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Abstract
Vascular endothelial growth factor (VEGF), a potent growth factor for endothelial cells and inducer of angiogenesis, is
important for endothelial integrity and thus for vascular function. On the other hand, VEGF may enhance the
pathophysiologic mechanism of plaque formation and plaque destabilization. In this review we discuss the data available
so far for VEGF as angiogenic and/or inflammatory cytokine in the vulnerable atherosclerotic plaque.
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Introduction

Cardiovascular disease is one of the most signifi-

cant causes of morbidity and mortality worldwide.

Development of atherosclerosis and the rupture of

atherosclerotic plaques play important roles in cardi-

ovascular disease. Atherosclerotic plaque formation

and plaque instability involve processes such as

inflammation, lipid and protein deposition, angio-

genesis, and apoptosis and necrosis of various cells

(1�3). Although a large, non-occlusive plaque can

cause myocardial ischemia, the acute event in myo-

cardial infarction is often caused by rupture of smaller

and less occlusive plaques (1�3). It has been sug-

gested that angiogenesis plays a part in the develop-

ment and destabilization of atherosclerotic plaque,

but there are still matters that remain uncertain and

contradictory. Some important questions that arise

are the following: When does an atherosclerotic

plaque become unstable? Do angiogenesis and its

important mediator vascular endothelial growth

factor (VEGF) enter into this, and if so what is their

role? The advent of inflammatory angiogenesis in

plaque formation and destabilization has recently

extensively been reviewed and published in this

journal (4). In their review the authors discuss the

beneficial effects of neovascularization (prevention of

cellular death due to better supply of oxygen and

nutrients) leading to plaque growth and stabilization

and on the other hand its deleterious effects, intra-

plaque hemorrhage and inflammation-related plaque

rupture. In the present review we discuss the potential

protective as well as pathophysiologic roles of VEGF

as a mediator in the plaque destabilization process

using the data available so far from experimental as

well as clinical studies.

Atherosclerosis and unstable plaques

Although many factors are known for their influence

on the development of atherosclerotic plaque, they

Correspondence: R. A. Tio, Department of Cardiology, Thoraxcenter, University Medical Center Groningen, University of Groningen, P.O. Box 30.001, 9700

RB Groningen, The Netherlands. Fax: �31-503611347. E-mail: r.a.tio@thorax.umcg.nl

(Received 11 April 2008; revised 22 September 2008; accepted 23 September 2008)

Annals of Medicine. 2009; 41: 257�264

ISSN 0785-3890 print/ISSN 1365-2060 online # 2009 Informa UK Ltd.

DOI: 10.1080/07853890802516507



all seem to originate from a general inflammatory

process of the vascular endothelium. The underlying

cause of the inflammation remains unclear, but an

important and broadly supported theory is the so-

called ‘response to injury theory’ (5). This hypoth-

esis assumes that vessel wall damage with ensuing

dysfunction of the endothelium is the first step in the

atherosclerotic process. Factors identified as dama-

ging to the endothelium include hypertension,

diabetes mellitus, elevated low-density cholesterol

levels, free radicals resulting from cigarette smoke,

genetic abnormalities (e.g. elevated homocysteine

plasma levels), various infections (e.g. herpes viruses

and Chlamydia pneumoniae) or a combination of

these factors (6�9). Endothelial dysfunction can be

characterized by a change in the adhesion ability of

leucocytes and thrombocytes and an increased

permeability of the vascular endothelium. On top

of that, the vascular endothelium’s procoagulant

features become more prominent and will produce

a variety of cytokines and growth factors. As these

processes advance, inflammatory cells will produce

more and more proteins (cytokines, proteases,

coagulation factors, and various vasoactive sub-

stances), of which metalloproteinases and cysteine

proteinases play important roles. It can be argued

that their fundamental role is to dispose of unwanted

tissue components, but in turn this may result in

plaque destabilization (2,3,10�13). These enzymes

are capable of slowing the growth process of the

fibrous cap and even dissolving collagen fibers inside

the cap. As a result, the plaque destabilizes, and the

fibrous cap becomes more susceptible to rupture. In

addition to these basic inflammatory processes,

another such process is of importance. As the plaque

grows, nutrition is required and vessel growth from

the adventitia takes place. It has been shown that

these neovessels growing into the plaque through

angiogenesis are dysmorph and immature, compar-

able to those in tumors and healing wounds (14).

These immature vessels often leak and could con-

tribute directly (through intraplaque hemorrhage) or

indirectly (by supplying inflammatory cells) to the

instability of the plaque (15�17). Angiogenesis and

its mediator VEGF could accordingly take part in

the atherosclerotic process.

VEGF

There are six VEGF variants, each with structurally

similar proteins (Figure 1) involved in the regulation

and differentiation of the vascular system, particu-

larly in the blood and lymph vessels (18�21). Of

these six subtypes VEGF-A has a major role in

mediating angiogenic effects. In addition, placental

growth factor (PlGF) is another member of the

VEGF family. It binds to VEGFR-1. Finally, VEGF-

A exists in different isoforms, which affects its

heparin-binding capacity. In this review we will

focus on VEGF-A and its corresponding VEGF

receptors (VEGFR-1 and VEGFR-2). VEGF also

plays an important role in tumor growth and

metastasis; however, this topic as well as other

angiogenic factors (such as the fibroblast growth

factors, hepatocyte growth factor, and interleukin-8)

are beyond the scope of this review.

VEGF-A binds to and activates two related

receptors on the cell membrane of endothelial cells,

namely VEGF receptor 1 (also VEGFR-1 or Flt-1)

and VEGF receptor 2 (also VEGFR-2, Flk-1, or

KDR) (22,23). These receptors regulate physiologi-

cal as well as pathological angiogenesis. VEGFR-2 is

mainly associated with pathological angiogenesis,

such as vessel formation in tumors and diabetic

retinopathy. VEGFR-1, however, plays a dual role:

in the embryo it has a negative influence on

angiogenesis through isolation of VEGF-A; in adults

it has a major effect on endothelial cells and

monocytes, which stimulate angiogenesis. In addi-

tion to its indispensable role in development of the

embryo, angiogenesis is essential in tissue restoration

and functioning of the reproductive system (24).

Functions of VEGF

VEGF is able to stimulate the proliferation and

growth of endothelial cells, a process which not only

occurs in arteries, but also in veins and lymph

vessels. In vitro models show that VEGF induces

angiogenesis in collagen gel through migration and

proliferation of endothelial cells (25). Furthermore,

Key messages

. Angiogenesis is a normal response to ische-

mia, salvaging tissue at risk and preserving

organ function.

. Vascular endothelial growth factor (VEGF)

is an important factor for maintenance of

endothelial integrity and endothelial func-

tion.

. Angiogenesis can also have detrimental

effects if triggered by ischemia in a patho-

logic process such as a tumor or an athero-

sclerotic plaque.

. Angiogenesis and VEGF seem to play a

pivotal role in the development of the

vulnerable atherosclerotic plaque.
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there are several in vivo studies that show VEGF-

stimulated angiogenesis in animal corneas and irises

(26,27). VEGF also functions as a survival factor for

endothelial cells: it can prevent apoptosis of ischemic

endothelial cells. Moreover, VEGF causes the ex-

pression of various antiapoptotic proteins (28,29).

VEGF is active in bone marrow as well; it influences

various blood cells and appears to have hemopoietic

effects including colony formation of progenitor cells

of granulocytes and macrophages (30). Finally,

VEGF mediates vascular permeability and several

hemodynamic effects. It is capable of increasing

vascular permeability and thus plays a role in

inflammation and other pathological processes

(31). However, is its effect on vascular permeability

related to its ability to trigger angiogenesis? Although

it could be an essential step in the migration and

proliferation of endothelial cells (32), there are

examples of other proangiogenic substances which

have no effect on vascular permeability but still

cause strong angiogenic effects. On top of which,

angiogenesis does not necessarily follow vascular

leakage. In diabetic retinopathy for instance, forma-

tion of neovessels arises even decades after the first

changes in vascular permeability (33). Many un-

certainties still exist in this area.

Although VEGF has an important role in various

physiological processes, the very same qualities

cause it to play a part in the origin and maintenance

of various pathological processes, including athero-

sclerosis.

Role of hypoxia in VEGF and atherosclerosis

The following question arises: what causes the

activation of proangiogenic substances like VEGF

and their receptors? Previous research on angiogen-

esis in tumors shows that as a tumor grows, hypoxia

is a key factor for angiogenesis induction (34). The

same phenomenon occurs in the growing athero-

sclerotic plaque. Most neovessels in the plaque

originate from branches of vasa vasorum (35). As

the intima of an atherosclerotic vessel thickens, a

consequence of a growing plaque, oxygen diffusion

from the lumen becomes more difficult. The grow-

ing of the intima to a crucial thickness (about 100

mm) can lead to a low oxygen tension and to the

activation of proangiogenic substances, of which

hypoxia inducible factor (HIF)-1 is one of the

most important. HIF is produced in hypoxic condi-

tions in almost all tissues, physiologically as well as

pathologically (36). The HIF-1 transcription factor

consists of two subunits; HIF-1b and HIF-1a, the

latter of which is responsive to hypoxia (37). Under

physiological (normoxic) conditions HIF-1a is mod-

ified (hydroxylated) by prolyl hydroxylases. This

process is oxygen-dependent and makes use of

such substances as vitamin C and iron. After HIF-

1a is hydroxylated, it is further degraded by pro-

teases. Under hypoxic conditions, however, the

prolyl hydroxylases become inactive, and HIF-1a
can form a dimer with HIF-1b and activate tran-

scription of various genes, such as nitrous-oxide-

synthase and VEGF (34,38).

Figure 1. Schematic representation of the different members of the vascular endothelial growth factor (VEGF) family and their

corresponding receptors. PlGF�placental growth factor; VEGFR�VEGF receptor; VEGFR-1 also known as Flt-1 (�fms-like tyrosine

kinase); VEGFR-2 also known as Flk-1 (�fetal liver kinase) and KDR (�kinase domain receptor); VEGFR-3 also known as Flt-4.

VEGF and plaque development 259



Hypoxic cells not only secrete VEGF, they also

influence VEGF receptors through paracrine stimu-

lation. As previously mentioned, two VEGF recep-

tors have been found on endothelial cells, KDR (22)

and Flt-1 (23), which are both tyrosine kinase

receptors. In hypoxic conditions, the number of

VEGF receptors will increase, facilitating angiogenic

processes and enabling endothelial cells to stimulate

the receptors through autophosphorylation (39). An

obvious question which arises is whether or not

hypoxia is the solitary cause of neovessel growth in

atherosclerotic plaques. Proangiogenic substances

such as VEGF also have an effect on inflammatory

factors and cells. As mentioned before, unstable

atherosclerotic plaques are characterized by the

presence of inflammatory cells and a thin fibrous

cap. What exactly is the relationship between VEGF

and the inflammatory cells that abound in unstable

atherosclerotic lesions?

Relationship between inflammatory processes,

VEGF, and atherosclerosis

By increasing vascular permeability, VEGF could

potentially play a role in the recruitment of leuco-

cytes. Neovessels that have been formed under

VEGF’s influence could also contribute to leucocyte

recruitment. It appears that the expressions of various

adhesion molecules (for example vascular cell adhe-

sion molecule-1) is 2�3-fold higher in endothelial

cells of newly formed vessels than in normal arterial

endothelium, indicating that VEGF and angiogenesis

could play a large role in the leucocyte infiltration in

atherosclerotic plaque (40�42).

There also exists histological evidence for the

infiltration of macrophages in atherosclerotic pla-

ques by means of atherosclerotic angiogenesis (43).

Previous studies show that recruitment of monocytes

occurs early in the atherosclerotic process and

decreases during growth of the plaque, during which

proliferation of macrophages is more important

(44,45). This proliferation is likely due to a previous

influx of monocytes and occurs mostly in plaques

with a VEGF overexpression. The attraction of

circulating monocytes can be mediated by the

activity of VEGF on Flt-1-positive monocytes, in

addition to the increasing vascular permeability (46).

From the instant that VEGF binds to the Flt-1

receptor, the expression of inflammatory factors and

cytokines changes: the expression of tumor necrosis

factor (TNF)-a and interleukin (IL)-1b in mono-

cytes increases, whereas the expression of monocyte

chemoattractant protein (MCP)-1 and IL-6 de-

creases. This could be a possible explanation for

the paracrine activities (such as increased vascular

permeability) of endothelial cells under influence of

VEGF (47�49). Next to inflammatory factors, the

activated monocytes also produce growth factors

such as b-fibroblast growth factor (b-FGF), demon-

strating that VEGF also causes endothelial prolifera-

tion indirectly (50). Recruited leucocytes also

produce various metalloproteinases. Although these

enzymes, from a physiological perspective, clear the

road for growing neovessels, they also contribute as

previously discussed to the weakening of the fibrous

cap and thus to the instability of the plaque (51,52).

Recombinant human VEGF treatment causes an

increase in plaque growth. This was accompanied by

increased neovascularization as well as increased

macrophage density in the plaques (53). The in-

vestigators discuss that the increased vascularity in

the plaques is more likely due to indirect factors such

as plaque progression and macrophage recruitment

than to a direct angiogenic effect (53). Interestingly,

inhibition of the VEGFR-1 (Flt-1) with specific

receptor-blocking antibodies reduced atherosclerotic

plaque formation in ApoE-/- (apolipoprotein

E knock-out) mice without reducing angiogenesis

in the atherosclerotic plaques (54). In the same

experiment the authors showed that inhibition of

VEGFR-2 (Flk-1) did not have this antiatherogenic

effect. They elegantly showed that VEGFR-1 plays

an important role through the recruitment of bone

marrow-derived cells not only in atherogenesis but

also in arthritis and tumor formation.

It is not exclusively the Flt-1 (VEGFR-1) recep-

tors but also the VEGFR-3 (Flt-4) receptor that play

a part in neointimal inflammatory processes in

atherosclerosis. A recent study on the expression of

Flt-4 in atherosclerotic plaques shows that these

receptors are present on macrophages and bind to

VEGF-C and VEGF-D. These subtypes of VEGF

(mostly involved in lymph angiogenesis) mediate

apoptosis of macrophages, contributing to plaque

instability (55).

Increased vascular permeability also causes ex-

travasation of erythrocytes, which in turn leads to

intraplaque hemorrhage and accelerates athero-

sclerosis. Foam cells found in plaques regularly

contain thrombocytes and erythrocytes and their

waste products (glycoprotein Ib-a, free cholesterol,

hemoglobin, iron) indicating that intraplaque he-

morrhage leads to phagocytosis of the aforemen-

tioned cells. Because of this, iron deposition,

macrophage activation, foam cell formation, and

lipid accumulation arise, factors characteristic of

unstable atherosclerotic plaque (17,56).

VEGF is not only able to cause expression of

various factors, these factors in turn can induce the

expression of VEGF mRNA and in this way
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contribute to the abundance of VEGF in plaques.

Among these factors are IL-1b, transforming growth

factor (TGF)-b, and platelet-derived growth factor

(PDGF)-B. Since the production of IL-1b is ampli-

fied indirectly via monocyte pathways, these me-

chanisms will continuously influence each other.

This emphasizes the powerful role that VEGF has

in angiogenesis and vascular permeability of various

inflammatory processes, such as atherosclerosis

(57,58).

VEGF and re-endothelialization

Endothelial cells at the inner surface of the blood

vessels have, in normal conditions, multiple anti-

atherogenic effects. These include prevention of

leucocyte adhesion and thrombocyte aggregation,

as well as inhibition of smooth muscle cell prolifera-

tion. One important mediator in these processes is

nitric oxide (NO). VEGF is important for the

maintenance of endothelial integrity. It upregulates

endothelial NO synthase (eNOS) and stimulates NO

synthesis. Interestingly, gene therapy with VEGF,

undergone after balloon injury-accelerated re-en-

dothelialization, reduced neointima formation and

improved endothelium-dependent vasomotor func-

tion (59). Furthermore, it has been shown that

VEGF-C reduced neointima formation after stent-

ing (60). Even after adventitial transfection with

VEGF gene therapy no adverse effects on restenosis

were observed despite increased adventitial neovas-

cularization (61). Finally, no adverse effects with

respect to myocardial infarction or unstable angina

pectoris have been reported in the numerous clinical

trials with VEGF gene therapy (62�66). VEGF gene

therapy has even been shown to improve coronary

vasomotor function in patients with end stage

coronary artery disease (67).

Discussion

We have discussed that VEGF can influence many

steps in the development and maintenance of the

atherosclerotic plaque. On the other hand VEGF is

important for maintenance of endothelial integrity

and function, key both in the reduction of vascular

smooth muscle cell proliferation as well as inflam-

matory and thrombogenic activity. The question

remains as to whether or not there is experimental

and clinical evidence to support VEGF as a pivotal

factor in the development of plaque instability?

Various studies, both animal and human, have

described proangiogenic substances and neovessels

in unstable and ruptured plaques. In this context

experimental studies have shown that inhibition of

the VEGF-system reduces atherosclerosis. In mouse

models it was demonstrated that inhibition of VEGF

receptors leads to reduction of atherosclerotic le-

sions, independent of hypercholesterolemia (68) or

even angiogenesis (54). On the other hand local gene

therapy with different variants of VEGF has been

shown to reduce neointima formation after stent

placement (59) and does not have a proatherogenic

effect in hypercholesterolemic mice (69).

In cholesterol-fed rabbits a close relationship

between angiogenesis and inflammatory processes

concerning atherosclerosis was found (44). In this

study, angiogenesis was inhibited with angiostatin

therapy which was accompanied by a reduction in

macrophage count. Interestingly, leucocyte recruit-

ment and monocyte activation was not reduced,

which emphasizes yet again the complex interaction

between VEGF and inflammatory processes.

Anti-VEGF antibodies (such as bevacizumab)

delay neointimal vascular formation: in plaques of

cholesterol-fed rabbits treated with bevacizumab,

the intimae were found to be significantly thinner

than in untreated lesions (70).

Stimulation of the VEGF system and the extent

of plaque growth and instability has been the subject

of various studies. For example, plaques were grow-

ing significantly faster in the apolipoprotein-E

knock-out (ApoE-/-) mice (47) than in the control

group, and the number of macrophages was in-

creased. The results in hypercholesterolemic rabbits

are somewhat controversial (44). Another study on

ApoE knock-out mice showed that plaques grow

faster on sites where VEGF-A was administered,

probably because of increased monocyte adhesion

and independent of angiogenesis (71).

Although the aforementioned processes are diffi-

cult to prove, these studies do show that VEGF

influences growth and the extent of inflammation of

atherosclerotic plaques. The question remains: what

is the influence of VEGF’s most basal function,

angiogenesis, on atherosclerosis? Are there more

neovessels found in plaques than in normal vascular

endothelium?

In a human study on the distribution of vasa

vasorum, a relation has emerged between the vasa

vasorum density and the susceptibility of athero-

sclerosis in various vessel walls. For instance, a

higher vasa vasorum density is found in the coronary

arteries than in peripheral arteries, where athero-

sclerosis may be less prominent (72).

Studies on the carotid arteries show links

between angiogenesis and atherosclerosis as well.

In a human study on symptomatic plaques in the

carotids, both abnormal and immature neovessels
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were found, probably contributing to plaque in-

stability (17).

Nevertheless, neovessels are not found in every

plaque; two other human studies on neointimal

vessel formation showed that neovessels in the

intima are found in restenotic lesions more fre-

quently than in primary lesions (60% versus 40%)

(35,73). The former study shows, however, that

neovessel formation is more abundant in inflamma-

tory infiltrated plaques (unstable plaques) than in

stable, calcified plaques (35).

There is also evidence that the amount of vasa

vasorum in pathological vessels is not always differ-

ent from that in normal, healthy arteries and veins.

However, VEGF expression seems increased in

pathological vessels (74). This study, too, shows

that VEGF may have an effect on plaque growth and

instability through angiogenesis-independent pro-

cesses (74).

To conclude, evidence for the role of angiogen-

esis as well as VEGF in maintaining and destabiliz-

ing atherosclerotic plaques seems to be substantial.

However, precise, individual processes remain diffi-

cult to prove in vivo. Therefore it remains to be

elucidated whether the influence of VEGF on plaque

growth and instability is based on a direct effect on

angiogenesis or indirectly through various inflam-

matory processes. VEGF may also prove to exert

protective effects by maintaining endothelial integ-

rity and endothelial function. More insights into the

process of angiogenesis and VEGF-related mechan-

isms may give rise to new opportunities for diag-

nostic as well as therapeutic strategies. Imaging of

unstable plaques by means of angiogenic tracers as

well as antiangiogenic therapy have the potential to

be major contributions in the combat against cardi-

ovascular disease in the future (75,76).
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