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Summary: Currently available approaches for treating patients with ischemic heart disease include 

medical therapy or coronary revascularization by surgical procedures, like coronary artery bypass 

grafting (CABG). Bypass grafting often provides dramatic relief from the symptoms of myocardial 

ischemia. However, a significant number of patients are not candidates for these kind of treatment or 

achieve incomplete revascularization. Hence, an alternative treatment strategy such as therapeutic 

angiogenesis has emerged as a new method for patients with inoperable coronary artery disease. 

Recently it has been demonstrated that angiogenic growth factors, like vascular endothelial growth 

factor or fibroblast growth factor, can improve myocardial perfusion and function.  
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INTRODUCTION 

 
The mechanisms of vasculogenesis, angiogenesis and arteriogensis play a 

major role in the myocardium revascularization process. Although, 

pharmacological and surgical (Coronary Artery Bypass Grafting - CABG, 

Percutaneous Transluminal Coronary Angioplasty - PTCA) therapies are available 

in the treatment of coronary artery disease they often are not effective and the 
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mechanisms of revascularization remain still unclear. Therefore, a new strategies 

with use of many different factors influencing the blood vessels formation have 

been applied in the treatment of coronary artery disease (CAD). 

Angiogenic factors fulfill a major role in the formation and function of 

blood vessels during vascular healing in response to mechanical disruption induced 

by surgical procedures (e.g. CABG). 

This article is a review of the current knowledge about an important factors 

taking part in blood vessels development. The most important are as follows: 

Vascular Endothelial Growth Factor (VEGF), Fibroblast Growth Factor (FGF), 

Platelet Derived Growth Factor (PDGF), Angiopoietins (Ang), Transforming 

Growth Factor β (TGF-β). 

 

 

CORONARY ARTERY BYPASS GRAFT (CABG) 

 
Coronary artery disease (CAD) is the leading cause of mortality in 

developed countries. The disease develops because of hardening of the arteries 

(atherosclerosis) that supply blood to the heart muscle. The atherosclerotic plaque 

builds up in the wall of the arteries that supply the heart. The atherosclerotic 

process causes significant narrowing in one or more coronary arteries. The 

treatment of CAD is designed to relieve the symptoms of myocardial ischemia and 

prevent myocardial infarction or sudden death. In many instances the only useful 

treatment is revascularization by, among others, coronary artery bypass graft 

surgery (CABG) [69]. CABG that uses another artery or vein reestablishes 

sufficient blood flow to deliver oxygen and nutrients to the heart muscle. Since the 

1960s CABG has been a mainstay in CAD treatment and reduced the death rate 

from CAD. However, the long term clinical outcome after revascularization 

depends on the patency of bypass graft. The most popular venous grafts have 

demonstrated a tendency to develop partial or complete occlusions with time. In 

turn, arterial grafts have shown relative resistance to plaque formation and 

obstruction but are more limited in their availability and ease of procurement 

compared with venous conduits [21]. 

Patients, who undergo complete revascularization have improved 5-year 

survival and angina-free survival time [40]. However, the success of CABG 

surgery may be limited by inability to provide complete revascularization [34, 47]. 

This state can be evoked by diffuse disease, calcifications or small size of artery, 

which is needed to be transplanted. In these patients the experience of residual 

myocardial ischemia continues despite intensive medical therapy [61]. Therefore, 

an adjunctive treatment strategy is warranted in patients undergoing CABG if 

complete revascularization is not possible. The additional blood flow to 

incompletely revascularized areas can be provided by therapeutic angiogenesis, 

which could serve as a biological bypass of the atherosclerotic vessel [59, 38, 54]. 
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Exogenously administrated angiogenic growth factors can promote new vessels 

formation. They may be administrated either directly or through gene-based 

approaches, also simultaneously with surgical procedure [33].  

 

 

ANGIOGENIC FACTORS 

 
Vascular Endothelial Growth Factor (VEGF) 

Vascular endothelial growth factor represents a family of glycoproteins 

that plays a critical role in development of blood vessels during embryogenesis, in 

development of lymphatic vessels and in formation of new blood vessels from pre-

existing ones. VEGF is heparin-binding glycoprotein that is a specific mitogen for 

vascular endothelial cells. The VEGF family consists of: VEGF-A, VEGF-B, 

VEGF-C, VEGF-D, orf-virus VEGF-E and snake venom VEGF-F [44, 71]. All 

those molecules bind to three different VEGF receptors that are tyrosine kinases: 

VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/KDR), VEGFR-3 (Flt-4). All VEGF receptors 

are highly expressed during embryogenesis. In adults, VEGFR-1 and VEGFR-2 are 

mainly expressed in endothelial cells of blood vessels whereas VEGFR-3 only in 

lymphatic system [68]. The highest affinity for VEGF demonstrates VEGFR-1 but 

the effects of VEGF on cellular processes are mainly mediated via VEGFR-2. The 

activation of VEGFR-2 in the vascular endothelium has an effect on cell 

proliferation, migration, permeability and survival processes and have results in 

vasculogenesis and angiogenesis [32]. 

VEGF-A and its receptor VEGF-R2 represent a major factors of signaling 

system in the early stages of blood vessels growth, both in developing embryos and 

in adult angiogenesis [72]. VEGF-A is produced by different cells including 

vascular smooth muscle cells, macrophages and tumor cells and an important 

regulator of its expression is oxygen tension [8, 62]. VEGF-A is involved in many 

steps of angiogenesis. It promotes vasodilatation by the induction of NO resulting 

in increased blood flow to tissues. VEGF-A increases also the permeability of 

endothelial cells. An increase in microvascular permeability by enhancing the 

transport via fenestrations, transcellular gaps and vesiculo-vacuolar organelles is a 

crucial step in angiogenesis associated with wounds and tumors [35, 18, 4]. In 

addition, VEGF-A induces the expression of plasminogen-activators (PA) and 

metalloproteinases, the factors that promote a degradation of environment and 

remodeling of the perivascular matrix. This facilitates a migration and sprouting of 

endothelial cells towards a concentration gradient of VEGF and other growth 

factors [50, 17]. Furthermore, VEGF-A enhances the proliferation of primary 

endothelial cells, prevents endothelial cells from apoptosis, promotes expression of 

cellular adhesion molecules (CAMs) in endothelial cells, and have a regulatory 

effects on certain blood cells (e.g. monocytes) [73, 45, 13]. 
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The other type of VEGF is VEGF-B that is mainly expressed in heart and 

skeletal muscle and is co-expressed with VEGF-A. VEGF-B forms dimers bound 

to membrane or to extracellular matrix and is released in soluble form by heparin 

or high salt treatment [48]. This factor participates in the regulation of fully 

developed blood vessels and is not necessary for embryonic development because 

other members of VEGF family can adopt its function [72]. 

VEGF-C acts through the VEGFR-2 and VEGFR-3 receptors but demonstrates 

higher affinity to the latter one. Therefore, it regulates the growth and maintenance 

of lymphatic vessels [37]. Similarly to VEGF-C, VEGF-D also activates both 

VEGFR-2 and VEGFR-3, and is mainly expressed in the lung during 

embryogenesis hence it plays a role in lung development [19]. VEGF-E is a 

parapoxvirus orf virus protein whereas VEGF-E is of snake venom origin but both 

factors can stimulate angiogenesis via VEGFR-2 activation [44, 70]. 

 

VEGF-CABG 

Metais et al. examined the effects of coronary artery disease (CAD) on 

expression of VEGF and its receptors in the human heart. They suggest that VEGF 

is a potent coronary vasodilator in the human coronary microcirculation and that 

mediates its effects by the release of endothelium-derived NO. Additionally, CAD 

is associated with a reduction in vascular response to this angiogenic growth factor 

[46]. 

Hypoxia and myocardial ischemia, occurring after coronary artery bypass 

graft surgery, are major agents that cause rise in the circulating level of vascular 

endothelial growth factor [10]. VEGF secretion may also be a response to paracrine 

factors such transforming growth factor β (TGF-β) or fibroblast growth factor -2 

(FGF-2). Both factors are produced by the heart in response to myocardial 

ischemia and can stimulate VEGF production [28, 60].  

VEGF plasma concentration can also change during the coronary artery 

bypass surgery. Denizot et al. observed that levels of VEGF were stable during the 

surgery and increased significantly within 24 post-operative hours. After CABG 

surgery VEGF can stimulate proliferation of endothelial cells and promotes neo-

angiogenesis. It is likely related to endothelialization of implanted graft conduits 

following surgery [16]. 

 

Fibroblast Growth Factor (FGF) 
A family of fibroblast growth factors consists of twenty distinct FGFs, 

numbered consecutively from 1 to 20, and four different receptors that are tyrosine 

kinases (FGFR). The most important in stimulating of angiogenesis and the first to 

be discovered are FGF-1 (acid FGF – aFGF) and FGF-2 (basic FGF – bFGF) [53]. 

Both factors are secreted by a wide range of different cell types and function as 

mitogens for endothelial cells, fibroblasts, macrophages, smooth muscle cells [63]. 

In particular, FGF-2 is the factor that influences the expression of VEGF and other 
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molecules, hence directly takes a part in angiogenesis. FGF-2 is a heparin-binding 

protein present in the normal myocardium and the hypoxia or hemodynamic stress, 

are the agents responsible for increase of FGF-2 expression [11, 58]. Elevated 

levels are found in pericardial fluid of patients with unstable angina and in 

infarcted myocardial tissues [23, 7]. According to Claffey et al., FGF-2 promotes a 

proliferation of stromal cells and additionally can activate VEGF expression in 

many of these stromal cells. However, the pattern of VEGF expression is distinct 

here from endothelial cells one. In such microenvironment the formation of new 

blood vessels will be promoted by the combination of both FGF-2 and VEGF 

functions and is critical especially in context of tumorigenesis. The other functions 

of FGF-2 are similar to effects of VEGF and involve as follows: regulation of cell 

proliferation and integrin expression, activation of metalloproteinases, influence on 

cell permeability and cell migration, and formation of vessels lumen [12]. 

 

FGF-CABG 

Levels of angiogenic growth factors can change during cardiac surgery, 

e.g. coronary artery bypass graft surgery. Possible changes in concentration levels 

of those factors can be measured in plasma before, during and after surgery. 

Denizot et al. determined the plasma levels of FGF-2 in patients during and after 

CABG surgery. They observed that concentration of FGF-2 during surgery was 

increased and returned to preoperative values in six hours after operation [16]. The 

results are consistent with results of other group of researchers and suggest that 

heart can be a potential source of FGF-2 [1]. They also agree with other researchers 

that exogenous administration of FGF-2 can be beneficial in patients undergoing 

coronary bypass surgery [61]. 

Laham et al. conducted study of FGF-2 implanted in ischemic myocardial 

territories in patients undergoing CABG. They observed lack of angina in most of 

patients and suggest a beneficial effect of such treatment. In conclusion, they 

demonstrated that FGF-2 application to patients undergoing CABG is a safety and 

feasible method of revascularization especially these areas of viable and ischemic 

myocardium that cannot be revascularized in surgical way [38]. 

 

Platelet Derived Growth Factor (PDGF) 
The platelet derived growth factors are a family of growth factors that with 

regard to polypeptide structure are similar to VEGFs and placental growth factor. 

PDGFs are made of four different polypeptide chains (A, B, C and D) that are able 

to homodimerize and heterodimerize to form five different ligands (PDGF-AA, 

PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD) [30, 41, 39]. The ligands act 

through three PDGF receptors (PDGF-αα, PDGF-αβ and PDGF-ββ) that are 

tyrosine kinases receptors [2]. The major storage place of PDGF in the organism 

are granules of platelets but factor is synthesized also by different cell types e.g. 

fibroblasts, pericytes, keratinocytes, vascular smooth muscle cells, neurons, 
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glomerular mesangial cells [2]. Endothelial cells express only PDGF-β receptors 

that can be stimulated only by PDGF-BB form and induces tube formation, 

sprouting and proliferation [6]. Additionally, PDGF-BB act as a mitogen for 

smooth muscle cells and pericytes and stimulates VEGF and VEGFR-2 expression 

in cardiac endothelial cells [6]. Stimulation of proliferation of smooth muscle cells 

affect the thickening of the intima in blood vessels and also cause the chronic 

fibrotic process, that is a reason of atherosclerosis [30]. 

Under certain conditions PDGF can exert contrary biological effects. For 

instance, can stimulate chemotaxis of certain cell types by acting through the 

PDGF-β receptor and simultaneously can inhibit chemotaxis of fibroblasts and 

smooth muscle cells by acting through PDGF-α receptor [36]. Except of mitogenic 

effects of PDGF on different cells, platelet-derived growth factor additionally can 

induce cell migration, actin reorganization, and prevent cell death by apoptosis [2]. 

During the embryonal development PDGF takes part in development of vascular 

mural cells that are vascular smooth muscle cells and pericytes. These cells 

function as a source of anti-proliferative factors that stabilize the neovascular 

endothelial sprouts. The interruption of PDGF-induced signaling causes 

development of defective blood vessels and is lethal for neonates [42]. 

Alterations in PDGF expression occur in many healing processes that 

involve reepithelialization and angiogenesis. For example during inflammation in 

the wounded area overexpression of PDGF receptor is increased. Overactivity of 

PDGF is associated also with atherosclerosis that is considered as an excessive 

inflammatory fibro-proliferative process occurring in blood vessels [55]. As a 

result of this process PDGF is secreted by activated macrophages, smooth muscle 

cells, endothelial cells, and platelets during the formation of atherosclerotic lesions 

[56]. 

Rutherford et al. suggest that PDGF-B together with bFGF are involved in 

the process of arterial restenosis after percutaneous transluminal angioplasty. They 

also investigated that treatment with antibodies against PDGF-B and bFGF 

simultaneously result in substantial reduction in intimal thickness and intimal-

medial area ratio [57].  

 

Angiopoietins (Ang) 
The family of angiopoietins comprises a growth factors (Ang1, Ang2, 

Ang3, Ang4) and their receptors (Tie1, Tie2), which act specifically on endothelial 

cells and are essential for blood vessel formation. Ang1 and Ang2 are characterized 

very well since they play a major role in angiogenesis and act through the Tie2 

receptor. Ang3 and Ang4 are less well defined, however Ang3 is of mouse origin 

and is widely expressed in different tissues whereas Ang4 is human angiopoietin 

and can be found only in the lung. Nevertheless, both – Ang3 and Ang4 –bind to 

the Tie2 receptor [67]. 
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Results of many studies demonstrate that VEGFs and angiopoietins 

collaborate not only during development of the blood vessels but also during 

lymphatic vessels formation. VEGFs are responsible for proliferation, initiation 

and blood vessels sprouting whereas angiopoietins are involved in secondary 

stages of vessels growth like remodeling, maturation and formation of complex 

networks [24, 66].  

Angiopoietin 1 is expressed by the myocardium in early development and 

by perivascular cells later in development and in adult tissue. However, the factor 

that can be also secreted by vascular smooth muscle cells is not able to induce 

proliferation or tube formation in endothelial cells in vitro but can promote 

sprouting of endothelial cells [14]. The fact that angiopoietin 1 interacts with Tie2 

receptor on endothelial cells suggests that this member of angiopoietins family is 

essential for maturation and stabilization of the developing blood vessels and for 

physiological blood vessels remodeling. 

Under physiological conditions angiopoietin 2 is produced at low levels 

exclusively by endothelial cells where it is stored in Weibel-Palade bodies.  

Following cytokine activation of the endothelium or in the hypoxia conditions 

Ang2 is up-regulated and rapidly released [20, 52]. It is also highly expressed at 

sites of vascular remodeling in adults, such as in the ovary and highly vascularized 

tumors. The expression of Ang2 is changed during vessel growth and regression 

process, suggesting that it plays an important role in vessel remodeling [31]. Ang2 

act as a complex regulator that simultaneously plays a role in blood vessel 

sprouting and regression. It is rapidly expressed in the presence of VEGF and 

mediates an increase in the capillary diameter, induces migration and proliferation 

of endothelial cells and promotes angiogenic sprouting. On the other hand, 

induction of Ang2 in the absence of VEGF causes apoptosis of endothelial cells 

and correlates with vascular regression [43]. 

 

Transforming Growth Factor β (TGF-β) 
Among the factors regulating VEGF levels the most potent stimulator for 

its production is transforming growth factor β (TGF-β). TGF-β is a multifunctional 

cytokine that stimulates cell proliferation and angiogenesis in areas of 

inflammation and can alter the morphology and function of mesothelial cells and 

increase their permeability [51, 64]. Additionally, it is a regulator of extracellular 

matrix (ECM) synthesis, cell cycle progression, apoptosis, differentiation and 

migration. It plays a significant role not only during vascular development but also 

in arteriogenesis, neointima proliferation and vessel remodeling [25]. 

The first member of the TGF-β family to be discovered and best-studied is 

TGF-β1. It is present at high levels in the healthy blood vessel wall. Two other 

isoforms - TGF-β2 and TGF-β3 - are present at low levels or are absent [27]. 

Alhough three isoforms of TGF-β were discoverd, in humans TGF-β1 seems to be 

the crucial one and usually is named just as TGF-β. 
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TGF-β is produced by vascular endothelial cells, vascular smooth muscle 

cells, pericytes and inflammatory cells. It also stimulates thickening of intima as 

well in arteries as in veins [22].  

Like angiopoietin 2, TGF-β can act as an angiostatic or angiogenic factor. 

Low doses of TGF-β stimulate proliferation of endothelial cells and tube formation 

but TGF-β becomes inhibitory at high concentrations. Additionally, TGF-β reduces 

the degradation of the perivascular matrix by an induction of protease inhibitors 

and by reduction of proteases [50]. The higher concentration of TGF-β inhibit the 

endothelial regeneration but it facilitates the recruitment of vascular smooth muscle 

cells (SMC) into the site of injury. Similarly, TGF-β exerts a dose-dependent 

influence on SMC proliferation, being stimulatory at low concentration and 

inhibitory at high concentration [5]. Therefore, it maintains the normal vessel wall 

architecture and loss of this protective role results in the development of 

atherosclerosis [27]. 

 

TGF-β - CABG 

All models of vascular intervention, including bypass surgery or balloon 

angioplasty, cause mural injury. This can be explained by the epithelium uncover, 

disruption and death to underlying smooth muscle cells and initiation of an 

inflammatory reaction. 

Denizot et al. found that TGF-β plasma levels increase during the coronary 

artery bypass graft surgery and after removal of the aortic cross-clump and 

decrease thereafter. It suggests that heart can be a potential source of TGF-β [16]. 

That is in accordance to physiological state when repair process of injured tissues 

is associated with increased expression of TGF-β by macrophages and 

parenchymal cells [9]. However, considering the profibrotic nature of the cytokine 

it is not surprising that TGF-β is also involved in postangioplasty restenosis, post-

infarction myocardial remodeling resulting in the development of heart failure and 

other fibrosis-related cardiovascular diseases [15]. 

TGF-β can promote the healing process of the injured myocytes since it 

exerts cardioprotection during acute myocardial ischemia. Attaran et al. have 

demonstrated that average circulatory TGF-β1 concentrations in patients 

undergoing CABG are much lower when compared to those with normal coronary 

arteries [3]. The finding is with accordance to other clinical studies that 

demonstrated that patients with advanced atherosclerosis of coronary arteries 

present lower plasma levels of TGF-β1 when compared to those without coronary 

artery disease (CAD) [26, 65]. Therefore, the lower plasma level of TGF-β can 

serve as a predictive factor in cardiovascular disease and mortality. 
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SUMMARY 

 
There have been many different families of angiogenic growth factors and 

their receptors discovered until now. On the basis of their biology it can be 

observed that different signaling systems, acting simultaneously and together or 

separately, are necessary for different stages of vessel growth. Particularly two all 

of growth factors – VEGF and FGF – play an important role in initiation of 

neovascularization process. The involvement of these molecules in angiogenesis is 

crucial for coronary artery disease revascularization, especially in patients with 

ungraftable arteries. Induction of new vessels formation can have influence on 

enhanced blood flow to ischemic areas of heart muscle. Thus, protein, gene or 

cellular therapy with use of angiogenic growth factors has emerged as a potential 

new treatment strategy for cardiovascular disease. Additionally, intramyocardial 

administration of angiogenic growth factors together with CABG can induce 

collateral development and improve myocardial perfusion. Therefore, it can be 

considered as an adjunct to surgical procedures. In conclusions, therapeutic 

angiogenesis seems to be the promising alternative for patients with advanced 

vascular disease not responding to conventional treatment.  
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