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Abstract

Vascularization, under physiological or pathophysiological conditions, typically takes place by one or more of the following processes:
angiogenesis, vasculogenesis, arteriogenesis, and lymphangiogenesis. Although all of these mechanisms of vascularization have sufficient
contrasting features to warrant consideration under separate cover, one common feature shared by all is their sensitivity to the VEGF signaling
pathway. Conditions such as wound healing and physical exercise result in increased production of reactive oxygen species such as H,O,, and
both are associated with increased tissue vascularization. Understanding these two scenarios of adult tissue vascularization in tandem offers the
potential to unlock the significance of redox regulation of the VEGF signaling pathway. Does H,O, support tissue vascularization? H,O, induces
the expression of the most angiogenic form of VEGF, VEGF-A, by a HIF-independent and Sp1-dependent mechanism. Ligation of VEGF-A to
VEGFR2 results in signal transduction leading to tissue vascularization. Such ligation generates H,O, via an NADPH oxidase-dependent
mechanism. Disruption of VEGF-VEGFR2 ligation-dependent H,O, production or decomposition of such H,O, stalls VEGFR2 signaling.
Numerous antioxidants exhibit antiangiogenic properties. Current evidence lends firm credence to the hypothesis that low-level endogenous H,O,
supports vascular growth.
© 2007 Elsevier Inc. All rights reserved.
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Wounding and physical exercise are two relatively well
characterized triggers of vascularization of the adult tissue. Both
cause inflammation and marked shifts in the redox environment
of tissues toward oxidation. Understanding these two scenarios
of adult tissue vascularization in tandem offers the potential to
unlock the significance of redox regulation of the vascular
endothelial growth factor (VEGF) signaling pathway. The
objective of this review article is to critically appraise that
potential in light of current developments. The redox environ-
ment of a linked set of redox couples as found in a biological
fluid, organelle, cell, or tissue has been defined as the
summation of the products of the reduction potential and
reducing capacity of the linked redox couples present [1]. In
biological tissues, H,O, is ubiquitously generated and repre-
sents one major determinant of the redox environment. Given
the central regulatory role of H,O, in vascular signaling and
function [2-4], this article focuses on the significance of
reactive oxygen species in the VEGF signaling pathway.

Primary mechanisms of tissue vascularization

Vascularization, under physiological or pathophysiological
conditions, typically takes place by one or more of the following
processes: angiogenesis, vasculogenesis, arteriogenesis, and
lymphangiogenesis. Angiogenesis refers to the process by
which new blood vessels develop from preexisting blood
vessels by sprouting or intussusception. De novo formation of
new blood vessels from primitive cells during, say, early
embryonic development takes place by vasculogenesis. As it is
now known that under certain conditions endothelial precursor
cells present in the bone marrow may be recruited and
contribute to adult angiogenesis, there seems to be an overlap
between angiogenesis and vasculogenesis [5—9]. The concept of
collateral artery growth had been modified by the introduction
of the term arteriogenesis, which describes the growth of
arterioles into mature arteries [10]. In other words, arteriogen-
esis describes the remodeling of preexisting arterio-arteriolar
anastomoses to completely developed and functional arteries
[11]. Stimulation of collateral artery growth provides a potential
alternative option for the treatment of patients suffering from
occlusive arterial disease. By definition, arteriogenesis repre-
sents one aspect of angiogenesis. Thus, the significance of a
separate definition for arteriogenesis has been questioned [12].
The merit in dealing with the two processes separately lies in the
observation that the physiological signals that induce angiogen-
esis or arteriogenesis seem to be distinctly separate [11]. The
lymphatic vasculature forms a vessel network that drains
interstitial fluid from tissues and returns it to the blood.
Lymphatic vessels are an essential part of the body’s immune
defense. Lymphangiogenesis refers to the formation of
lymphatic vessels from preexisting lymphatic vessels, in a
method believed to be similar to blood vessel development or
angiogenesis. Lymphangiogenesis is of outstanding signifi-
cance in lymphatic-associated disorders such as wound healing,
lymphedema, and tumor metastasis. Lymphatic endothelial cells
and extracellular matrix microenvironment represent primary
players in lymphangiogenesis [13]. Although all of the above-

mentioned mechanisms of vascularization have sufficient
contrasting features to warrant consideration under separate
cover, one common feature shared by all is their sensitivity to
the VEGF signaling pathway.

The VEGF family

Members of the VEGF family are central regulators of
vascularization and are classified as cystine knot growth factors.
Proteins of the VEGF family specifically bind cellular receptor
tyrosine kinases VEGFR1, VEGFR2, and VEGFR3 with high
but variable affinity and selectivity. The VEGF family has been
recently expanded and currently comprises seven members:
VEGF-A, VEGF-B, placenta growth factor (PIGF), VEGF-C,
VEGEF-D, viral VEGF (also known as VEGF-E), and snake
venom VEGF (also known as VEGF-F). Although all members
are structurally homologous, there is molecular diversity among
the subtypes, and several isoforms, such as VEGF-A, VEGF-B,
and PIGF, are generated by alternative exon splicing. These
splicing isoforms exhibit differing properties, particularly in
binding to coreceptor neuropilins and heparin. Splice variants of
VEGF-A include VEGFI121, VEGF165, and VEGF189.
VEGF121 and VEGF165 promote the proliferation of endothe-
lial cells and angiogenesis. VEGF165 contains the 44 additional
amino acids encoded by exon 7 of the VEGF gene. These amino
acids confer upon VEGF165 a heparin binding capability,
which VEGF121 lacks. VEGF165 binds to all three VEGFR,
whereas VEGF121 selectively binds to VEGFR2.

VEGEF is a disulfide-bonded dimeric glycoprotein. Initially
identified as human vascular permeability factor, VEGF was
recognized as a disulfide-linked dimeric 40-kDa protein that
promoted dermal blood vessel leakage [14]. It is now known
that the two heparin-binding sites of the VEGF165 dimer
interact simultaneously with highly sulfated S-domain regions
of the heparan sulfate chain that can be linked through a stretch
of transition sequence [15]. VEGF family members bear three
loops produced via three intramolecular disulfide bonds, and
cooperation between loop-1 and loop-3 is necessary for the
specific binding and activation of VEGFR2 for angiogenesis.

VEGF-A, the prototype VEGF ligand, binds and activates
two tyrosine kinase receptors: VEGFR1 (Flt-1) and VEGFR2
(KDR/FIk-1). VEGFRI1, which occurs in transmembrane and
soluble forms, negatively regulates vasculogenesis and angio-
genesis during early embryogenesis, but it also acts as a positive
regulator of angiogenesis and inflammatory responses, playing a
role in several human diseases such as rheumatoid arthritis and
cancer. The soluble VEGFR1 is overexpressed in the placenta of
preeclampsia patients. VEGFR2 has a typical tyrosine kinase
receptor structure with seven immunoglobulin-like domains in
the extracellular region, as well as a long kinase insert in the
tyrosine kinase domain (Fig. 1). It utilizes a unique signaling
system for DNA synthesis in vascular endothelial cells, i.e., a
phospholipase C y—protein kinase C—Raf—~MAP kinase path-
way. Although VEGF-A binds two receptors, VEGFRI1 and
VEGFR2, a newly isolated ligand VEGF-E (Orf-virus-derived
VEGF) binds and activates only VEGFR2. VEGFR?2 has critical
functions in physiological and pathological angiogenesis
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Fig. 1. Hydrogen peroxide: an endogenous vascular growth factor? NADPH oxidases in cells resident in the tissue microenvironment, as well as in recruited
inflammatory cells, generate superoxides, which rapidly dismutate to H,O,. Extracellular H,O, induces the transcription and release of VEGF-A. In addition,
extracellular H,O, induces VEGFR2 expression. Human VEGF family members and their receptors are depicted. Ligation of VEGF-A to VEGFR2 results in
activation and translocation of the small GTPase Racl into the plasma membrane. Racl stimulates gp91phox-containing NAD(P)H oxidase in endothelial cells and
thus NADPH oxidase-dependent H,O, generation. Intracellular H,O, serves as a messenger to execute angiogenic VEGF-A signaling. Decomposition of H,0, stalls
VEGFR2-dependent angiogenic signaling. Thus, extracellular H,O, induces the angiogenic form of VEGF. Intracellular H,O, is required for the successful
propagation of angiogenic signal in response to VEGF-VEGFR2 binding. PIGF, placental growth factor; VEGF, vascular endothelial growth factor; VEGFR1-3,
VEGEF receptors 1-3, respectively; MAM, membrane proximal meprin-AS-mu domain; SHC, Src homology 2 domain containing; PLC, phospholipase C; PI3K,
phosphatidylinositol 3-kinase; FAK, focal adhesion kinase; IP3, inositol 3-phosphate; DAG, diacylglycerol; PKB, protein kinase B; PKC, protein kinase C; MAPK,

mitogen-activated protein kinase; gp91, gp91phox; p22, p22phox.

through distinct signal transduction pathways regulating
proliferation and migration of endothelial cells. Ligation of
VEGF to VEGFR2 enhances SH-PTP1 activity and eNOS
expression, which in turn leads to two diverse events. First, SH-
PTP1 dephosphorylates VEGFR2 and ERK/MAPK, which
weakens VEGF mitogenic activity. Second, eNOS increases
nitric oxide production, which in turn lowers SH-PTP1 activity

via S-nitrosylation [16]. VEGFR3, a receptor for the lymphatic
growth factors VEGF-C and VEGF-D, but not for VEGF-A,
regulates vascular and lymphatic endothelial cell function
during embryogenesis. VEGFR3 and its ligands VEGF-C and
VEGF-D play a role in cell-to-cell signaling in adult blood
vessel angiogenesis. The expression of VEGFR3 in VEGF-A-
induced iris neovascularization and in preexisting blood vessels
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exposed to VEGF-A suggests that this receptor and possibly its
ligands are recruited in VEGF-A-driven angiogenesis [17].
The VEGF signaling pathway is of central importance in
vascular development including vasculogenesis, arteriogenesis,
and lymphangiogenesis as well as both physiological and
pathophysiological angiogenesis. Adult vasculogenesis occurs
through in situ recruitment, proliferation, and tubulization of
circulating bone marrow-derived cells [18]. Employing two
distinct murine bone marrow transplantation models it has been
demonstrated that VEGF supports vasculogenesis by function-
ing downstream of its effect to enhance either mobilization or
survival of circulating endothelial progenitor cells (EPC).
VEGFR1 (FItl) and VEGFR2 (Flkl) are expressed on
culture-expanded human EPC and are involved in VEGF-
induced EPC migration. In addition, PIGF-VEGFRI1 signaling
supports tumor vasculogenesis [8]. Independent studies note
that VEGF-A165 supports vasculogenesis by recruiting bone
marrow-derived CD34 stem cells [19]. The VEGF signaling
pathway supports arteriogenesis and therefore the remodeling of
ischemic tissue at the capillary and arteriolar levels [20].
VEGFR tyrosine kinase activity is essential for collateral
arteriogenesis [21]. eNOS function is a critical prerequisite
enabling VEGF-dependent arteriogenesis [22]. VEGF-induced
increased expression of the telomerase reverse transcriptase and
telomerase activity in skeletal muscles and satellite and
endothelial cells are also involved in this process [23].
Lymphangiogenesis plays an important role in several normal
and pathological conditions, such as wound healing, pathogen
infection, inflammation, and the metastatic formation of
endothelial malignancies. VEGFR3 is essential for embryonic
cardiovascular development. Thereafter VEGFR3 becomes
confined to the lymphatic endothelium in adult tissues. Growth
of lymphatic vessels or lymphangiogenesis is induced by
secreted proteins VEGF-C and VEGF-D that induce growth of
lymphatic vessels via activation of VEGFR3 (Flt-4) localized
on the surface of lymphatic endothelial cells [24—27]. Whereas
lymphatic endothelial cells migrate and organize unidirection-
ally, in the direction of interstitial fluid flow, they do not sprout
into the region but rather migrate as single cells that later join
together into vessels. Furthermore, in a modified “shunted flow”
version of the model, infiltrated lymphatic endothelial cells fail
to organize into functional vessels, indicating that interstitial
fluid flow is necessary for successful functional lymphangio-
genesis [28]. The VEGF-C/VEGFR3 (Flt-4) axis, through
upregulation of contactin-1, stimulates lymphangiogenesis [29].
Loss-of-function variants of VEGFR3 have been identified in
lymphedema. VEGFR3 protects against oxidative damage in
endothelial cells. Patients with hereditary lymphedema are
susceptible to reactive oxygen species (ROS)-induced cell
damage [30]. Formation of tumor lymphatics may be stimulated
by tumor-produced VEGF-C, allowing increased spread of
tumor metastases through the lymphatics [31]. VEGF-C
enhances angiogenesis and lymphangiogenesis in the wound
and significantly accelerates wound healing. VEGF-C also
recruits inflammatory cells, some of which express VEGFR3.
On the other hand, when the function of endogenous VEGF-C/
VEGF-D is blocked, wound closure is delayed [32]. VEGF-E, a

VEGFR2-selective ligand, stimulates NO release and tube
formation in human endothelial cells by a cGMP-independent
pathway. Inhibition of phospholipase C vy with U73122
abrogates VEGF-E-induced endothelial cell migration, tube
formation, and NO release. In addition, inhibition of eNOS
blocks VEGF-E-induced NO release and angiogenesis [33].

Adult tissue vascularization in response to wound

Wound repair can be divided into a series of overlapping
phases including formation of fibrin clot, inflammatory
response, granulation tissue formation incorporating reepithe-
lialization and angiogenesis, and finally, matrix formation and
remodeling. Among many known growth factors, VEGF is
believed to be the most prevalent, efficacious, and long-term
signal that is known to stimulate angiogenesis in wounds [34].
Although hypoxia is one of the most extensively studied
inducers of VEGF production, paradoxically it impairs wound
angiogenesis [35,36]. Because the core of most wounds is
almost always hypoxic [37,38], it is likely that other factors
that positively regulate VEGF expression and release might
concomitantly appear at the wound site [39]. Plasmin-
catalyzed cleavage of VEGF-A isoform VEGF165 results in
the loss of its carboxyl-terminal heparin-binding domain and
significant loss in its bioactivity. Plasmin activity is increased
at the wound site and compromises angiogenesis in Vvivo.
Inactivation of the plasmin cleavage site Argl10/Alalll has
the potential to preserve the biological function of VEGF165
in therapeutic angiogenesis under conditions under which
proteases are highly active, such as in wound repair and
inflammation [40].

Mild wound ischemia triggers arteriogenesis. In a model of
hind-limb ischemia caused by femoral artery dissection, hind-
limb perfusion, measured by laser Doppler imaging, was noted
to be higher in mdx mice than in wild-type mice. Increased
arteriole length density in mdx mice explained the observed
difference in perfusion. The enhanced arteriogenesis response
was not limited to the ischemic skeletal muscle. In a wound-
healing assay, mdx mice showed an accelerated wound closure
rate compared with wild-type mice [41]. The evidence in
support of the significance of vasculogenesis in adult tissue
repair is mounting. However, compared to angiogenesis, the
relative contribution of this mechanism to wound vasculariza-
tion remains limited [42]. Transient lymphangiogenesis occurs
in parallel with angiogenesis in healing wounds. VEGFR3
becomes upregulated in blood vessel endothelium in chronic
inflammatory wounds. In healing incisional and punch biopsy
wounds VEGFR3-positive vessels have been noted in the
granulation tissue from the late inflammatory phase (day 5).
These vessels are distinct from typical blood vessels and fewer
in number. They sprouted from preexisting VEGFR3-positive
lymphatic vessels at the wound edge. Unlike the blood vessels,
very few VEGFR3-positive lymphatic vessels persist on day 9
and none on day 14 after wounding. In chronic wounds such as
ulcers and decubitus wounds of the lower extremity of humans,
VEGFR3 is also weakly expressed in the vascular endothelium
[43].
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Adult tissue vascularization in response to exercise

Physical exercise triggers expansion of the capillary network
or angiogenesis [44—47]. This process is known to be VEGF
dependent [48-51] and involves NO, perhaps upstream of
VEGF [44,52—-54]. eNOS is necessary for maintaining a suit-
able physical capacity. Under conditions of attenuated eNOS
function, even moderate exercise poses the risk of worsening
energy metabolism specifically in oxidative skeletal muscle
[55]. PIGF does not seem to be necessary for exercise-induced
angiogenesis [56]. In humans, intense intermittent endurance
training induces capillary growth and a transient proliferation of
endothelial cells within 4 weeks, with a similar growth
occurring around type I versus type II muscle fibers [57].
Exercise training augments the number of circulating endothe-
lial progenitor cells in patients with cardiovascular risk factors
and coronary artery disease and is associated with improved
vascular function and NO synthesis [58]. Even a single acute
bout of exercise can increase endothelial progenitor cells and
circulating angiogenic cells [59].

In its role as an endothelial cell proliferation and migration
factor, VEGF is thought to affect peripheral circulation and
therefore impact maximal oxygen consumption (VOjpax)-
VEGF gene polymorphisms seem to directly influence aerobic
capacity in humans. The effects of the VEGF-2578/ —1154/
—634 promoter region haplotype on VEGF gene expression in
human myoblasts have been investigated. AAG and CGC
haplotypes resulted in significantly higher inducible VEGF
gene expression than the AGG and CGG haplotypes. Consistent
with these results, it has been noted that individuals with at least
one copy of the AAG or CGC haplotype have higher VO, .«
before and after aerobic exercise training than do subjects with
only the AGG and/or CGG haplotype [60]. In humans, skeletal
muscle capillarization and the VEGF mRNA response to acute
exercise are lower in aged adults compared with young adults.
In mice, aging does not impair the potential for nonpathological
angiogenesis. Acute exercise induces VEGF mRNA in the
soleus, plantaris, and gastrocnemius muscles, which differ
considerably in fiber type percentage [61]. Submaximal
exercise, with and without reduced leg blood flow, has been
studied to test whether ischemia-induced metabolic stress is an
important physiological stimulus responsible for upregulating
the VEGF-A system in humans. This study, addressing both
VEGF-A ligand and receptors, implicated metabolic perturba-
tion as a regulator of human muscle angiogenesis and elegantly
demonstrated that VEGF-A splice variants are distinctly
regulated. All three receptor genes studied were noted to
exhibit different pretranslational regulation in response to
exercise in humans [49]. Endurance training induces angiogen-
esis in a subpopulation of type IIb+11d/x fibers before switching
to type Ila fibers [62]. VEGF is an essential survival factor for
muscle capillarity. Insufficient VEGF-dependent signaling
leads to apoptosis in mouse skeletal muscle [63].

Diabetes causes vasculopathy of microvessels. Diabetic
skeletal muscle is characterized by compromised ability for
angiogenesis. In the skeletal muscle of diabetics, levels of
VEGF-A, VEGF-B, neuropilin-1, VEGFR1, and VEGFR2 are

reduced and the levels of antiangiogenic thrombospondin-1
and retinoblastoma-like-2 are increased. A favorable effect of
exercise training to partially offset such handicap has been
recently reported [64]. Exercise training has been also found
to be effective in offsetting age-induced compromise in
angiogenic function [65]. Preischemic exercise training
stimulates angiogenesis and reduces brain injury in stroke
[66].

Inflammation and adult tissue vascularization

Both wounds and physical exercise are often associated with
inflammation [67—71]. Inflammatory cells, namely monocytes/
macrophages, T lymphocytes, and neutrophils, represent an
integral component of the angiogenic process. They release
cytokines, which in turn regulate endothelial cell proliferation,
migration, and activation [72,73]. Mast cells are granulated
secretory cells that have long been recognized as a rich source
of biologically active mediators such as biogenic amines,
prostaglandins, leukotrienes, proteases, cytokines, and chemo-
kines. Most of their biological functions remain elusive.
Emergent findings ascribe mast cells with the function of
regulating angiogenesis [74]. The inflammation microenviron-
ment regulates many aspects of tissue vascularization by
providing diverse mediators implicated in maintaining tissue
homeostasis, e.g., soluble growth and survival factors, matrix
remodeling enzymes, and other bioactive molecules. Angio-
genic mediators form a complex interactive network that
regulates the perpetuation of angiogenesis. Often, proangio-
genic agents also exhibit proinflammatory properties [75,76].
Leukocytes modulate inflammation-associated angiogenesis.
Endothelial cells are involved in leukocyte extravasation
underlying inflammation. A number of adhesion molecules
play a role in leukocyte —endothelial interactions. Leukocyte
extravasation and activation are followed by the expression and
release of leukocyte-derived factors that modulate neovascular-
ization. The intricate interplay between the endothelium and the
immune cells has been well recognized in the context of
immune responses. However, the fact that this interrelation
extends well beyond immune regulation has been understood
only recently. The observation that TNF-a activates endothelial
cells and induces angiogenesis directly links inflammation and
angiogenesis [77]. Various diseases that involve chronic
inflammation, such as asthma, psoriasis, rheumatoid arthritis,
and bowel disease, have been associated with vascular
development [78,79]. Arteriogenesis is induced after the
occlusion of a major artery, which induces hemodynamic and
mechanical effects on the collateral vessel wall, which occur
with increasing blood flow velocity due to the low pressure at
the reentrant site of the collateral vessel. Inflammatory
cytokines act by stimulating endothelial and smooth muscle
cell proliferation and migration. Akin to angiogenesis, the
recruitment and activation of monocytes is central to arter-
iogenesis [80]. Products of inflammation support vasculogen-
esis by the recruitment of EPC and stem cells. VEGF, nitric
oxide, PDGF, TGF-p3, and integrins are some examples that
facilitate such recruitment [81-84].
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The lymphatic system plays an essential physiological role in
homeostasis, interstitial fluid composition, and immunity,
whereas impaired lymphatic function has been implicated in a
number of pathological conditions, including arthritis and
delayed wound healing [85]. The lymphatic vascular system is
necessary for the return of extravasated interstitial fluid and
macromolecules to the blood circulation, for immune defense,
and for the uptake of dietary fats [86]. Edema occurs in
inflammatory diseases when the rate of plasma leakage from
blood vessels exceeds the drainage through lymphatic vessels
and other routes [87]. Inflammation and accompanying fluid
overload are cardinal factors in wound healing, lymphedema,
the pathogenesis of some forms of lymphangiomatosis, and
lymphangiogenesis. The panel of proinflammatory and anti-
inflammatory molecules that orchestrate the inflammatory
response abounds with cytokines and chemokines that foster
survival, migration, and proliferation of lymphatic endothelial
cells. Increased angiogenesis as well as lymphangiogenesis is
noted in inflammatory versus noninflammatory breast cancer
[88]. In inflamed lymph nodes, B-cell-driven lymphangiogen-
esis enhances dendritic cell mobilization [89]. Taken together, it
is generally recognized that inflammation supports adult tissue
vascularization.

Inflammation-derived oxidants support and antioxidants
resist adult tissue vascularization

In addition to being rich in cytokines/growth factors, the
inflammation site is very rich in oxidants. Among all biological
fluids, the highest level of hydrogen peroxide is found in the
wound fluid. Using the Hunt—Schilling cylinder approach to
harvest fluid from the site of inflammation, the presence of
0.1-0.3 mM hydrogen peroxide has been reported in mice with
highly efficient healing mechanisms [90]. NADPH oxidases,
especially those found in phagocytic cells, contribute to the
burst of oxidant production at the site of inflammation [68,91].
In the endothelial cell, the major source of reactive oxidants is
an NADPH oxidase that consists of Nox1, Nox2 (gp91phox),
Nox4, p22phox, p47phox, p67phox, and the small G protein
Racl. The specific mechanisms by which NADPH oxidase
subunits may contribute to angiogenesis have been recently
reviewed [92].

Over a decade ago, it was proposed that in biological
systems oxidants are not necessarily always the triggers for
oxidative damage and that oxidants such as hydrogen peroxide
could actually serve as signaling messengers and drive several
aspects of cellular signaling [93]. Today, that concept is much
more developed and mature. Evidence supporting the role of
oxidants such as hydrogen peroxide as signaling messenger is
compelling [4,68,94—102]. Current findings indicate that the
oxidant factor in inflammation plays a central role in
supporting tissue vascularization [103]. Decomposition of
endogenous hydrogen peroxide at the wound site by
adenoviral catalase gene transfer impairs wound tissue
vascularization [90]. Consistently, impairment in healing
responses is noted in NADPH oxidase-deficient mice and
humans [68,90,104]. Direct evidence identifying macrophage-

derived oxidants as angiogenic factors has been noted [105—
107]. Physical exercise is commonly associated with inflam-
mation and increased oxidant production by the muscles
[70,108—110]. Whether oxidants produced during physical
exercise contribute to training-induced tissue vascularization
remains to be investigated.

Evidence demonstrating the ability of antioxidants to oppose
vascularization suggests a proangiogenic role for oxidants.
Antioxidants stall physiological angiogenesis in vivo [111,112].
GSH has been observed to resist tumor angiogenesis [113].
Among thiol antioxidants, pyrrolidine dithiocarbamate inhibits
inducible NF-kB, a mediator of inflammation, and arrests
myocardial angiogenesis [114]. NF-kB activation is known to
be sensitive to a wide range of inducers, including hydrogen
peroxide [93,115]. N-Acetyl-L-cysteine, an analogue and
precursor of GSH, also inhibits angiogenesis by suppressing
inducible VEGF gene expression. The thiol antioxidant thiram-
tetramethylthiuram disulfide, a chelator of heavy metals,
possesses antiangiogenic properties [116]. An antiangiogenic
action of the dietary antioxidant Se, especially methylated Se
metabolites, has been recognized as well [117]. Dietary
antioxidant flavonoids and polyphenols are known to have
potent antiangiogenic functions [118—121]. Inducible VEGF
release is prevented by flavonoid and phenolic antioxidants
[122]. Edible berries, rich in antioxidants, are potently
antiangiogenic both in vitro and in vivo [123,124]. Quercetin,
one of the most abundant flavonoids in edible berries and in the
human diet, is a known antioxidant and inhibitor of angiogenesis
[105]. The presence of different numbers of phenolic moieties
on the B-ring of the flavonols seems to contribute to their
antioxidant activity as well as to their potency for resisting
angiogenesis [125]. Tea polyphenols are antiangiogenic as well
[126,127]. Resveratrol, a polyphenolic compound found in
grapes and other fruits, inhibits angiogenesis [128,129]. The
inhibition of VEGF-induced angiogenesis by resveratrol was
mediated by disruption of ROS-dependent Src kinase activation
and the subsequent vascular endothelial cadherin tyrosine
phosphorylation [128]. Polyphenol curcumin (diferuloyl-
methane, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione), obtained from the spice turmeric, exhibits
antiangiogenic activity [130,131]. The soy flavonoid genis-
tein, 4',5,7-trihydroxyisoflavone, is potently antiangiogenic
[132,133]. Found in fruits, vegetables, and whole grains
commonly consumed by humans, phytoestrogens are antiox-
idants that include isoflavones, coumestans, and lignans.
Antiangiogenic functions of phytoestrogens have been reported
[134]. Known for its ability to prevent the oxidative modifica-
tion of LDL, probucol is antiangiogenic [135]. Long-term a-
tocopherol supplementation is associated with lower serum
vascular endothelial growth factor levels [136]. Vitamin C has
also been identified as an angiostatic factor [137]. Inducible
VEGF and VEGFR2 expression in apoE '~ vasculature is
downregulated by vitamins C and E, at least partially through
their antioxidant properties [138]. Taken together, a large
number of structurally unrelated antioxidants demonstrate
angiostatic function, suggesting a proangiogenic role for
endogenous oxidants.
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Induction of VEGF family members by oxidants

In biological systems proteins are at risk of oxidative
modification and inactivation [139—141]. However, VEGF is
protected from oxidative damage by the extracellular chaperone
glypican-1 expressed in the vascular system. Glypican-1 can
restore the receptor binding ability of VEGF165 that has been
damaged by oxidation [142]. Glypican-1 is a member of a
family of glycosylphosphatidylinositol-anchored cell surface
heparan sulfate proteoglycans implicated in the control of
cellular growth and differentiation. Among the glypicans,
glypican-1 is the only member that is expressed in the vascular
system. Glypican-1 interacts with VEGF165 but not with
VEGF121. The binding of glypican-1 to VEGF165 is mediated
by the heparan sulfate chains of glypican-1, as heparinase
treatment abolishes this interaction. Only an excess of heparin
or heparan sulfates, and not other types of glycosaminoglycans,
inhibited this interaction. Glypican-1 potentiates the binding of
VEGF165 to a soluble extracellular domain of VEGFR2 [142].
It seems that nature has a way of defending VEGF against
oxidants because oxidants are required for tissue vascularization
[90,92,143]. Recently it has been identified that ROS support
electrical field-induced angiogenesis of embryonic stem cells
[144]. Today, numerous lines of evidence point toward the
conclusion that oxidants support VEGF-dependent tissue
function. This section focuses on the induction of members of
the VEGF family by oxidants.

At micromolar concentrations, H,O, induces VEGF-A
(VEGF165 and VEGF121) expression [145]. Under conditions
of coexistence characteristic of any inflammatory site, the
effects of TNF-a and H,O, on VEGF induction were additive.
Using deletion mutant constructs of a 2.6-kb VEGF promoter
fragment (bp —2361 to +298, relative to the transcription start
site) ligated to a luciferase reporter gene it has been established
that the sequence from bp —194 to —50 of the VEGF promoter
is responsible for the H,O, response. The 144-bp VEGF
element (bp —194 to —51) that conferred H,O,-mediated
transcriptional induction is GC rich and contains four closely
spaced GC boxes (bp —94 to —51) that have been identified to
have Sp1-binding function. Studies with Sp1 luciferase reporter
constructs have identified that H,O,-induced VEGF expression
is Spl dependent. These studies have also proven that H,O,-
induced VEGF expression is HIF-independent [145]. The
above-mentioned findings have been verified and extended in
subsequent studies. Signaling studies identified a cascade
comprising Ras —Raf —-MEK1 —ERK1/2 as the main pathway
mediating H,0j-induced VEGF-A transcription [146]. In
skeletal myotubes, oxidants seem to induce VEGF release via
a PI3K/Akt-dependent pathway [147]. Angiotensin II stimula-
tion of VEGF mRNA translation requires production of ROS
[148]. Furthermore, angiopoietin 1-induced H,O, plays an
important role in Angl-induced angiogenesis by modulating
p44/42 MAPK activity [149]. Several lines of evidence
consistently support that mild oxidizing conditions favor
VEGF release. Partial cellular glutathione deficiency results in
increased VEGF-A release [150]. H,O, modulates vascular
permeability via upregulation of VEGF expression [151].

Evidence supporting the synergism of oxidative stressors in
inducing VEGF expression is also present [152]. Studies aiming
at characterizing the chemical nature of oxidants capable of
inducing VEGF expression provide evidence that hydrogen
peroxide, not hydroxyl radicals, triggers induction of the growth
factor. These studies demonstrated that inducible VEGF
expression is sensitive to copper and that the angiogenic
potential of copper may be harnessed to accelerate dermal
wound contraction and closure. Copper shared some of the
pathways utilized by hypoxia to regulate VEGF expression
[153]. In addition to inducing VEGF transcription, oxidants also
enhance VEGF release by increasing VEGF mRNA stability
[154]. Whereas oxidant-induced VEGF expression is helpful in
the case of dermal wound healing [90], the situation can be
different in other disease settings such as H,O, inhalation [151].
Excessive reactive oxygen species pose a threat to angiogenesis.
Thus, reactive oxygen species have been noted to have biphasic
effects on angiogenesis, which indicate that pharmacologically
regulating cellular oxidant levels might serve as an antiangio-
genic or angiogenic tool [155].

Recent studies support the previous observation identifying
H,0, as a VEGF-inducing signal and show that H,O, also
induces expression of VEGFR2 by an NF-xB-dependent
pathway. VEGFR1 was not H,O,-sensitive [156]. Oxidized
low-density lipoprotein, however, downregulates VEGFRI,
minimizing VEGF entrapment by this receptor and improving
the availability of VEGF to support angiogenesis [157]. In
sum, these findings support that H,O, favors a vascularization
response. Mitochondria have been identified as a proximal
target specific to H,O,-induced signaling and VEGFR2
transactivation [158].

Oxidants as central messengers in VEGF signaling

The involvement of oxidants in the VEGF signaling
pathway is not limited to induction of VEGF. After VEGF
binds to its specific receptors, especially VEGFR2, oxidants
seem to be required for the signaling leading to the angiogenic
response of VEGF [92,159-161]. ROS are involved in the
mitogenic cascade initiated by the tyrosine kinase receptors of
several growth factor peptides, including VEGF. Insulin
induces VEGF expression through H,O, production [162].
Evidence supporting the involvement of ROS in vanadate-and
hyperoxia-induced expression of VEGF is also reported
[163,164]. Although it has been known for a long time that
cytokines induce superoxide generation by endothelial cells
[165], the physiological significance of such oxidant produc-
tion remains to be appreciated in full [3]. Early evidence
indicating that the binding of VEGF to VEGFR in endothelial
cells leads to NADPH oxidase-induced oxidant production led
to questions about the significance of such oxidants in VEGF
signaling [166]. It was soon recognized that VEGF-induced
oxidant production was required to activate NF-«B, which in
turn was required for vascular smooth muscle cell migration, an
integral component of angiogenesis [167]. In porcine aortic
endothelial cells stably expressing human VEGFR2, receptor
activation by VEGF is followed by a rapid rise in intracellular
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hydrogen peroxide. Genetic and pharmacological studies
suggest that such oxidant burst requires, as upstream events,
the activation of phosphatidylinositol 3-kinase and the small
GTPase Rac-1 and is likely initiated by lipoxygenases.
Inhibition of VEGFR2-dependent generation of ROS attenuates
early signaling events including receptor autophosphorylation
and binding to a phospholipase Cy—glutathione S-transferase
fusion protein. Moreover, catalase, the lipoxygenase inhibitor
nordihydroguaiaretic acid, the synthetic ROS scavenger EUK-
134, and phosphatidylinositol 3-kinase inhibitor wortmannin all
diminish ERK phosphorylation in response to VEGF. Finally,
cell culture and stimulation in a nearly anoxic environment
mimics the effects of ROS scavengers on receptor and ERK
phosphorylation, reinforcing the idea that oxidants are necessary
components of the mitogenic signaling cascade initiated by
VEGFR2 [168]. EPR evidence also supports that VEGF
stimulates superoxide production, which is inhibited by the
NAD(P)H oxidase inhibitor diphenylene iodonium, as well as
by overexpression of dominant-negative Racl (N17Racl) and
transfection of gp91phox antisense oligonucleotides in human
umbilical vein endothelial cells [169]. Antioxidants, including
N-acetylcysteine, various NAD(P)H oxidase inhibitors, and
NI17Racl, significantly attenuate not only VEGF-induced
VEGFR?2 tyrosine phosphorylation but also proliferation and
migration of endothelial cells. Importantly, these effects of
VEGEF are clearly inhibited in cells transfected with gp91phox
antisense oligonucleotides. In contrast, ROS are not involved in
mediating these effects of sphingosine 1-phosphate on endothe-
lial cells [169]. Thus, VEGF-induced endothelial cell signaling
and angiogenesis are tightly controlled by the redox micro-
environment of the VEGF receptor. Also, NAD(P)H oxidase
emerged as a potential therapeutic target for angiogenesis-
dependent diseases [169]. IQGAPI is a scaffolding protein that
regulates endothelial cell motility and morphogenesis by
interacting directly with cytoskeletal, cell adhesion, and small
G proteins, including Racl. IQGAPI1 functions as a VEGFR2-
associated scaffold protein to organize ROS-dependent VEGF
signaling, thereby promoting endothelial cell migration and
proliferation, key components of angiogenesis [170]. The family
of proteins involved in redox signaling in response to VEGF—
VEGR?2 ligation is rapidly expanding. ARF6 is a small GTPase
protein involved in membrane trafficking and cell motility.
Recently it has been demonstrated that ARF6 is involved in the
temporal—spatial organization of caveolae/lipid rafts-and ROS-
dependent VEGF signaling in endothelial cells as well as in
angiogenesis in vivo [171]. It is now established that gp91phox-
derived ROS play an important role in mediating VEGF-
dependent neovascularization in vivo [172].
Hypoxia/reoxygenation-induced changes in endothelial
permeability result from coordinated actions of the Rho
GTPases Racl and RhoA. Racl and RhoA rapidly respond
to changes in oxygen tension, and their activity depends on
NADPH oxidase-and PI3 kinase-dependent production of
ROS. Racl acts upstream of RhoA, and its transient inhibition
by acute hypoxia leads to activation of RhoA followed by
stress fiber formation, dispersion of adherens junctions, and
increased endothelial permeability. Reoxygenation strongly

activates Racl and restores cortical localization of F-actin and
VE-cadherin. This effect is a result of Racl-mediated inhibition
of RhoA and can be prevented by activators of RhoA,
L63RhoA, and lysophosphatidic acid. Cdc42 activation follows
the RhoA pattern of activation but has no effect on actin
remodeling, junctional integrity, or endothelial permeability.
Thus, Rho GTPases act as mediators coupling the cellular redox
state to endothelial function [173]. Some of the cytoprotective
functions of VEGF are dependent on its ability to induce the
mitochondrial antioxidant MnSOD. Receptor ligation of VEGF
is uniquely coupled to MnSOD expression through growth
factor-specific ROS-sensitive positive (protein kinase C—NF-
kB) and negative (PI3K—Akt—forkhead) signaling pathways
[174]. At low concentrations, intraendothelial H,O, stimulates
proliferation and enhances survival. Also, low concentrations of
H,0, stimulate endothelial migration as well as tube formation
in an in vitro model of angiogenesis. Although low concentra-
tions of H,O, have been shown to be involved in numerous
signal transduction pathways and to independently stimulate
mitogenesis, there has been little information presented on
precisely how mammalian cells respond biochemically to these
low concentrations of H,O,. Functional proteomic approaches
have been employed to identify proteins responsive to low
concentrations of H,O, in human endothelial cells [3].

PIGF acts in synergism with VEGF and eNOS to induce
neovascularization [175]. This conclusion was drawn from a
study looking at the phenotype of PIGF /", eNOS ™", PIGF "~
eNOS ™", and wild-type C57BL/6] mice in response to
surgically induced hind-limb ischemia. PIGF~ eNOS™/~
double knockout mice showed the most severe phenotype,
including self-amputation and death in up to 47% of the animals
studied. In the ischemic legs, capillary density was severely
reduced. Macrophage infiltration and oxidative stress were
increased compared to the other groups of animals. These
changes were associated with an upregulation of both iNOS and
VEGF in the ischemic limbs [175]. Whereas it is clear that
NADPH oxidase-derived H,O, is a key player in VEGF
signaling, little is known about the redox control of PIGF
signaling. Early placental development is characterized by rapid
cell differentiation and migration, matrix remodeling, and
angiogenesis. NADPH oxidase activity has been studied in
placental tissues in early pregnancy and at term. In human
placentas from normal deliveries at term substantial basal
NADPH activity has been detected. The activity was almost
threefold higher in early pregnancy [176]. Whether such
increase is implicated in tissue vascularization during early
placental angiogenesis remains to be determined.

Conclusion

The VEGF pathway is implicated in a wide variety of
physiological and pathophysiological processes. Whereas
blockade of the VEGF pathway is the goal in treating diseases
such as neoplasms [177] and angiogenesis-related ocular
dysfunction [178,179], VEGF-dependent angiogenic response
is desired during conditions of tissue repair [90,161]. Thus,
understanding the specific processes that drive the VEGEF-
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signaling pathway is of outstanding clinical significance. VEGF
was identified as an angiogenic mitogen almost 2 decades ago.
A decade later, the mitogenic function of reactive oxygen
species was characterized [180]. Work, especially during the
past 5 years, has directly connected the two—H,0, and VEGF
signaling. That the function of one mitogen, VEGF, largely
depends on the signaling driven by another mitogen, H,O,,
generates a novel paradigm with major therapeutic implications
for a variety of angiogenesis-related disorders. The new
paradigm provides a theoretical basis for the development and
rational use of novel angiogenic and antiangiogenic drugs.
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