclear cells; NO: Nitric oxide; PAH: Pulmonary artery
hypertension; PE: Proepicardium; PPARϒ: Peroxisome-proliferator activated receptor ϒ;
ROS: Reactive oxygen species; SMCs: Smooth muscle cells; SP cells: Side population
cells; TNF: Tumor Necrosis Factor; VCAM-1: Vascular cell adhesion molecules-1;
VEGF: Vascular endothelial growth factor; VEGFR: Vascular endothelial growth factor
receptor; Vwf: Von Willebrand factor;

1. INTRODUCTION

From an anatomical perspective, endothelial cells essentially form a single layer of flat cells
lining the circulatory system; while from a physiological viewpoint, the endothelium itself
functions as an active organ. It extends from the vascular lumen to the arterial wall and into
the vasa vasorum in the adventitia. Besides providing protection to the inner wall, the
endothelium regulates vessel tone, permeability, coagulation, response to inflammation and
angiogenesis. It produces a plethora of cell mediators. The main vasodilating mediators are
nitric oxide (NO), prostacyclin, bradykinin and endothelium-derived hyperpolarizing factor
[1,2]. The latter is an "umbrella" term for the substances and signals that induce
hyperpolarization of vascular myocytes through opening of voltage channels [3,4].
Endothelial cells also produce vasoconstrictors including endothelin-1 (ET1), serotonin, and
thromboxane [5].

Endothelial dysfunction (ED) can lead to pathological conditions where imbalances of
substances with vasodilating, antimitogenic and antithrombogenic properties (collectively
called “endothelium-derived relaxing factors”) and substances with vasoconstricting,
promothrombotic, and proliferative characteristics (collectively known as “endothelium-
derived contracting factors”) occur [3-6]. The final common end-reaction is decreased NO
availability, a gas derived from l-arginine via enzymatic catalysis by endothelial NO
synthases (eNOS). Reduction in NO could be due to decreased production (e.g., defective
eNOS expression/activity) and/or increased degradation due to oxidative radicals or
superoxides [7]. The specific mechanisms are likely variable and remain undefined in most
cases.

2. CLINICAL CONDITIONS ASSOCIATED WITH ENDOTHELIAL DYSFUNCTION
(ED)

2.1 Atherosclerosis

It has been postulated that atherosclerosis arises as a result of injury to arterial endothelium
(“Response to Injury Theory”) [8]. Multiple insults can trigger these events either alone or in
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combination. They include but are not necessarily limited to physical injury [4], stress
(hypertension) [4], free radicals (smoking) [9], low density lipoproteins
(hypercholesterolemia) [9,10], insulin resistance (diabetes) [11] and homocysteine
(homocysteinemia) [9,12].  A brief outline of key steps in the onset of atherosclerotic disease
is provided here as adapted from Libby et al. [6]:

Sequence of Events from Endothelial Cell Injury to Atherosclerosis

Insult or injury to endothelial cells
↓

Expression of surface selective adhesion molecules vascular cell adhesion molecules-1
(VCAM-1)

↓
VCAM-1 attaches to monocytes & T lymphocytes

↓
Leukocytes penetrate initima & secrete chemoattractants such as monocyte chemoattractant
protein-1 (MCP-1) and T cell chemoattractants respectively. They initiate local inflammatory

response in the vessel wall.
↓

a) Monocytes transform to macrophages in vessel wall and secrete MCP-1 &
macrophage colony stimulating factor (M-CSF) for this differentiation. They also form
scavenger receptors for invagination of lipids to form “foam cells” (lipid-laden
macrophages)

b) T cells secrete gamma interferon & lymphotoxin TNF-B, thereby stimulating
macrophages; smooth muscle cells (SMCs) and endothelial cells.

c) Dense extracellular matrix is formed by SMCs which is characteristic of
atherosclerosis

ED precedes atherosclerosis, as evident by impaired vasodilation with invasive intracoronary
acetylcholine testing [13]. Brachial artery ultrasound is an effective noninvasive tool to
measure endothelial cell function. Using a blood pressure cuff to induce acute occlusion of
the brachial artery followed by its release leads to reactive hyperemia. This causes shear
stress and release of NO resulting in vasodilation. This phenomenon is called flow mediated
vasodilation or FMD [14]. It is impaired in patients with ED even without significant coronary
artery disease (CAD) [15]. ED is a marker for cardiovascular atherosclerosis risk and is
observed in patients with chronic kidney disease [16], systemic hypertension [17], smoking
[18], dyslipidemia [19], ageing patients [20], diabetes mellitus [12], obesity [21],
hyperhomocysteinaemia [22] and patients with inflammatory or infectious diseases [23,24].
ED is probably the final biological pathway by which these cardiovascular risk factors exert
their propensity to develop and progress into atherosclerosis [25]. Multivariate analysis of
approximately 2500 patients with mean follow-up between 1 and 92 months for hard cardiac
events (death, myocardial infarction and need for revascularization) showed a hazard ratio of
+2.0 to +5.0. This analysis showed strong independent association between ED and adverse
cardiovascular events [26]. Assuming ED provides an integrated functional risk assessment,
the question of whether endothelial function might be a better predictor for cardiovascular
events is intriguing and needs further testing with large randomized controlled studies [25].
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2.2 Pulmonary Artery Hypertension (PAH)

ED also has profound effects on the development of pulmonary artery hypertension (PAH)
[27,28]. Dysfunctional endothelial cell proliferation and overzealous concurrent neo-
angiogenesis results in formation of plexiform lesions, a common pathological finding in PAH
[28]. The mechanism responsible for ED in PAH is unknown but in genetically predisposed
individuals, the process may be initiated by autoimmunity, shear stress due to high blood
flow in the pulmonary area, alveolar hypoxia and viral infections [29]. NO down-regulates the
production of ET-1 and is partially responsible in maintaining pulmonary vaso-relaxation [30-
32]. It also enables protection with respect to the vasoconstriction in lungs due to hypoxia
[31,33] and it constrains the proliferation of smooth muscle and aggregation of platelets [34].
Prostacyclin is a growth factor that may possess potent pulmonary vasodilator and anti-
platelet aggregating properties [23] that have been exploited therapeutically in the treatment
of this disease.  Vascular endothelial growth factor (VEGF) is another growth factor specific
for endothelium that has a protective effect against some of the pathological changes in
PAH. It attenuates neointima formation at the site of tissue injury [35], boosts the expression
of plasminogen activator [25] and reestablishes the endothelial vasoreactivity in injured
tissue [35,36]. It also brings about the production of NO and prostacyclin in aortic and
pulmonary vasculature [37].  Therapies that target ED may hold promise in prevention and
treatment of PAH [28].

2.3 Hypertension

Abnormal endothelial function is suspected in the pathophysiology of hypertension [38,39].
Persistent decreased availability of NO was considered the central mechanism. The lack of
NO induces vascular abnormalities resulting in end organ (heart, brain and kidney) damage
in these patients. ED in hypertensive patients suffering from Type 2 Diabetes mellitus results
in aortic stiffness as compared to the hypertensive patients not suffering from Type 2
diabetes mellitus [40]. Further, Perticone et al. [39] showed that ED has a direct link with
hypertensive vascular complications. Based on this information, they proposed that
abnormal FMD may be a useful marker for future cardiovascular events in subjects with
untreated essential hypertension. Angiotensin-converting enzyme inhibitors (ACEI) and
calcium channel blockers (CCBs) showed maximum therapeutic benefit but the effect on ED
was not statistically significant [39,41]. While CCBs are widely used to treat hypertension,
their efficacy with respect to ED remains an open question, though there is strong theoretical
rationale for why they should be beneficial [42,43,44].  Positive benefits have been reported
for newer generation beta-blockers such as nebivolol, which may exert anti-proliferative,
anti-inflammatory and anti-oxidative properties via stimulation of NO release [45,46].
Nebivolol is a potent beta1-selective antagonist, which accounts for its antihypertensive
effects but it also appears to have partial agonist properties with respect to beta-3 adrenergic
receptors, which may explain how it affects NO release [47,48]. Such combinatorial drug
activities may be desirable in a variety of clinical settings, and thus remains a strong focus of
ongoing scientific and clinical investigation.

Hypertension in arteries may be related, in part, to the gain of reactive oxygen species
(ROS) that can scavenge NO, thereby leading to decreased NO-induced vaso-relaxation
[49]. One potential generator of ROS is NADPH oxidase since inhibition of this enzyme
resulted in decreased ROS in aortas of year-old rats [49,50].  Consequently, investigations
continue to explore the utility of treating ED by blocking ROS formation and enzymes such
as NADPH oxidase may serve as potential therapeutic targets in the treatment of
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hypertension. Another study showed that the levels of pro-inflammatory cytokine interleukin-
17A (IL-17) are increased in patients with hypertensive autoimmune diseases [51]. IL - 17
decreases NO produced by endothelium and activates RhoA/Rho-kinase [51]. It was seen
that by inhibiting IL- 17 or Rho- kinase, hypertension could be prevented, thereby suggesting
additional novel targets for pharmacological intervention to prevent and/or treat patients with
hypertensive autoimmune diseases.

2.4 Congestive Heart Failure (CHF)

Endothelium-dependent NO-mediated vasodilation is reduced in patients with congestive
heart failure (CHF) specifically in areas like skeletal muscle, coronary and pulmonary
circulation as compared to the test healthy individuals [52,53]. Studies show that impaired
endothelial function is linked with decreased exercise capacity, impaired functional capacity
and increased mortality in patients suffering from CHF. The increased mortality could be
related to coronary and microvascular atherosclerotic changes leading to recurrent
myocardial ischemia and necrosis [54]. The authors of this study concluded that there was
an association between markers of ED and subsequent clinical outcomes in patients with
CHF [54].

In heart failure, the myocardium releases a number of inflammatory messengers and along
with altered gene expression, triggers atherosclerosis, which leads to oxidative stress and
reduction in the synthesis of NO [55,56]. This, in turn, leads to uncoupling of eNOS and
enhanced release of cytokines leading to increased oxidative stress [57-59]. All of these
factors together lead to heart failure and its related risk factors, including diabetes,
hypertension, etc. [59]. The severity of heart failure can often be correlated with the degree
of ED [59].  Factors that improve endothelial function may prevent or delay heart failure [59].
For example, it was found that the endothelium-dependent vasodilation and the availability of
the NO was improved with exercise training and with the increase in peak oxygen uptake
[59]. Drugs that have similar effects and have shown some benefit clinically include
angiotensin-converting enzyme (ACE) inhibitors and newer generation beta-blockers such
as nebivolol and carvedilol, which also have vaso-dilating properties that decrease oxidative
stress and improve endothelial function [59].

3. DRUGS AFFECTING ED

While there are many drugs that affect ED, we will limit our focus to three types of widely-
used clinical drugs. These include: Asprin, 3-hydroxy-3-methyl-glutaryl-CoA (HMGCoA)
reductase inhibitors (commonly known as statins) and angiotensin-converting-enzyme (ACE)
inhibitors.

3.1 Aspirin

Cyclooxygenase-dependent mechanisms are responsible for constriction and is a major
contributor for endothelial dysfunction in atherosclerotic vascular disease [60]. It modulates
the acetylcholine-induced peripheral vasodilation in patients with atherosclerosis [60]. Aspirin
helps in the improvement of ED due to its ability to induce vasodilation, reduce thrombosis,
and inhibit progression of atherosclerosis, thereby providing a pathophysiological basis for
the beneficial effects of aspirin in atherosclerosis [60].  Many studies have confirmed that
aspirin is the primary or secondary choice to assist the prevention of hypertension and other
vascular diseases [61-63]. On the other hand, beneficial effects of aspirin need to be
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counterbalanced with detrimental side-effects [62-64]. The detrimental effects are mainly
attributed to the hemorrhagic events. Substantial improvement was seen in endothelial
function and blood pressure of the patients who were co-administered aspirin and statins
[65], suggesting that these drugs may act in an additive or synergistic manner to promote
vascular health. This discussion leads us to another topic of drug interactions. For example,
it has been said that aspirin when given in higher doses might rarefy the advantageous
effects of the ACE inhibitors [66] but there has not been consistent agreement regarding this
topic [67].

3.2 Statins

In addition to lowering LDL, statins are well known to boost endothelial function because of
the other non-lipid lowering (pleiotropic) actions [68-70], that involve enhanced expression of
eNOS, negative action of intracellular oxidative stress (on LDL and VLDL) or attenuation of
proinflammatory pathways. Statins help in reducing the incidence of cardiovascular events
which might be attributed to the improvement of endothelial function through the release of
NO [71-73]. Along with their advantageous effects, statins are believed to cause a decrease
in the coenzyme Q10 (ubiquinone) levels, which may have detrimental effects on the
patients suffering from heart failure [74]; however, it is unclear if the decrease in the CoQ10
definitely limits the  positive effects of the statin therapy [74]. It has also been shown that
there might be an adverse effect on the function of mitochondria due to administration of
statins, and this effect might be worsened due to excessive physical exercises. Thus,
uncertainty remains regarding the reduction of CoQ10 in statin-associated myopathy.
Consequently, there is a need for additional clinical data to clarify this issue [75]. Recent
progress in this area has indicated an interesting potential link between glycine
amidinotransferase (GATM) activity, which is responsible for muscle creatine synthesis, and
susceptibility to statin-induced myopathy [76]. Recent studies also claim that statins
increased the PPAR (peroxisome-proliferator activated receptor ) activity in the
macrophages just like ACE inhibitors [77]. Further study is needed to confirm and extend
these results.

3.3 ACE Inhibitors

ACE inhibition helps improve the endothelial function by angiotensin II production and
bradykinin-dependent NO production [78]. The latter decreases the vascular smooth muscle
cell growth and migration, impedes the expression of cell adhesion molecules, prevents
platelet aggregation and restores the fibrinolytic balance [37,79]. The effect of telmisartan,
an angiotensin-receptor antagonist that also possesses PPAR (peroxisome-proliferator
activated receptor ) agonistic properties, improved insulin resistance and  vascular
endothelial dysfunction by boosting the production of nitric oxide in endothelium [80].
Nevertheless, many differences have been observed amongst the ACE inhibitors  regarding
specificity of tissue [81]. When four different ACE inhibitors were administered to about 80
patients suffering from coronary artery disease, it was observed that only quinapril showed
an enhancement in the FMD of the brachial artery [81]. A recent meta-analysis of 10 clinical
trials involving more than 1100 patients suggested that patients taking ACE inhibitors
showed improved brachial FMD relative to controls and those receiving other
antihypertensive drugs such as beta-blockers or calcium channel blockers, but were not
significantly different from those taking angiotensin receptor blockers [82].  Another study
showed that there was no substantial vessel dilation in patients suffering from insulin-
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dependent diabetes (IDDM) when they were administered with enalapril [83]. These results
suggest there are substantial differences in response to ACE inhibitors.

4. ED IN CONTEXT OF CARDIOVASCULAR REPAIR/REGENERATION
THERAPIES

4.1 Stem Cell Therapy for Cardiovascular Repair/Regeneration

Cardiovascular disease is the leading cause of death in the western world [16]. The use of
stem/progenitor cells to regenerate myocardium is a promising treatment therapy for curing
damaged cardiac tissue due to heart failure, ischemic heart disease and many other forms of
cardiovascular disorders. Embryonic stem cells are widely studied for regeneration of
myocardium [84,85]. Recent findings suggest that there is a population of resident stem cells
called cardiac progenitor cells (CPCs) [86-90]. These cells expressed several early cardiac
markers such as Nkx2.5, GATA-4 and c-kit [86,89,91,92]. The CPCs also showed stem-cell
like characteristics [90]. When injected into the regions of ischemia, these CPCs were shown
to generate a new myocardium containing new blood vessels and cardiomyocytes which
were derived from cardiac progenitor cells. There are also bone marrow-derived and
circulating mononuclear stem cells that currently serve as the source of stem cells for most
of the completed and ongoing clinical trials [93]. A major advantage provided by the use of
bone marrow-derived and circulation stem cells is that they can be harvested from the same
patient for autologous transfer back into that patient, thereby minimizing immune rejection.

4.2 Endothelial Progenitor Cells (EPCs)

Endothelial progenitor cells (EPCs) are a sub-type of bone marrow-derived and circulating
cells (cEPCs) that have the capability to differentiate into endothelial cells [94,95]. Therefore,
these progenitor cells could serve as an important tool in the process of neo-vascularization
to treat ED and associated cardiovascular disease [94,96,97].

EPCs express specific markers on the cell surface, including CD133, CD34 and VEGFR-2.
Asahara et al. [98] showed that hematopoietic CD34+ cells have characteristic endothelial
phenotypes when allowed to differentiate in ex-vivo conditions [98,99]. There has been much
speculation about the types of endothelial progenitor cells and the source from which they
are derived.  For example, Hur et al. [100] performed an experiment where they grew the
total mononuclear cells which were derived from human peripheral blood and found two
different types EPCs. These two different types of EPCs were called the early EPCs and the
late EPCs. They not only had differences in the morphology, proliferation rate and survival
features but also showed expression of different genes. The early EPCs were found to be
spindle-shaped whereas the late EPCs showed a more cobblestone-like shape. The early
EPCs were quite similar to the ones reported by Asahara et al. [98] and also expressed
CD45, Flt-1 (also known as the type I VEGF receptor, VEGFR1), eNOS, vWF and CD31.
Despite their differences, early and late EPCs both contribute to neovasculogenesis. The
early EPCs secrete angiogenic cytokines, whereas the late EPCs were responsible for the
supply of endothelial cells.

Another study showed that bone marrow and the non-bone marrow cells are responsible for
formation of endothelial structures. CD133/VEGFR2 cells are widely grown ex-vivo and
differentiate into the endothelial progenitor cells [101]. In addition, CD14+/CD34- cells, a
type of myeloid cell, differentiate to form endothelial like structures and express markers
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specific of endothelial cells. Studies have also shown that non-bone marrow-derived stem
cells can lead to formation of new endothelial tissue. For example, one study showed that
certain stem cells are resident in the heart, which might also contribute to formation of new
blood vessels [88]. However, the many potential sources that these EPCs could be derived
from makes it difficult to draw firm conclusions regarding their specific origins. Nevertheless,
there is some indication that the number of EPCs circulating may be associated with
decreased cardiovascular risk and the  migratory ability of the EPCs are affected in coronary
heart diseases and other cardiovascular diseases [102,103]. EPC dysfunction might
therefore lead to dysfunctional endothelium. Thus, EPC quality as well as quantity is an
important factor to consider for gaining the most efficacious results.

Some studies have shown, for example, that the number of EPCs was a critical factor for
neovascularization of ischemic regions in the heart [102-104].  Another study showed that
transplantation of autologous EPCs helped in increasing the neovascularization in
myocardial ischemia [105]. CD31+ mononuclear cells (MNCs) were isolated from the
peripheral blood and transplanted in the ischemic heart. After approximately 4 weeks of
transplantation the study reported that there was an improvement in ventricular ejection
fraction of the rat heart. An additional study showed that gene transfer of the sp-FGF1 gene
into the EPCs facilitated neovascularization of chronic myocardial ischemia in a porcine
model [106]. Both studies used autologous transplantation of EPCs, which offers significant
advantage for circumventing the issues of immune rejections.

4.3 EPCs and Angiogenesis

EPCs have been shown to be mobilized by tissue trauma such as hypoxia induced by
myocardial infarction [107]. Mobilization of bone marrow-derived endothelial progenitor cells
serves as the body’s natural response to ischemia. Whereas minor burns or wounds utilize
local endothelial cells for repair, bone marrow-derived endothelial progenitor cells aid in
vessel growth after large-scale vascular injury. Not only do these cells play a structural role
in angiogenesis but it is thought they also remain in the interstitial space and secrete growth
factors, cytokines and protective proteins that promote proliferation and migration of local
endothelial cells to further aid in angiogenesis. Among the list of released paracrine factors
are VEGF and hepatocyte growth factor (HGF), thought to promote proliferation of
endothelial cells. Angiopoietin-1 (Ang-1), which may stabilize newly formed vessels in the
damaged tissue is also secreted in paracrine fashion. In addition, released eNOS and
inducible nitric oxide synthase (iNOS) are thought to aid in the maintenance of perfusion. In
particular, iNOS is produced during prolonged periods of hypoxia, which may occur with
myocardial infarction. EPCs may also produce insulin-like growth factor-1 (IGF-1), which
among other things, appeared to play an anti-apoptotic role [107].

While research is still needed to understand all the lineages of endothelial cells within the
heart, recent studies have elucidated that endocardial endothelial cells appear to have more
than one lineage. For example, endocardial endothelial cells originate in the mesoderm
along with cardiomyocytes [108]. Studies done with zebra fish have shown endocardial cells
derived from vascular lineage as well as hematopoietic lineages that migrate to the heart
tube during development [109]. Though the majority of mesodermal cells within the heart
field differentiate into cardiomyocytes, a minor population of these cells expresses markers
of endothelial cell differentiation such as the angiogenic factor, vascular endothelial growth
factor (VEGF). Additionally, the extracardiac mesoderm develops from the proepicardium
(PE) population of cardiac cells that form the epicardium. Recent studies have shown that
these PE cells transiently form blood islands below the epicardial space and that from these
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cells originate coronary vasculature including endothelial cells and perivascular fibroblasts
[108]. In addition to vessel growth, vascular endothelial cells help to derive the heart
endocardium during development. In avian models, for example, endocardial cells have
been shown to originate from endothelial cell populations that do not form myocardium [109].

Flk1+ (also known as the type II VEGF receptor, VEGFR-2) cardiovascular progenitor cells
can differentiate into a variety of cell types through interaction with certain transcription
factors such as Er71, which regulates endocardial and endothelial differentiation [110]. The
ability of EPCs to differentiate into endocardium as well as promote the proliferation and
regrowth of vessels makes therapeutic angiogenesis an exciting topic of research for
treatment of ischemic heart disease. A number of recent studies showed promise for
therapeutic angiogenesis and a new approach to treatment of ischemic heart disease. For
example, transplantation of human-derived endothelial progenitor cells to ischemic rat
myocardium resulted in maturation into endothelial cells with reduced infarct size and
increased preservation of left ventricular function [111]. Mobilization of endothelial progenitor
cells with the use of G-CSF in the FIRSTLINE-AMI trial improved cardiac function in many
ways, including reduced ventricular remodeling and delaying adverse events during a follow-
up period of 1 year [112]. Current research has focused attention on reasonable approaches
for transplantation and introduction of angiogenic growth factor proteins. Intravenous delivery
is not ideal due to decreased delivery to target tissue and potential risks of systemic effect,
while localized epicardial intramyocardial injection seems invasive and impractical in the
setting of human trials [113].  Determining an optimal and appropriate route for therapy is
essential and in this regard, intra-arterial catheter-based introduction is one such method
that appears to provide a feasible mode of therapeutic delivery [114].

Research into VEGF administration to ischemic myocardium was carried out by Lopez et al.
[114], who demonstrated increased collateral circulation that resulted in improved myocardial
function. The increase in collateral circulation was significant in the left anterior descending
and left circumflex arteries of the heart [114]. In addition, this study demonstrated decreased
resistance to flow in the left anterior descending and left circumflex arteries following VEGF
administration [114]. In a separate study, Hao et al. [115] introduced VEGF in addition to
platelet derived growth factor, which stimulated smooth muscle cell recruitment and
improved cardiac function compared to delivery of either single agent. These studies
suggest that therapeutic angiogenesis represents a promising new approach to improve
endothelial function and reverse some of the effects of ischemic heart disease.

4.4 EPCs and Myogenesis

Regeneration of cardiac muscle tissue represents a promising treatment for the ischemic
heart. There have been several studies focusing on the transplantation of the stem cells in
the ischemic heart to repair the damaged myocardium. In one study [116], specialized
hematopoietic cells were transplanted into the ischemic heart and their progeny were
tracked. It showed that the specialized cells called the SP cells (side population cells)
migrated not only to the damaged myocardium, which was ischemic but they also invaded
the blood vessels. The migration of the cells was particularly found in the infarct region. The
cardiomyocytes were found at a percentage of 0.02% whereas the endothelial engraftment
was about 3.3%. This study showed that stem cells can be used to regenerate not only
cardiac tissue, which is damaged by ischemia but also the endothelial cells which form an
essential part of the heart.
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Another study [117] showed that neovascularization provided an added advantage and
enhanced the improvement of cardiac function. As the blood supply to the heart is restricted
in ischemia, enhancing the blood supply to the tissues by neovascularization could serve to
enhance cardiovascularization. In this study, the cardiomyocytes were co-cultured with
endothelial cells, which resulted in the formation of endothelial junctions within the sheets of
the cardiomyocytes. These networks of ECs and cardiomyocyte sheets when transplanted
into ischemic heart displayed improved cardiac function compared to the ones lacking the
ECs [117]. The ECs thus seem to form an important part in improving the cardiac function.
The ECs not only help in improving cardiac function but also aid in the survival and spatial
organization of the newly formed cardiomyocytes [118]. The study further showed that when
the cardiomyocytes were transplanted on the EC network sheets, apoptosis and necrosis of
the newly generated cardiomyocytes was prevented, thereby prolonging the survival of the
cardiac cells. The endothelial cells thus play a pivotal role in improving the cardiac function,
prolonged survival and organization of the cardiomyocytes.

Another study showed that endothelial cells, when treated with certain specific growth
factors, could be differentiated into cardiomyocytes in-vitro or in-vivo [119]. The experimental
results suggested that Nkx2.5, GATA4, BMP4 and FGF2 did not promote the
transdifferentiation of the endothelial cells [119] but other as yet unidentified factors may
have promoted the trans-differentiation. The ECs were found to express both von Willebrand
factor as well as sarcomeric alpha-actinin, indicating that they express dual markers for
endothelial and myocyte cells, respectively. This opens up a new avenue which highlights
the plasticity of the ECs in differentiating into cardiomyocytes.

5. SUMMARY AND FUTURE DIRECTIONS

ED is widely recognized as a significant major risk factor for many of the most prominent
forms of cardiovascular disease. Current pharmacological approaches for combatting
cardiovascular disease show beneficial effects on endothelial function that likely account, at
least in part for their clinical efficacy.  These include diverse types of drugs such as aspirin,
statins and ACE inhibitors. Despite much progress and success with these approaches, they
each have limitations and tend to be more palliative than curative.  Cell-based therapies
have the potential to repair and regenerate damaged tissue and with recent advances in the
field, cell-based approaches have become an intense area of basic and clinical research.
One reason that EPCs are attractive candidates for therapy is because they can be readily
accessed from patients and thus offers autologous sources of material, which helps to
minimize immune rejection.  Further, they appear to have benefit for improving ED through a
variety of mechanisms including angiogenesis, myogenesis, and angiomyogenesis.
Strategies that explore the use of cell-based therapies to specifically target ED may
represent a particularly productive avenue for basic and clinical research since early
intervention at this step has the potential to prevent the subsequent precipitation of more
advanced stages of cardiovascular disease. A schematic overview of these ideas is
illustrated in Fig. 1. It is anticipated that with additional focused research, cell-based
therapeutic strategies will rapidly progress from bench to bedside.
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Fig. 1. Schematic overview of the role of Endothelial Dysfunction (ED) in the
development of cardiovascular disease

The arrows indicate common factors leading to ED and its clinical consequences. The blocked arrows
indicate how ED serves as an important target for current pharmacological and emerging cell-based

therapeutic approaches to combat cardiovascular disease.

6. CONCLUSION

ED is an underlying contributing factor for all major forms of cardiovascular disease, and
currently serves as a therapeutic target for some of the most commonly used drugs today
including, aspirin, statins, ACE inhibitors, and many others.  While effective at treating ED,
pharmacological interventions alone have limitations, and there is always a risk of negative
side effects.  Cell-based therapies to repair and regenerate damaged endothelium in ED
provide an attractive alternative/adjunct to pharmacological approaches, and they are likely
to remain an intense area of research focus for many years to come.
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