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A B S T R A C T

Atherosclerosis is a multifocal alteration of the vascular wall of medium and large arteries characterized by a
local accumulation of cholesterol and non-resolving inflammation. Atherothrombotic complications are the
leading cause of disability and mortality in western countries. Neovascularization in atherosclerotic lesions plays
a major role in plaque growth and instability. The angiogenic process is mediated by classical angiogenic factors
and by additional factors specific to atherosclerotic angiogenesis. In addition to its role in plaque progression,
neovascularization may take part in plaque destabilization and thromboembolic events. Anti-angiogenic agents
are effective to reduce atherosclerosis progression in various animal models. However, clinical trials with anti-
angiogenic drugs, mainly anti-VEGF/VEGFR, used in anti-cancer therapy show cardiovascular adverse effects,
and require additional investigations.

1. Introduction

Atherogenesis is a slowly progressive process characterized by
multifocal structural alterations of the vascular wall of medium and
large arteries, leading to the formation of atherosclerotic plaques. The
pathogenic events of atherogenesis associate endothelial dysfunction
and activation, monocyte/macrophage adhesion, activation and migra-
tion, local oxidative stress, lipid deposition, extracellular matrix (ECM)
synthesis, smooth muscle cell (SMC) migration and proliferation and
neovascularization of the plaque [1–3].

In atherosclerosis areas, the local specific conditions (relative
anoxia, inflammation, oxidative stress) induce classical and non
classical angiogenic factors that promote sprouting angiogenesis from
preexisting vasa vasorum [4]. Neovascularization increases the local
flow of nutrients and O2, and may thereby promote plaque progression

and remodeling. However, the incomplete maturation and the fragility
of neocapillaries promote intraplaque hemorrhages that may lead to
plaque instability and rupture [5]. Clinical trials with anti-angiogenic
drugs (except statins) are not yet successful [6–8].

2. The arterial wall and atherosclerotic lesions

2.1. Structure of normal arteries

In mammals, the arterial wall is constituted by three histological
layers.

The intima (or tunica intima), the innermost layer in contact with
the blood flow, is constituted by a monolayer of endothelial cells and a
subendothelial connective tissue layer limited by the internal elastic
lamina. Endothelial cells are joined by tight junctions that participate
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in intercellular cohesion and by gap junctions involved in intercellular
electrochemical coupling. In the normal arterial wall, the subendothe-
lial ECM is a thin layer of connective tissue that constitutes an adhesive
scaffold required for the anchorage-dependent survival of endothelial
cells, a reservoir of growth factors and a transducer of physical and
biochemical changes of the microenvironment. Intimal thickening is
one of the earliest stages of atherosclerosis.

The intermediate layer, tunica media, is mainly constitutedby SMC
and ECM components, including elastin, collagen and proteoglycans. It
is separated from the tunica intima by the internal elastic lamina and
from the adventitia by the external elastic lamina. In medium-sized
muscular arteries, the media is mainly constituted by smooth muscle
cells (SMC) surrounded by ECM and its thickness is correlated with the
diameter of arteries. The media of the aorta consists of concentric
musculoelastic layers that serve to the biomechanical properties
(viscoelasticity) of the aortic wall.

The adventitia (tunica adventitia) is the outer layer of the vessel. It
is constituted by fibroblasts and a loose connective tissue that contains
vasa vasorum. Vasa vasorum are derived from the same vessel or a
neighboring vessel (artery or vein), run along the arterial wall and
penetrate into the adventitia of arteries where they supply oxygen and
nutrients to the vascular wall. In the thoracic aorta, these microvessels
penetrate up to 2/3 of the external media, while the intima and the
inner part of the media are nourished by diffusion from the vascular
lumen. In intimal hyperplasia and atherosclerotic plaque, the vasa
vasorum network is extended and penetrates the media and the
pathological intima.

2.2. The atherosclerotic plaque

Atherosclerosis is a multifocal slowly progressive process affecting
the intima of medium-sized and large arteries [1]. This chronic
metabolic and inflammatory process is characterized by the formation
of plaques constituted by a cholesterol-rich core (atheroma) sur-
rounded by a fibrous cap (sclerosis). The histological classification
describes the progression of lesions: types I and II are early lesions
(intimal thickening and fatty streaks), whereas types II to VI lesions
correspond to advanced lesions (fibro-lipidic, calcified and complicated
plaques) [9–11].

The initial trigger of atherogenesis results apparently from the
hemodynamic stress, i.e. turbulent blood flow, which elicits endothelial
cell activation in atherosclerosis prone areas (arterial bifurcations) [1].
The activated endothelium exhibits an increased permeability, gener-
ates reactive oxygen species (ROS) and expresses inflammatory adhe-
sion proteins and chemokines. The endothelium permeability allows an
influx of plasma components, in the subendothelial area, where
lipoproteins undergo various modifications, including oxidation.
Chemokines and adhesion proteins promote the recruitment of leuko-
cytes. Monocytes take up modified lipoproteins, accumulate lipids
(mainly cholesterol esters) and are converted into macrophagic foam
cells that form fatty streaks [1,2]. These early lesions may rapidly grow
in case of hypercholesterolemia, or may regress if the LDL-cholesterol
and other pro-atherogenic factors decrease [12].

Atherogenesis starts early in infancy, and evolves slowly over
decades, leading progressively to the formation of plaques character-
ized by a lipid-rich core surrounded by a fibrous cap constituted by
ECM proteins secreted by proliferating SMC in the intima and
myofibroblasts. Cholesterol deposition, associated with a local inflam-
matory response and the secretion of pro-inflammatory cytokines,
promotes the progression of atheromatous plaques [3]. Moreover,
neoangiogenesis may play a role in plaque growth and complication,
as suggested by the study of neovascularization in atherosclerotic
lesions and in ruptured plaques associated with thrombotic events
[5,13].

3. Angiogenesis in the atherosclerotic plaque

Neovacularisation in 'arteritis' was reported in the late 19th century
by Koester [14]. Recent observations confirmed the presence of
neocapillaries in atherosclerotic plaques [15,16] and suggested that
neoangiogenesis may play a role in the progression of atherosclerotic
plaque and complications [13,17]. The vasa vasorum density is higher
in atherosclerotic prone areas and is an early event in atherogenesis
[18,19]. Moreover, adventitial delivery of adenoviruses encoding VEGF
elicits neoangiogenesis and intimal hyperplasia [20], whereas inhibi-
tors of angiogenesis attenuate plaque growth [21,22]. In humans,
intraplaque angiogenesis with hemorrhages is mainly associated with
thin-cap atheroma, macrophage infiltration and large necrotic cores
(i.e. vulnerable plaques). Plaque neocapillaries are often leaky, thus
may release intraplaque erythrocytes (hemorrhages). Moreover, intra-
mural hemorrhages induced in rabbit atherosclerotic lesions are
associated with increased erythrocyte fragments, iron deposits, foam
cells and cholesterol crystal formation [23].

In intimal hyperplasia and atherosclerotic lesions, the predominant
angiogenic mechanism is sprouting angiogenesis from pre-existing
vasa vasorum [13,24–26]. The angiogenic process can be initiated by
hypoxia that induces the expression and release of angiogenic factors
(e.g. VEGF), and is down-regulated when the normoxia is restored
[24,27]. In atherosclerotic plaques, the local O2 diffusion from the
arterial lumen could be insufficient because of intimal thickening and
inflammation. Hypoxic and inflammatory conditions promote the
release of angiogenic and inflammatory factors that stimulate sprouting
angiogenesis from vasa vasorum [28,29]. This neovascularization
allows to supply nutrients and promotes macrophage infiltration, vessel
wall thickening, lipid deposition, inflammation and atherosclerotic
lesion progression [30].

The initial steps evoked by angiogenic factors (mainly VEGF-A) and
NO, involve a vasodilatation and an increased local vascular perme-
ability, the proteolysis of basement membrane and of surrounding
ECM and the disruption of cell contact. Migration and proliferation of
endothelial cells lead to the formation of the angiogenic bud [31]. The
leading cells of the bud, or 'tip cell', are characterized by their migratory
behavior and their dynamic filipodia rich in VEGFR-2, which directs
the sprouting towards this VEGF gradient [32,33]. Moreover, these
cells secrete proteolytic enzymes that degrade the surrounding ECM,
thereby facilitating bud expansion. Then, the contraction of cytosolic
actin filaments pulls them towards the stimulus (VEGF) [34,35]. Cells
following tip cells, named 'stalk cells', proliferate to support the sprout
elongation [36]. To construct a structured vascular tube and avoid an
anarchical mass migration of endothelial cells, a control system exists
between tip cells and stalk cells. This control involves the Notch
receptor of stalk cells and its ligand, Delta-like-4 (Dll4) induced by
VEGF at the tip cells surface. The contact between neighboring receptor
and ligand induces the proteolytic cleavage of the Notch receptor and
the cytosolic fragment of Notch down regulates VEGFR-2 expression
and induces the stalk cell phenotype [36]. Stalk cells do not develop
filipodia, but their proliferation and stretching support the bud
expansion [32,37,38]. When two tip cells meet, buds merge and a
vascular lumen is created [39]. The new vessel is then stabilized by the
interaction of endothelial cells with pericytes and SMC [31]. The
synthesis of ECM and basal lamina are stabilized by proteases
inhibitors (such as TIMPs and PAI-1), which are induced by the shear
stress. In contrast, the absence of vessel perfusion induces its regres-
sion [33]. Postnatal vasculogenesis, i.e. the formation of new blood
vessels from circulating endothelial progenitor cells, seems to play only
a minor role in plaque neovascularization [40].

4. Mechanisms of plaque neovascularization

In atherosclerotic areas, the relative hypoxia and the local inflam-
mation may trigger intraplaque angiogenesis mediated by classical
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angiogenic factors (e.g. VEGF), growth factors, S1P/S1PR, MMPs,
lipids, lipoproteins (LDLs and HDLs) and oxidized lipids [33,41].

4.1. Classical factors involved in angiogenesis

Angiogenesis is a dynamic process regulated by a delicate balance
between angiogenic and angiostatic factors, which lead finally to
increase, stabilize or reduce the vascular network. A large number of
factors, including hypoxic, hemodynamic, and metabolic parameters,
may participate in the regulation of angiogenesis in atherosclerotic
areas [28,30,42,43]. We describe here the potential role of the classical
angiogenic factors, including HIF, VEGF/VEGFR, Angiopoietin-1,2/
Tie2 receptor, growth/angiogenic factors (PDGF/PDGFR, b-FGF/
FGFR, TGF-β/TGFβR, EGF/EGFR), S1P/S1PR, and metalloprotei-
nases (MMPs) [33].

4.1.1. Hypoxia/HIF
In mammalian tissues, hypoxia is one of the most potent angiogenic

stimuli that up-regulates the expression of a variety of genes involved
in angiogenesis and erythropoiesis, finally leading to increase O2

delivery and facilitate metabolic adaptation to hypoxia [44].
The transcription factor HIF (Hypoxia-Inducible Factor) is a crucial

regulator of the adaptive response to hypoxic conditions [45,46]. HIF is
a heterodimer constituted of HIF-1α, a cytosolic subunit regulated by
O2 concentration (hypoxia-inducible) and HIF-1β (also known as
ARNT, aryl hydrocarbon nuclear translocator) a constitutively ex-
pressed nuclear subunit [47].

HIF-1α is mainly regulated post-translationally through an O2-
dependent proteolytic pathway. In normoxia, HIF-1α is hydroxylated
by the O2-dependent prolyl hydroxylase (PHD) on a specific proline
residue that is required for pVHL (von Hippel–Lindau tumor protein)-
dependent ubiquitination and subsequent proteasomal degradation. In
contrast, under hypoxic conditions, the activity of the O2-dependent
prolyl hydroxylase is reduced, thus HIF-1α hydroxylation is low, its
proteasomal degradation is reduced and its transactivation activity is
maintained [44,48,49]. The half-life and activity of HIF-1α are
regulated by phosphorylation via the PI3K/Akt and MAP kinase
pathways which promote the contact with its coactivators, and by
various additional post-translational modifications, such as acetylation,
hydroxylation on asparagine and by S-nitrosylation. In addition, HIF-
1α could be transcriptionally regulated in a NF-κB-dependent manner
[50].

The nuclear localization signal allows the nuclear translocation of
HIF-1α that forms a complex with HIF-1β and p300/BP, which binds
to the Hypoxia-Response Element (HRE) and transactivates many
target genes including VEGF, VEGFR, angiopoietin-2 and NO synthase
[44,48,51,52].

In atherosclerotic plaques, HIF activation is induced by the local
relative hypoxia resulting from an insufficient O2 diffusion in the
thickened intima, and from an increased O2 demand due to the local
inflammatory response [28,29,53]. Interestingly in a model of arterial
injury in ApoE−/− mice, the local overexpression of HIF increased the
size of atherosclerotic lesions, while the inhibition of the HIF-pathway
by a dominant-negative mutant reduced the expression of VEGF-A,
VEGFR1 and VEGFR2 and neointimal hyperplasia [54]. However the
role of HIF in atherogenesis is more complex, since in LDLR-/- mice,
the genetic manipulation or the use of pharmacological inhibitors
reducing prolyl hydroxylase activity (thus rising HIF-1α expression)
decreased atherosclerosis progression, as well as blood cholesterol and
circulating monocytes [55,56]. Conversely, the overexpression of prolyl
hydroxylase-3 increased atherosclerosis in ApoE−/− mice [57].

4.1.2. VEGF (Vascular endothelial growth factor) / VEGFR (VEGF
Receptor)

4.1.2.1. VEGF family. A diffusible angiogenic factor was discovered in

cancer cell culture in 1968 [58,59], and named tumor angiogenesis
factor [60], vascular permeability factor [61,62], vascular endothelial
growth factor [63], vascular endothelial cell mitogen or vasculotropin
[64]. In fact, it is a single factor now referred to as VEGF (or VEGF-A),
encoded by the VEGFA gene [65]. In humans, 5 homolog genes
(VEGFA, VEGFB, VEGFV, VEGFD, and PGF) constitute the VEGF
family, which belongs to the VEGF/PDGF superfamily [66] that
appeared early in the evolution in the common ancestor of
Eumetazoan [67].

– VEGF-A is an endothelial specific growth factor, with a signal
peptide for secretion, a heparin-binding site and a highly conserved
cystine-knot domain involved in the binding of VEGF to their
receptors [68]. The VEGFA gene gives rise to multiple VEGF-A
isoforms, designated by VEGFxxx (xxx indicating the number of
amino acid residues, e.g. VEGF121, VEGF145, VEGF165, VEGF189,
VEGF206), which are generated by alternative exon splicing [69,70]
and by various post-transcriptional mechanisms (e.g. alternative
initiation codons, IRES, upstream ORF, alternative in-frame trans-
lation, miRNA) [71]. Most cell types express simultaneously several
isoforms, mainly VEGF165 and VEGF121 [70,72]. The angiogenic
effect of VEGF-A is mediated by VEGFR2 (see below). A group of
additional isoforms, named VEGFxxxb, generated by alternative
splicing in exon 8, differ from VEGFxxx by 6 amino acids at the C-
terminal end. For instance, VEGF165b binds to VEGFR-2, but not to
the neuropilin-1, thus triggers an incomplete cell signaling, and acts
rather as a competitor that inhibits the angiogenic effect of
VEGF165 [73].

The expression of VEGF-A is upregulated by hypoxia, inflamma-
tion, wound-healing and other pathogical processes, through a
transcriptional regulation mediated by various transcription factors,
including HIF1 and sp1 [74,75].

VEGF-A is a potent angiogenic inducer that plays a crucial role in
angiogenesis throughout life and is absolutly required for embryonic
development, since single allele inactivation (Vegfa+/-) is lethal at
days E11-E12 [76,77].

The role of VEGF-A in atherosclerosis is potentially dual, since it
induces both beneficial and detrimental effects [78]. VEGF-A
protects endothelial cells by inducing the expression of anti-apopto-
tic proteins and NO production [70]. It acts as a mitogen promoting
re-endothelialization [79], thereby preventing or repairing the
endothelial injury that can initiate atherogenesis [1]. However,
VEGF-A also increases endothelium permeability [61], adhesion
protein expression [80], monocyte chemoattractant protein-1 (MCP-
1) [81], thus promotes monocyte adhesion, transendothelial migra-
tion and activation [82]. Moreover, it may induce pro-atherogenic
changes in lipoproteins [83]. In human coronaries, VEGF and its
receptors are not detected in normal coronary segments, but are
expressed in atherosclerotic areas, more specifically in endothelial
cells of microcapillaries, in macrophages and in partially differen-
tiated SMC [84].

The effects of VEGF in various animal models of atherosclerosis
are sometimes apparently contradictory. VEGF-A enhances athero-
sclerosis progression in various animal models, e.g. cholesterol-fed
rabbits and ApoE−/− mice, a rat model of long-term inhibition of
nitric oxide synthesis, a rabbit carotid artery collar model of intimal
hyperplasia with adventitial delivery of adenoviruses encoding
VEGF, in ApoE−/− mice with systemic adenoviral gene transfer of
hVEGF-A for one month [20,83,85,86]. But VEGF gene transfer has
no effect in hypercholesterolemic LDLR-/- apoB48-/- mice [87] and
in LDLR-/- and LDLR-/- ApoB100/100 mice [83].

In humans, angiogenic growth factors (proteins or genes) have
been utilized in clinical trials, but so far no significant therapeutic
efficacy has been demonstrated [88,89]. Moreover, VEGF inhibitors,
used for the treatment of cancer, increased (moderately) the risk of
myocardial infarction and arterial thromboembolism [90].
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– VEGF-B is encoded by the VEGFB gene that generates two isoforms
in various tissues by alternative splicing [91,92]. VEGF-B167
contains a C-terminal heparin-binding domain allowing its binding
to heparan sulfate of ECM, whereas VEGF-B186 is devoid of this
domain. The two isoforms are simultaneously expressed, the highest
expression being observed in the heart, skeletal muscle, adipose
tissue, and blood vessels [93]. VEGF-B binds specifically to VEGFR-
1 and its coreceptor NRP-1 (neuropilin-1), but not to VEGFR-2 and
VEGFR-3. VEGF-B is dispensable for embryonic angiogenesis, since
Vegfb-/- mice are viable, although they exhibit heart anomalies and
impaired recovery from cardiac ischemia [94]. VEGF-B exhibits only
weak (if any) angiogenic effect on cultured endothelial cells. In vivo,
it is implicated in the maintenance of blood vessels and may
participate in the reparative angiogenesis (mediated by Akt and
eNOS) in ischemic myocardium. Moreover, the VEGF-B/VEGFR1
pathway stimulates fatty acid uptake by endothelial cells [95] and
acts on adipose tissue by increasing capillary density (via an
activation of the VEGF-A/VEGFR2 pathway), by stimulating adipose
tissue metabolism, and by reducing obesity-associated inflammation
[96]. In addition, transgenic expression or AAV-mediated gene
transfer of VEGF-B induces cardiac hypertrophy and improves
coronary vascularization without increasing vascular permeability
or inflammation, in contrast to the other members of the VEGF
family [93].

– PlGF
The Placental Growth Factor (PlGF), encoded by the PGF gene,

exists as four isoforms, PlGF-1 to −4, in humans [93,97,98]. PlGF-1
and PlGF-3 are diffusible isoforms, whereas PlGF-2 and PlGF-4 have
heparin binding domains [98]. PlGF has some similarities (homol-
ogy, receptor) with VEGF-B, but their biological effects are different
[93]. PlGF is expressed abundantly in the placenta. Its expression is
low in other tissues under physiological condition, but it may rise
under diseased conditions (hypoxia, oxidative stress). PlGF binds to
VEGFR1 (FLT1) and sFLT1 but not to VEGFR2 (in contrast to
VEGF-B that binds to VEGFR1 and VEGFR2). PlGF-2 can also bind
to neuropilin (NRP-1). PlGF (at low concentration) promotes
survival, migration and activation of vascular cells (endothelial cells
and pericytes) and other cell types (e.g. macrophages, dendritic cells,
fibroblasts, tumor cells). Indeed, PlGF may potentiate the effect of
VEGF-A by displacing VEGF-A from VEGFR1 towards VEGFR2, or
by inducing heterodimerization PlGF/VEGF-A and VEGFR1/
VEGFR2, or by stimulating VEGF-A secretion [98,99]. Pgf-/- mice
(like Vegfb-/- mice) are viable, thus indicating that PlGF is dis-
pensable for embryonic development and post-natal life. However,
Pgf-/- mice exhibit impaired angiogenesis and capillary permeability
during ischemia, inflammation, wound healing and cancer [100].

In atherosclerosis, PlGF has a pro-atherogenic role, as shown by
increased atherosclerotic lesions in hypercholesterolemic rabbits
treated by a local adenoviral delivery of PlGF2 and by the decrease
of macrophage content in atherosclerotic lesions from PlGF/ApoE−/

− mice [98,101].
– VEGF-C and VEGF-D, encoded by the VEGFC and VEGFD genes

respectively, are synthesized as inactive precursors that are activated
by proteolytic maturation [102]. The mature cleaved VEGF-C and
VEGF-D have an affinity for VEGFR-3 and VEGFR-2 in humans and
are involved in lymphangiogenesis and angiogenesis. However, in
mice, VEGF-D binds only to VEGFR-3 [103].

Vegfc-/- mice lack lymphatic vasculature resulting in prenatal death
after E15, while heterozygous Vegfc+/- mice are viable, but have
lymphatic hypoplasia and lymphedema [104]. In contrast, Vegfd-/-

mice are viable and have almost normal lymphatic vessels [105].
Vegfc-/-,Vegfd-/- double-knockout mice exhibit the same phenotype
than Vegfc-/- mice (lymphangiogenesis defect leading to embryonic

death after E15), but, unexpectedly, differ from Vegfr3-/- mice that die
at E10 from a severe vascular defect [106,107]. Conversely, transgenic
overexpression or adenoviral expression of VEGF-C and VEGF-D
induces lymphangiogenesis through VEGFR-3 signaling and angiogen-
esis, permeability and inflammation through VEGFR-2 [103,108].

In atherosclerotic lesions, lymphatic vessels are present, but their
potential pro- or anti-atherogenic role is still debated. In a model of
carotid hyperplasia in rabbits, adventitial delivery of adenoviruses
encoding VEGF-D increased the intimal thickening, whereas VEGF-C
was inefficient [20]. In a model of LDLR/apoB48-deficient hypercho-
lesterolemic mice, systemic adenovirus-mediated gene transfer of
VEGF-A, -B, -C, or -D showed no proatherogenic effect [87].

Recently, it has been shown that lymphatic vessels are required for
the HDL-mediated reverse cholesterol transport, and that administra-
tion of VEGF-C into the footpad of ApoE−/− mice improves the local
lymphatic function and reverse cholesterol transport [109]. Similarly,
lymphatic insufficiency is associated with defective reverse cholesterol
transport and increased atherosclerosis in hypercholesterolemic mice
or expressing soluble VEGFR3 or treated with anti-VEGFR3 antibodies
[110,111].

These data suggest that the maintenance of the lymphatic system is
important for the reverse cholesterol transport mediated by HDL, and
finally for the anti-atherogenic effect of these lipoproteins [110–112].

4.1.2.2. Receptors. A family of VEGF receptors (VEGFR) and co-
receptors mediates the biological effects of VEGF isoforms [113–
116]. VEGFRs are transmembrane receptor tyrosine kinases (RTKs)
constituted by an extracellular ligand-binding region, a short
transmembrane segment and a cytoplasmic region containing the
tyrosine kinase (TK) domain and several tyrosine residues serving as
phosphorylation sites. In humans, the VEGFR family is constituted by
3 members, VEGFR1 or Flt-1 (fms-like tyrosine kinase-1), VEGFR-2 or
KDR (human kinase insert domain containing receptor)/Flk-1 (murine
fetal liver kinase-1) and VEGFR-3 or Flt-4 (fms-like tyrosine kinase-4),
encoded by genes FLT1, KDR and FLT4, respectively. [70,117,118].
The binding of the ligand to a functional VEGFR triggers receptor
dimerization, activation of the tyrosine kinase, that phosphorylates
specific tyrosine residues of the cytoplasmic domain. Phosphotyrosine
residues allow the binding of SH2- or PTB domains of enzymes and
adaptor proteins, thereby triggering intracellular signaling [118–120].

The receptors display differences in their tissue specific expression,
signaling and biological effects [116,120].

Besides VEGFRs, two transmembrane proteins, neuropilins NRP-1
and NRP-2, act as co-receptors (devoid of tyrosine kinase activity) for
some isoforms of VEGF, and modify the affinity of the ligands to their
respective receptors. NRP-1 is associated with VEGFR-1 or VEGFR-2,
and NRP-2 with VEGFR-2 or VEGFR-3 [116,117].

Some VEGF isoforms have an heparin-binding domain allowing
their binding to heparan sulfate proteoglycans (HSP) that may compete
for the binding of VEGF to VEGFR. VEGF bound to HSP is released
during ECM degradation and can then bind to VEGFR [119,120].

– VEGFR-1 (FLT-1). In humans, the FLT1 gene gives rise by alter-
native splicing to multiple isoforms, including a full-length trans-
membrane receptor tyrosine kinase VEGFR-1 (or FLT-1) and short
soluble isoforms denoted sVEGFR-1 or sFLT1. VEGFR-1 is ex-
pressed on vascular endothelial cells, smooth muscle cells and other
cell types including macrophages, hematopoietic cells, neuronal cells
and placenta. It is implicated in the regulation of cell survival, cell
migration, angiogenesis and cancer cell invasion. VEGFR-1 can form
homodimers and heterodimers with VEGFR-2. VEGFR-1 binds to
VEGF-A (with high affinity), VEGF-B and PlGF, but the resulting
signaling is weak and ultimately VEGFR-1 acts as a negative
regulator of angiogenesis [118,121]. This negative regulatory func-
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tion is required for embryo development, since Vegfr1-/- mice die at
embryonic day 8.5 with excessive endothelial cell proliferation
[122]. Interestingly, the VEGFR1-TK(-/-) mice (homozygous mice
with inactive TK domain of VEGFR1) are healthy, thus suggesting
that the anti-angiogenic activity is not TK-dependent but rather
results from a competition between VEGFR1 and VEGFR2 for
VEGF-A [123].

However, the tyrosine kinase of VEGFR1 plays a role in VEGF-A-
induced macrophage chemotaxis, since VEGFR1-TK(-/-) macro-
phages do not migrate toward VEGF-A [124].

Several experimental data suggest that VEGFR1 may play a role
in atherosclerosis. In a murine model of intimal hyperplasia, the loss
of TK activity in VEGFR1-TK(-/-) reduces the extent of lesions, thus
suggesting that VEGFR-1 (with active tyrosine kinase) could med-
iate a pro-atherogenic signaling [124]. The binding of PlGF and
VEGF-B to VEGFR-1 induces the release of VEGF-A, which binds to
VEGFR2 and exerts a pro-angiogenic and atherogenic effect [100].
The PlGF adenoviral gene transfer increases the size of athero-
sclerotic lesions in ApoE−/− mice and in hypercholesterolemic
rabbits [101]. Moreover, LDLs trigger co-endocytosis of LDLR and
VEGFR-1, and ubiquitination-mediated proteasomal degradation of
VEGFR-1 that may enhance the angiogenic effect of VEGFR-2 in
atherosclerotic lesions [125]. The soluble sVEGFR-1 (or sFLT-1), a
splice variant encoding only the extracellular domain, acts as a decoy
that competes with VEGFR-2 for VEGF-A, thereby reducing the
angiogenic activity of VEGF-A. In a murine model of neointimal
formation, sFlt-1 gene overexpression has an anti-atherogenic effect
[124]. In humans, increased circulating sFlt-1 is associated with pre-
eclampsia and peripartum cardiomyopathy [120,126].

– VEGFR-2 (KDR/Flk-1) binds to VEGF-A, VEGF-C and VEGF-D and
plays a major role in angiogenesis [70,118,120]. VEGF-A binds to
VEGFR-2 and VEGFR-1 with high affinity, but these VEGFRs trigger
different cell signaling, because the tyrosine kinase activity of
VEGFR-2 (and subsequent autophosphorylation) is much higher
than that of VEGFR-1 [70,118,120]. The simultaneous presence of
the two receptors on endothelial cell regulates the angiogenic
signaling triggered by VEGF [117,119,120]. VEGFR-2 is expressed
in growing vessels, and is required for angiogenesis during embryo-
nic development, since VEGFR2-/- mice die at E8.5 from impaired
development of endothelial and hematopoietic cells [127], a pheno-
type similar to that of the VEGFA-/- mice [117]. The angiogenic
effect mediated by VEGFR-2 involves a complex signaling including
PLCγ/PKC, PI3K/Akt, ERK1/ERK2, SRC, YES1, CBL, FAK1, Ras
[116,117,120].

The atherogenic role of VEGFR-2, is still debated, because it
exhibits a pro-atherogenic effect in some animal models
[20,83,85,86], but has no effect in other models [83,87]. In
ApoE−/− mice, a pan-VEGFR inhibitor, PTK787/ZK222584, is pro-
atherogenic [128]. However, vaccination against VEGF2 reduces
atherosclerosis in ApoE−/− and LDLR−/− mices [129,130].

– VEGFR3 (Flt-4), encoded by the FLT4 gene in humans, exists as two
transmembrane RTK isoforms that binds to VEGF-C and VEGF-D
and a secreted isoform that acts as a decoy receptor for VEGFC/
VEGFD. Ligand binding triggers homodimerization of the trans-
membrane VEGFR3, autophosphorylation and subsequent signaling
through Ras and PI3K-Akt [117]. The secreted isoform may function
as a decoy receptor for VEGFC and/or VEGFD, and plays an
important role as negative regulator of VEGFC-mediated lymphan-
giogenesis and angiogenesis.

VEGFR-3 is required for the embryonic development of the
cardiovascular and lymphatic systems. The VEGFR3-/- mice die at
E10.5 because of defective cardiovascular remodeling [106]. In addi-
tion, VEGFR3 plays a role in the migration and survival of lymphatic
endothelial cells.

The role of VEGFR3 in atherosclerosis has been investigated in a

murine model of aorta transplant associated with anti-VEGFR3 anti-
body to block lymphatic regrowth. The reverse cholesterol transport
was inhibited by anti-VEGFR3 antibodies [110]. In the same way,
transgenic mice with lymphatic insufficiency and hypercholesterolemia
(expressing the sVEGFR3 competitor or heterozygous VEGFR3-defi-
cient Chy mutation, crossed with LDLR−/−/ApoB100/100), exhibited
defective reverse cholesterol transport, increased level of atherogenic
lipoproteins and more extended atherosclerotic lesions [111]. This
suggests that the lymphatic system plays a role for the reverse
cholesterol transport and thereby is anti-atherogenic [112].

4.1.3. Angiopoietin-1 and 2/Tie2 receptor
The system of angiopoietins and their Tie2 receptor is involved in

the stabilization-destabilization of vessels. Angiopoietins (Angpt) and
related angiopoietin-like proteins (Angptl) are encoded by homologous
genes ANGPT−1 to 4, and ANGPTL−1 to 7. Receptors specific for
angiopoietins, Tie2 (tyrosine kinase with immunoglobulin and EGF
homology domains), encoded by the TEK gene [132,133] and Tie1, are
classical RTK constituted by an extracellular domain which contains
the binding site for angiopoietins, a short transmembrane domain and
an intracellular domain with the tyrosine kinase site.

Angiopoietin-1 (Angpt-1) is a glycoprotein secreted by peri-en-
dothelial cells (pericytes and SMCs). It has a paracrine action on its
receptor Tie2 located on endothelial cells [134]. Tetramers of angio-
poietin-1 induce Tie2 tetramerization, autophosphorylation and intra-
cellular signaling that promotes cell survival and tightens endothelial
junctions and interactions with pericytes, thereby stabilizing vessels,
reducing vascular permeability and promoting anti-inflammatory
effect. Angiopoietin-2 binds to Tie2, reduces Tie2 aggregation, and
acts rather as an antagonist of Angiopoietin-1 to Tie2 [135].
Angiopoietin-2 reduces contacts between endothelial cells, ECM and
pericytes, thus increases the vascular permeability and makes en-
dothelial cells more accessible to growth factors. This may facilitate
angiogenesis by angiogenic agents (e.g. VEGF), or promote vascular
regression in the absence of angiogenic factors. Finally, the angiogenic/
antiangiogenic balance, vascular morphogenesis, maintenance and
remodeling are dependent on cooperation between Tie2 and VEGFR
systems [136–140].

Genetic models gave information on the crucial role of angiopoie-
tins and Tie receptors during development. Angpt1−/− mice and Tie2-
deficient mice have the same lethal phenotype and die around E11.5
from defects in vasculogenesis associated with abnormal hematopoiesis
and heart endocardium [141,142]. In transgenic mice overexpressing
angiopoietin-1 in the skin, vessels are larger and more numerous than
in control mice [143].

Angpt2−/− mice are normal at birth, but exhibit post-natal anoma-
lies of angiogenesis and lymphangiogenesis dependent on the genetic
background. All Angpt2−/− newborn mice develop chylous ascites and
die in the 2nd week on the 129/J genetic background, while the
postnatal mortality is less than 10% on C57Bl/6 genetic background
[144]. Tie1−/− mice die between E13.5 and birth because of loss of
integrity of vessels leading to widespread edema [145,146].

In the field of atherosclerosis, it has been suggested that angio-
poietin-1/Tie2 exhibits anti-inflammatory and anti-atherogenic effects,
since this system maintains a quiescent endothelial phenotype and
reduces vascular permeability, ICAM-1, VCAM-1, and E-selectin
expression and leukocyte adhesion [138,139]. Consistently, angiopoie-
tin-1 protects against the development of cardiac allograft arterio-
sclerosis [147]. However, angiopoietin-1 could also stimulate the
migration of monocytes and neutrophils, thereby worsening the local
inflammatory response [148].

Angiopoietin-2 acts as an antagonist of angiopoietin-1 and pro-
motes vascular permeability, angiogenesis and leukocyte recruitment,
thus may play a proatherogenic role. This is supported by the anti-
atherogenic effect of anti-angiopoietin-2 blocking antibodies in hy-
percholesterolemic LDLR−/− apoB100/100 mice [149]. Moreover, in
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human carotid atherosclerotic plaques, high levels of angiopoietin-2
are associated with increased MMP2 activity, high microvessel density
and plaque complications (intraplaque hemorrhages, plaque rupture)
[150]. In contrast, a single systemic administration of angiopoietin-2
adenovirus reduces LDL oxidation and macrophage accumulation in
the plaque and decreases the size of atherosclerotic lesions in ApoE−/−

mice, via NO production [148].
Vaccination against Tie2 reduces carotid and aortic atherosclerosis

in LDLR−/− mice [151]. Likewise, decreased Tie1 expression in
heterozygous Tie1+/-, ApoE−/− mice is associated with reduced athero-
sclerosis [152].

Angiopoietin-like protein 2 (angptl2), which contributes to vascular
inflammation, may be pro-atherogenic. Indeed, in murine models,
systemic administration of angptl2 strongly increases the formation of
atherosclerotic lesions in LDLR−/−,ApoB100/100 mice [153], whereas
angptl2 deletion reduces atherosclerosis progression in Angptl2−/−,
ApoE−/− mice [154].

4.1.4. NO/NOS
Various Nitric Oxide Synthases (NOS) are expressed in vascular

cells, and generate NO that plays a crucial role in vascular biology. In
humans, the NOS family includes 3 genes encoding neuronal NOS
(nNOS encoded by NOS1), inducible NOS (iNOS encoded by NOS2)
and endothelial NOS (eNOS, encoded by NOS3). iNOS and nNOS are
cytosolic enzymes, while eNOS is membrane-bound. The constitutively
expressed eNOS and nNOS are calcium-dependent, while iNOS is
inducible and calcium-independent.

NOS oxidize L-arginine by using O2 and NADPH,H+, to generate
NO and L-citrulline. NO produced by eNOS in the endothelium induces
the relaxation of arterial smooth muscle [155–157]. The activity of
eNOs is regulated by various extracellular stimuli, such as shear stress,
hormones and growth factors (e.g. insulin, adiponectin, VEGF, angio-
tensin II) and other mediators (e.g. thrombin, bradykinine, catechola-
mines, serotonin, ADP) that bind to their respective receptors and
trigger intracellular signaling. Several signaling pathways, such as
calcium/camodulin kinase II, PI3K/Akt, PKA and ERK1/2, take part
in the regulation of eNOS. NO elicits SMC relaxation through the
guanylate cyclase/cGMP/PKG pathway, which decreases intracellular
calcium by inhibiting the calcium entry and release from intracellular
stores. The mechanism involves the activation of hyperpolarizing (thus
relaxing) K+ channels, and myosin light chain dephosphorylation
(through activation of cGMP-dependent protein kinase that activates
myosin light chain phosphatase). NO can induce S-nitrosylation that
enhances the relaxation, but also eNOS retro-inhibition. In addition,
NO may regulate platelet aggregation, leukocyte adhesion, local
inflammatory response, endothelial apoptosis, SMC proliferation,
progenitor cell mobilization and angiogenesis [158–161].

Several genetic murine models, either NOS-deficient or overexpres-
sing NOS, have been generated to investigate the (patho)physiological
role of NOS, especially in atherogenesis.

nNOS deficient mice (Nos1−/−) are viable, exhibit stomach enlarge-
ment due to pyloric spasm, are aggressive, but show no obvious
cerebral anomaly. These mice are more resistant to cerebral ischemia,
but exhibit increased neointimal formation and constrictive remodeling
in a carotid ligation model [162,163].

In eNOS deficient mice (Nos3−/−), the defect of vascular relaxation
(endothelial dysfunction) is associated with high blood pressure,
increased neointima hyperplasia in response to arterial injury
[164,165]. In ApoE−/− mice, hypercholesterolemia is associated with
eNOS dysfunction and impaired angiogenesis, possibly mediated by
ADMA. This was reversed by L-arginine administration [166].

iNOS deficient mice (Nos2−/−) show normal development, but they
exhibit an altered immune response to some intracellular pathogens
and endotoxic shock [167–169]. In contrast, transgenic mice over-
expressing iNOS in cardiomyocytes, exhibit cardiac hypertrophy and
dilation associated with an increased production of peroxynitrite,

inflammatory cells infiltrate and fibrosis, leading to cardiomyopathy,
bradyarrhythmia, and sudden death [170].

Interestingly, the deletion of eNOS in eNOS-KO, ApoE−/− mice and
of nNOS in nNOS-KO, ApoE−/− increases atherosclerotic lesions
[165,171,172]. The overexpression of eNOS in the endothelium of
ApoE−/− mice reduces blood pressure, plasma cholesterol and athero-
sclerosis [173]. These data suggest an atheroprotective role of eNOS
and nNOS. In contrast, in iNOS-KO/ApoE−/− mice, the level of plasma
lipoperoxides and the size of atherosclerotic lesions is reduced,
suggesting a pro-atherogenic role of iNOS [174].

The triple KO Nos1−/−, Nos2−/−, Nos3−/− mice develop lipid-rich
atherosclerotic lesions in the aorta, arteriosclerosis (intimal and medial
thickening and perivascular fibrosis) in coronary and renal arteries,
and spontaneous myocardial infarction, thus suggesting an atheropro-
tective role of the whole NOS system [175,176]. The atheroprotective
effect of eNOS was confirmed in ApoE−/− mice by the protective effect
of a pharmacological eNOS inducer (AVE9488) [177]. Moreover,
blocking the binding of eNOS to caveolin-1 by a specific competitor
peptide reduces atherosclerosis in diabetic mice [178]. In addition to
its vasodilator effect and its role in the regulation of arterial blood
pressure, NO synthesized by endothelial cells could be involved in
vascular remodeling and angiogenesis [179,180]. eNOS regulates
endothelial cell proliferation and sprouting, and pericytes recruitement
for blood vessel stabilization [181]. NO-induced vasodilatation and a
cross talk between eNOS and the VEGF pathway may explain the
angiogenic potential of NO [182]. The role of NO is also supported by
the effect of L-NAME that blocks both NO production and angiogenesis
[183]. However, the conditions prevailing in atherosclerotic plaque
(hypoxia, inflammation) may promote iNOS overexpression [184],
which could generate harmful oxidative products rendering neovessels
leaky and inducing plaque instability [185].

4.1.5. PDGF/PDGFR
Growth factors of the PDGF family, particularly PDGF-B and its

receptor PDGFRβ are involved in angiogenesis. Indeed, new vessels are
stabilized by the recruitment of peri-endothelial cells (smooth muscle
cells and pericytes). The PDGF-B/PDGFRβ system plays a critical role
in the recruitment of periendothelial mural cells, as shown by abnormal
angiogenesis in PDGFB−/− and in PDGFRβ−/− mice embryos, in which
abnormal capillary permeability and rupture of microaneurysms in late
embryogenesis cause edemas and lethal hemorrhages. This suggests
that PDGF-B secreted by endothelial cells binds to PDGFRβ of
pericytes and vascular SMC, attracts them and induces their prolifera-
tion. Moreover, PDGF signaling in vascular SMC is regulated by
neuropilin-1 and 2 [186]. It may be noted that the earliest stages of
differentiation and migration of peri-endothelial progenitor cells to the
angiogenic site require TGF-β-like factor synthesized by endothelial
cells [33]. Finally, pericytes contribute to the stability of the new
capillaries [187–190].

In atherogenesis, PDGF-B/PDGFRβ may promote SMC prolifera-
tion and ECM synthesis during the formation of intimal hyperplasia
and fibrous cap of atherosclerotic lesions [1]. This has been confirmed
by the atheroprotective role of Imatinib, a PDGFR-TK inhibitor, in a
model of diabetic ApoE−/− mice [191]. However, only few data are
available on the role of PDGF-B in angiogenesis in atherosclerotic
lesions. Recent studies on human stable and unstable carotid plaques
show a negative correlation between plasma PDGF level and neovessel
density [192,193].

4.1.6. TGF-β
TGF-β (TGF-β1 isoform) and its receptors type I (TGFβRI or ALK5)

and type II (TGFβRII or TGFBR2) are involved in vascular assembly
during embryogenesis and in the maintenance of the vascular wall
integrity. TGF-β can be synthesized by endothelial cells and perivas-
cular cells, for example during healing process [194]. TGF-β can induce
VEGF synthesis by endothelial cells and perivascular inflammatory
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cells, and may participate in angiogenesis [195]. TGF-β also induces
the synthesis of PDGF-B by endothelial cells and the expression of
PDGFRβ in perivascular fibroblasts and SMC. TGF-β promotes the
differentiation of SMC and pericytes co-cultured with endothelial cells
[194,196]. However, in vitro the effect of TGF-β on endothelial cells is
biphasic in a dose-dependent manner. At low concentration (300 pg/
ml), it increases both adhesion and anchorage-dependent migration of
endothelial cells, but these effects are inhibited by higher TGF-β
concentration (1 ng/ml) [194]. This dual effect may result from the
induction of VEGF by TGF-β1 and a cross-talk between the signaling
pathways activated by these growth factors [197]. Thus, TGF-β may
play a role in angiogenesis and in the maturation and stabilization of
neo-vessels, but it may also exhibit an anti-angiogenic effect, which
depends on its local concentration and its interaction with other growth
factors.

4.1.7. b-FGF
Basic Fibroblast growth factor (b-FGF or FGF-2) is involved in

angiogenesis through its tyrosine kinase receptor FGFR1, which is
highly expressed in the endothelium, and signals for endothelial cell
proliferation, migration, tubulogenesis and secretion of proteases.
FGFR2, which is less expressed in the endothelium, may play a role
in cell motility. VEGF and b-FGF act synergistically to stimulate the
proliferation and migration of endothelial cells, pericytes and SMC, and
to drive the assembly of the endothelium during angiogenesis [198].
However, unexpectedly, in the presence of TGF-β1, FGF2 may up-
regulate VEGF expression in endothelial cells, thereby triggering
p38(MAPK) activation and apoptotic signaling [197].

4.1.8. EGFR
EGFR is a tyrosine kinase receptor present at the plasma membrane

of various cell types involved in atherogenesis, including fibroblasts,
SMC, endothelial cells and macrophages [199]. In endothelial cells,
EGFR plays a role in migration and angiogenesis via the activation of
PI3K/Akt/eNOS pathway [200]. EGFR overexpression in endothelial
cells of canine mammary tumors is associated with an increased
microcapillary density and metastatic potential [201]. Conversely, the
irreversible inhibition of EGFR blocks HUVEC proliferation and
angiogenesis [202]. In a cellular model of colorectal cancer, the
phosphorylation of EGFR is associated with the stabilization of HIF
via MAPK activation, but this single activation is not sufficient for the
induction of VEGF synthesis by the cells, suggesting that EGFR acts
synergistically with other signaling pathways to induce the transcrip-
tion of pro-angiogenic factors [203].

4.1.9. S1P/S1PR
S1P is a sphingolipid mediator, which is generated by the phos-

phorylation of sphingosine by sphingosine kinase-1 (SK1) at the inner
leaflet of the plasma membrane [204]. S1P is secreted in the extra-
cellular medium by ABC family transporters [205] and by the Spns2
carrier (S1P carry spinster homolog 2) [206].

The biological effect of secreted S1P is mediated through its binding
to specific G-protein coupled receptors. These receptors form a specific
family of seven transmembrane domain G-coupled receptors (S1PRs),
which comprises five members, S1P1 to S1P5, that activate various
signaling pathways [31,207–210]. The cardiovascular system expresses
mainly S1P1, S1P2 and S1P3, which are involved in cytoskeletal
remodeling, adhesive and junctional changes, cell migration, prolifera-
tion, survival and angiogenesis [211].

S1P1 (or EDG-1), encoded by S1PR1 gene, is expressed in many
cell types, particularly in cardiomyocytes and endothelial cells, where it
plays a role in the development of the cardiovascular system [212,213].
S1P1 is coupled to a Gi protein that inhibits adenylate cyclase (AC) and
stimulates MAPK and PLC/PI3K/Akt-induced signaling responses,
such as eNOS activation, SMC relaxation, vasodilatation, permeability,
migration, proliferation and tubulogenesis of endothelial cells [214].

S1P1 controls the trafficking of N-cadherin of endothelial cells and
strengthens contacts between endothelial cells and pericytes [31]. S1P1
can transactivate VEGFR2, causing Akt activation and eNOS phosphor-
ylation [207,215]. In turn, VEGFR2 may activate SK1, S1P generation
and S1P1 expression [207].

S1P2 or EDG-5, encoded by S1PR2, is associated mainly with
G12/13, and with Gi and Gq [216]. S1P2 is involved in the develop-
ment and maintenance of the cardiovascular system. G12/13 protein
activates the Rho/ROK pathway that is involved in cytoskeleton
remodeling, particularly in the formation of stress fibers, thereby
causing the disruption of adherens junctions and increasing endothelial
permeability [217]. The Rho/ROK pathway is also involved in PI3K/
Akt inhibition, which blocks cell migration and proliferation, sensitizes
cells to apoptotic signals and inhibits angiogenesis, vascular remodel-
ing and tissue repair [212].

S1P3 or EDG-3, encoded by S1PR3, is coupled to Gi/o, Gq and
G12/13 proteins. This receptor seems to share some properties with
S1P1 and other with S1P2. S1P3 is expressed in various cell types and
can regulate cell migration, proliferation and survival through a Gi/Gq-
dependent activation of PLC/PI3K/Akt [218]. It also regulates the
contraction of vascular SMCs through a calcium-dependent mechanism
[212]. In HUVEC, it is involved in the organization of the cytoskeleton
and the assembly of adherens junctions [212]. It activates via Gi, the
Ras/MAPK/ERK1/2 and p38MAPK pathways involved in the endothe-
lial cell proliferation and migration [219].

4.2. Angiogenic factors in atherosclerosis

Angiogenesis in the atherosclerotic plaque involves classical angio-
genic mechanisms that are implicated in adaptative angiogenesis under
physiological conditions and specific factors generated in atherosclero-
tic areas. For instance, local hypoxia upregulates HIF-1α and VEGF,
which triggers angiogenic signaling and endothelial sprouting. If the O2

supply is restored, HIF-1α is degraded, which reduces VEGF produc-
tion and subsequent angiogenic signaling. In addition, angiopoietin-1,
PDGF and TGF-β inhibit angiogenesis and stabilize the neovessels. If
the stabilization step is lacking, neovessels are leaky and may regress
[31]. In atherosclerotic lesions, various persisting stimuli may induce a
sustained angiogenic signaling, which leads to sprouting without
resolution phase and stabilization of neo-vessels [13,30,220].

4.2.1. Lipids, oxidized lipids and oxidized lipoproteins of the plaque
In human atherosclerosis, neovessels are formed in early lesions, in

which lipid accumulation is associated with inflammatory cells
[13,221,222]. In aortic advanced plaques, the neovessel density is
higher in lipid-rich inflammatory lesions than in fibrocalcific plaques
[13,41]. This suggests that atheromatous lipids may stimulate angio-
genesis either directly or indirectly by inducing the release of angio-
genic factors [223].

4.2.1.1. Cholesterol, rafts and caveolae. Cholesterol is a structural
component of animal cellular membranes that is required for normal
cellular function. The distribution of cholesterol in the plasma
membrane is heterogenous and depends on exchanges with
intracellular cholesterol pools and extracellular lipoproteins [224–
226]. Cholesterol-rich microdomains, such as rafts and caveolae, play
a regulatory role in angiogenic signaling [227,228], as shown by the
increased proliferation of endothelial cells occuring in caveolin-1
deficient mice [229]. In atherosclerosis, caveolin-1 plays apparently a
complex role, with either pro- or anti-atherogenic effects depending on
the cell type [230]. In Cav1−/−ApoE−/− mice, the deficiency of caveolin-
1 is associated with a decrease of atherosclerotic areas [231]. In a
porcine model of atherosclerosis, hypercholesterolemia was associated
with a dense and disorganized angiogenic sprouting in coronary
atherosclerotic areas, contrasting with the organized vasa vasorum
structure of normal vessels [19]. However, the relationship between
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cholesterolemia and angiogenesis is more complex, since in various
animal models, such as Watanabe heritable hyperlipidemic rabbits,
ApoE−/− mice, and Yucatan miniswine fed with high cholesterol diet,
the angiogenic response to ischemia is decreased concomitantly with
reduced VEGF/VEGFR2 signaling, oxidative stress, NO/NOS
dysfunction and endostatin expression [166,232–237].

HDL may impair angiogenesis by endothelial progenitor cells,
through activation of the Rho-associated kinase signaling [238]. A link
has been clearly established between angiogenesis and the cholesterol
content in the plasma membrane of endothelial cells, by manipulating
the cholesterol efflux through the ABCG1/AIBP/HDL system. An
increased cholesterol efflux reduces lipid rafts, VEGF/VEGFR2-
mediated signaling and angiogenesis, whereas the down-regulation of
cholesterol efflux by blocking the ABCG1/AIBP/HDL system promotes
VEGF/VEGFR2-mediated signaling and angiogenesis [223].

These data suggest that, in atherosclerotic areas, angiogenesis is
dependent on a delicate balance regulating membrane cholesterol and
inflammation. Cholesterol accumulation may trigger inflammatory
responses through TLR signaling and inflammasome activation [239]
that can promote both angiogenesis and atherosclerosis (see infra).

4.2.1.2. Oxidized LDLs. The effects of oxLDLs on angiogenesis are
multiple and somewhat puzzling, because both angiogenic and
antiangiogenic responses have been reported. This may result, at
least in part, from a dose-dependent biphasic effect of oxLDLs. Low
oxLDL concentrations are angiogenic, whereas moderate
concentrations are anti-angiogenic and higher doses are cytotoxic to
endothelial cells [240–243].

Several signaling pathways are implicated in the angiogenic effect of
low concentrations of oxLDLs and oxidized phospholipids. The binding
of oxLDLs to LOX-1 triggers NADPH oxidase activation, intracellular
ROS generation, p38-MAPK activation, VEGF synthesis and VEGFR-2
autophosphorylation [240] and the activation of the PI3K/Akt/eNOS
pathway [241]. Oxidized lipids induce the expression of several genes
involved in cell adhesion, migration and angiogenesis (e.g. HIF1α/
VEGF, VEGFR-2, PDGFR, NOTCH-1, and NRP-1), and the down-
regulation of pro-apoptotic genes [242,244–246]. OxLDLs trigger a
ROS-dependent activation of nSMase2 and SK1 and the subsequent
generation of S1P that elicits the angiogenic response through S1PRs
activation and VEGFR2 transactivation [243,247]. In addition, physio-
logical concentrations of H2O2 increase the expression of S1P1 in
bovine endothelial cells, activate the nSMase2/S1P pathway, and
subsequently stimulate the activation of eNOS, ERK1/2 and cell
proliferation [248,249].

In contrast, higher oxLDL concentrations exhibit an anti-angio-
genic effect characterized by a decreased migration and proliferation,
an increased apoptosis of endothelial cells and a reduced differentia-
tion of endothelial progenitor cells [250,251]. Moreover, 7-ketocholes-
terol triggers local inflammatory and angiogenic responses, mediated
by cytokines and VEGF [252]. Interestingly, HIF-1α inhibition abro-
gates the proangiogenic effect of oxLDLs in vivo [245].

4.2.1.3. Fatty acids, oxidized polyunsaturated fatty acids and
oxidized phospholipids. The mitochondrial metabolism of fatty acids
in endothelial cell is involved in angiogenesis regulation, as shown by
silencing carnitine palmityl transferase CPT1A that decreases
mitochondrial fatty acid oxidation, depletes cell stores
deoxyribonucleoside triphosphates and reduces endothelial cell
proliferation and vessel sprouting [253].

Polyunsaturated fatty acids (PUFAs) from phospholipids and
cholesteryl esters are highly susceptible to peroxidation that generates
a variety of lipid peroxidation products (LPPs). Some LPPs are stable,

while others (e.g. reactive carbonyl compounds) can react with thiols or
amino groups to form advanced lipid peroxidation end products (ALEs)
[254]. Moreover, PUFAs are substrates of various oxygenases leading
to the formation of a variety of icosanoids, some of them being
mediators of angiogenesis [255].

Oxidized phospholipids exhibit pro-inflammatory [256] and pro-
angiogenic properties [244]. OxPAPC (oxidized 1-palmitoyl-2-arachi-
donoyl-sn-glycero-3-phosphocholine) induces sprouting and tubulo-
genesis in vitro and angiogenesis in vivo, mediated by the induction of
HIF/VEGF, COX-2 and interleukin-8 expression. These results suggest
that oxidized phospholipids may promote intimal neovascularization in
atherosclerotic arteries [244].

4.2.1.4. Aldehydes and reactive carbonyl compounds. Reactive
carbonyl compounds resulting from late stages of PUFA peroxidation
include aldehydes such as malondialdehyde (MDA), acrolein and 4-
hydroxynonenal (4-HNE). These highly reactive compounds can react
with cellular and ECM components and alter their structure and
biological properties [254,257,258].

The formation of 4-HNE and acrolein adducts on EGFR and
PDGFR can induce their activation [259–261]. However, long term
modification of these receptors reduces their affinity for their ligands
and inhibits tyrosine kinase activity [261–263]. The carbonyl stress is
involved in endothelial dysfunction through structural modification
and dysfunction of eNOS and VEGFR2 [264]. It could also reduce SK1
activation, which is involved in oxLDL-induced angiogenesis
[243,247].

4.2.1.5. HDL-cholesterol. HDLs are involved in the reverse transport
of cholesterol (RCT) and their level is inversely correlated with
coronary artery disease. The reverse cholesterol transport is mediated
by ABC transporters and AIBP (ApoA-I binding protein) that accelerate
HDL-mediated cholesterol efflux. The depletion of cholesterol from
plasma membrane disrupts cholesterol-rich microdomains and affects
their signaling function [223]. For instance, AIBP/HDL-mediated
cholesterol efflux inhibits VEGF-induced angiogenesis by reducing
VEGFR2 localization in lipid rafts, VEGFR2 dimerization and
downstream signaling [265].

HDLs may regulate angiogenesis through the transport of S1P. Low
concentrations of HDLs are angiogenic in vitro and the release of free
S1P from HDLs by endothelial lipase may be involved in neovascular-
ization in vivo [266]. Inversely, high HDL concentration reduces
angiogenesis by inhibiting the Akt/ERK pathway [267].

4.2.1.6. Lipids/PPAR-gamma. Alongside S1P signaling mediated via
S1PR, S1P is also an intracellular ligand that binds to the nuclear
receptor PPAR-gamma and enhances its association with its co-
activator PGC1β, thereby regulating the expression of genes involved
in angiogenesis [268]. PPAR-gamma is highly expressed in early
human atherosclerotic lesions compared to healthy aorta [41]. The
synthetic PPAR-gamma ligand rosiglitazone induces VEGF-A
production in vascular smooth muscle cells [269]. Moreover, various
lipid mediators present inside the plaque (e.g. fatty acids, oxidized
lipids, S1P and LPA) may activate PPAR-gamma of medial SMCs
thereby enhancing VEGF-A expression and stimulating angiogenesis
[5].

4.2.2. Reactive oxygen species (ROS) and oxidative stress
ROS are generated by several systems in the vascular wall,

particularly NAD(P)H oxidase, lipoxygenase (LOX), cyclooxygenase
(COX), endothelial NO synthase (eNOS), cytochrome P450, xanthine
oxidase and mitochondrial respiratory chain. ROS are neutralized and
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degraded by antioxidant systems (e.g. superoxide dismutases, glu-
tathione peroxidases, catalase, peroxiredoxins, thioredoxins) and small
antioxidants and ROS-scavengers from endogenous (e.g. glutathione,
uric acid, bilirubin, coenzyme Q) and dietary origin (e.g. tocopherols,
ascorbic acid, carotenoids, polyphenols).

Physiological concentrations of ROS are involved in cell metabolism
and signal transduction, and take part in the regulation of various
cellular functions, such as proliferation, migration and angiogenesis. In
contrast, oxidative stress (ROS excess) resulting from an imbalance
between ROS production and degradation, may lead to cellular
dysfunction, accelerated senescence and apoptosis [270–273].

A moderate concentration of extracellular ROS triggers the expres-
sion of angiogenic factors. For instance, ROS generated during arterial
injury may enhance the local expression of VEGF [274]. In addition,
intracellular ROS generated in endothelial cells upon stimulation by
growth factors, inflammatory cytokines or oxLDLs may trigger angio-
genic signaling pathways involving p38MAPK, ERK1/2, NF-kappaB
and the nSMase2/SK1 pathway. Antioxidants block this signaling and
the angiogenic response [240,243,271,275,276].

4.2.3. Inflammation
The local inflammatory state occuring in atherosclerotic lesions

may play a role in angiogenesis via several mechanisms, such as
endothelial cell activation, release of chemokines, cytokines, growth
factors, lipid mediators, proteases and increased endothelial metabolic
rate. The increased vascular permeability allows plasma component
extravasation. Proteases released by cells degrade ECM, thereby
facilitating the migration of leukocytes attracted by chemokines, and
of endothelial cells stimulated by angiogenic factors [277–280].
Inflammation increases the local metabolic rate (as shown by a raised
glucose uptake) and O2 consumption, thereby leading to a local relative
hypoxia that enhances the expression of hypoxia-inducible genes. For
instance the expression of angiogenic factors is up-regulated by
proinflammatory cytokines, thereby promoting angiogenesis [30].

When local hypoxia and inflammation decreases, the angiogenic
signaling is down-regulated and neovessels may either regress or
maturate. TGF-β stimulates migration, differentiation and proliferation
of mural cells, and pericytes establish direct cell-cell contact with
endothelial cells. Moreover, TGF-β induces the production of ECM and
the secretion of PAI-1 (plasminogen activator inhibitor) that inhibit the
degradation of perivascular ECM [281].

4.2.4. Metalloproteases
Angiogenic endothelial cells express proteolytic enzymes that can

degrade ECM, thereby facilitating cell migration and release of growth
factors trapped in the ECM [31]. Various metalloproteases are involved
in this process [282], including membrane-type matrix metalloprotei-
nase-1 (MT1-MMP/MMP-14) [283] and some ADAM family proteins
[35]. MT1-MMP is a membrane-anchored pericellular collagenase and
the main collagenase responsible for endothelial cells sprouting [279].
MT1-MMP induces the activation of the diffusible matrix metallopro-
teinase MMP2. The local ECM degradation allows tip cell migration
and capillary sprouting [284]. The activation of MT1-MMP and MMP2
by oxLDLs is involved in the activation of the sphingolipid pathway and
cell proliferation [285]. Moreover, MT1-MMP cooperates with S1P, to
induce endothelial cell proliferation and migration [286,287]. MT1-
MMP expression by tip cells during early steps of angiogenesis is down-
regulated by interactions between pericytes and endothelial cells
during the maturation step of neovessels, [288,289].

In atherosclerotic plaques, intraplaque hypoxia may induce the
activation of gelatinases (MMP-7 and MMP-9), thereby promoting
fibrous cap degradation and plaque instability [290].

5. Consequences of angiogenesis on the evolution of the
atherosclerotic plaque

5.1. Plaque growth

The neovascularization of the atherosclerotic areas supplies O2,
lipoproteins and other nutrients, which allow lipid core expansion,
leukocyte afflux, plaque growth and disease progression [30,222,291].
The increased endothelial permeability allows the entry of lipoproteins
into the intima, and the progressive oxidation of LDLs by ROS
generated by inflammatory cells. Oxidized lipids are less concentrated
at the periphery of the plaque, where they may induce cell activation,
migration, proliferation and angiogenesis. In contrast, in the central
area of the plaque, lipids are more oxidized (because of low clearance
and auto-oxidation), thus may induce toxic events that contribute to
the expansion of the necrotic core, neovessel injury, intraplaque
hemorrhages and plaque instability [13,291,292].

5.2. Plaque complications

5.2.1. Intraplaque hemorrhages
Intraplaque hemorrhages are associated with high density of

microvessels within the atherosclerotic plaque. Such hemorrhages
induce the formation of intraplaque clots and the deposition of iron,
fibrin and erythrocyte components [293]. In atherosclerotic plaques
from human carotids, hemorrhagic areas are surrounded by macro-
phages (CD68+) that are involved in the phagocytosis of red blood cells
and iron. In addition, these macrophages can release VEGF that
enhances the permeability of neovessels, which promotes red blood
cell extravasation [30]. Moreover, as intraplaque neovessels are not or
only partly covered by mural pericytes and SMC, they are fragile and
prone to blood extravasation [30]. Around intraplaque hemorrhagic
areas, fibrin and platelet CD41 are often detected by immunostaining,
suggesting the occurrence of an intraplaque thrombotic process [291].
Moreover, intraplaque hemorrhages elicit local cholesterol crystal
formation, ROS generation, oxidative stress, and protease activation
that contribute to plaque growth, instability and rupture and finally to
thromboembolic events [294].

5.2.2. Cholesterol crystal formation within the plaque
The core of the plaque is enriched by the influx of blood cells during

bleeding events. The cholesterol-rich membranes of circulating cells,
namely activated platelets, leukocytes and erythrocytes [295] may
release free cholesterol within the hemorrhagic plaque. Free cholesterol
can form cholesterol crystals, which can disrupt biological membranes,
erode the fibrous cap and protrude into the lumen where they may
cause embolism or thrombosis [296]. These cholesterol crystals could
also trigger an inflammatory response within the arterial wall
[297,298] and erode the newly formed microvessels in the plaque
[41]. The presence of cholesterol crystals in the arterial wall is a factor
of parietal thrombosis exacerbated by angiogenesis and intraplaque
bleeding [299,300].

5.2.3. Oxidation within the plaque
Oxidative stress in atherosclerotic prone areas leads to the forma-

tion of oxidized lipoproteins and lipid peroxidation derivatives [301–
303]. Moreover, in advanced atherosclerotic plaques, intraplaque
microhemorrhages release hemoglobin, heme and iron that promote
free radicals and ROS generation (e.g. through Fenton reaction),
thereby inactivating nitric oxide and promoting lipid peroxidation
[30]. This is supported by histological studies of coronary plaques,
where glycophorin A, a red blood cell protein, colocalizes with CD163
(hemoglobin scavenger receptor)-positive macrophage and 4-HNE-
protein adducts, suggesting that intraplaque hemorrhages are asso-
ciated with oxidative stress in unstable plaques [304–306]. Protective
systems may counterbalance the oxidative stress resulting from hemo-
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globin release. The pro-oxidant effects of hemoglobin, heme and iron
are limited by macrophagic cells that clear altered erythrocytes (e.g.
exposing phosphatidylserines) and cell debris [307], hemoglobin-
haptoglobin Hp1-1 complexes (deficient in Hp2-2 homozygous sub-
jects) [308,309] and heme-hemopexin complexes [291].

Moreover, leukocytes present in the lesions contain oxidizing
enzymes (NADPH oxidase, myeloperoxidase) that may oxidize the
components of the plaque [310,311]. However, it may be noted that
angiogenesis in lipid-rich areas of advanced plaques is often associated
with oxidative and inflammatory markers, thus suggesting that angio-
genesis promotes non-resolving inflammation [5,275].

5.2.4. Proteolysis within the plaque
In atherosclerotic lesions, various proteases are activated and take

part in the degradation of ECM, thereby contributing to plaque
remodeling and penetration of microvessels into the plaque.
However, excessive degradation ot the fibrous cap may promote plaque
instability, erosion or rupture [290,312]. Studies on carotid endarter-
ectomy have shown that plasminogen activators (tPA and uPA) and
plasmin are often activated in complex unstable plaques. In addition,
plasminogen activators and plasmin may in turn trigger the release of
gelatinases MMP-2, MMP-7 and MMP-9 [290,312]. Moreover, in
atherosclerotic lesions, neovessels may facilitate the influx of activated
leukocytes, promoted by highly expressed endothelial P-selectin or by
extravasation through highly permeable endothelium or by hemor-
rhages.

In human carotid plaques, hemorrhage markers (hemoglobin,
plasminogen) are co-localized with leukocytic proteases (e.g. specific
neutrophil lipocain/MMP-9 complex, myeloperoxidase, elastase) and
anti-proteases (e.g. PAI-1, alpha-1 antitrypsin, thrombin inhibitors)
[312,313].

5.2.5. Inflammatory cells
In lipid-rich atherosclerotic areas, angiogenesis is often associated

with inflammatory cells that play a role in plaque instability and
rupture. Conversely, neovascularization of atherosclerotic lesions fa-
vors the influx of leukocytes in the plaque. Monocytes/macrophages
play a dual physiological role in tissues, where they act as a defense
system that may release toxic compounds (ROS, enzymes), scavenge
potentially harmful compounds and induce both pro-inflammatory and
anti-inflammatory responses [314,315]. During atherogenesis, macro-
phagic cells play a major role in the local inflammation and lipid
accumulation. Macrophages accumulate lipids and become foam cells
that are unable to migrate and produce cytokines that take part in the
local inflammatory burden [1–3]. Among the variety of inflammatory
cytokines, the CXC chemokine interleukin-8 is present in human
coronary atherosclerotic plaques and exhibits a potent angiogenic
effect [316]. In addition, inflammatory cells release MMPs that degrade
ECM and release matrix-bound VEGF [292]. Moreover, macrophages
of atherosclerotic lesions secrete angiogenic factors, such as PDGF,
FGF-2, TGF-β1, PD-ECGF (platelet-derivated endothelial cell growth
factor), PAF, HB-EGF (heparin-binding epidermal growth factor-like
growth factor) [292]. Finally, in inflammatory cells produce various
factors that promote intraplaque neovascularization and neovessels
induce in turn the influx of blood molecules and cells that promote
plaque instability, hemorrhage and rupture.

6. Pro-angiogenic and antiangiogenic agents in animal
models and clinical trials

Antiangiogenic molecules, endostatine and fumagillin [317] tested
in ApoE−/− mice induce a reduction of atherosclerotic lesions and
macrophages infiltration [21]. A site-specific αvβ3-integrin targeted
delivery of nanoparticles containing the antiangiogenic drug fumagillin
was effective to block endothelial cells proliferation and reduce
intraplaque neovascularization in hypercholesterolemic rabbits [318].

Angiopoietin-2 blocking antibodies reduce neovascularization and
fatty streak progression in LDLR-/- apoB100/100 mice, but do not reduce
the size of pre-existing atherosclerotic lesions [149]. In contrast, the
overexpression of angiopoietin-2 reduces the size of atherosclerotic
lesions in the aortic root of ApoE−/− mice via inhibition of LDL
oxidation [319].

Hypercholesterolemia is correlated with plaque angiogenesis and
atherosclerosis progression [19]. Statin treatment attenuates neovas-
cularization and atherosclerosis progression in experimental hyperch-
olesterolemia [7,320].

Among clinical trials utilizing antiangiogenic agents in the treat-
ment of cancer in humans, some of them have evaluated the impact of
antiangiogenic agents in atherosclerosis. A recent study utilizing anti-
VEGF in cancer therapy, points out hypertension as a major adverse
effect [8]. In another study, intravitreal anti-VEGF therapy induced
proteinuria and injury in renal allografts [321]. More generally, beside
its role in angiogenesis and in the maintenance of microcirculation,
VEGF signaling is also involved in compensatory responses and
remodeling following heart stress or injury. The inhibition of this
pathway by antiangiogenic therapy may generate endothelial dysfunc-
tion, reduce microvascular circulation, and induce various cardiovas-
cular adverse effects, such as hypertension, left myocardial ischemia,
cardiomyopathy, thromboembolic disease and thrombotic microangio-
pathy [6,322]. A meta-analysis of clinical trials utilizing VEGFRs
inhibitors (in the treatment of cancer) showed a moderate increase of
the arterial thromboembolism risk [131]. Finally, these studies show
that antiangiogenic drugs used to date have adverse effects that
probably preclude their use in long-term treatment of atherosclerosis.
Thus, further investigations are required to discover novel antiangio-
genic agents devoid of unacceptable adverse effects, and to evaluate
their potential efficacy in preventing atherosclerotic plaque instability.

7. Conclusion

Angiogenesis involves a complex array of pro- and anti-angiogenic
factors that trigger cell signaling and regulate migration, proliferation
leading to capillary tube formation, remodeling of the surrounding
ECM and stabilization of neovessels by pericytes. Within atherosclero-
tic plaques, many factors, including free radicals and oxidized lipids,
may exert a biphasic role in this process. In early stages of athero-
sclerosis, the low inflammatory oxidative stress associated with a
relative hypoxia in hyperplasied intima, promotes neoangiogenesis
from the adventitial vasa vasorum. In advanced atherosclerotic pla-
ques, chronic inflammation, oxidized lipids and proteases may further
promote angiogenesis, but these neocapillaries are leaky and are highly
susceptible to injury by cytotoxic agents (e.g. oxidized lipids, oxidative
stress) generated inside the plaque. This neocapillary injury may result
in intraplaque hemorrhages, releasing blood cells, coagulation factors
and proteases within the plaque. These events generate an accumula-
tion of cholesterol and the formation of cholesterol crystals, fibrin
deposition, release of hemoglobin, heme and iron ions promoting local
oxidative stress, lipid peroxidation, and sustained inflammatory bur-
den. Moreover, the activation of various proteases may degrade the
fibrous cap, thereby inducing plaque instability and increasing the risk
of plaque rupture, often associated with athero-thrombotic events. In
experimental animal models, angiogenesis inhibitors have shown an
efficacy to slow down the progression of atherosclerotic lesion forma-
tion. However, in humans, the use of anti-angiogenic agents in clinical
trials for cancer therapy shows that the anti-angiogenic drugs currently
available increase the risk of cardiovascular events in atherosclerotic
patients.
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