
INTRODUCTION

ANGIOGENESIS, the formation of new blood vessels from
the pre-existing vasculature, is involved in physiologi-

cal processes, including embryonic development and wound
repair, as well as in various pathologies such as ischemic
heart and limb disease, cancer, diabetic retinopathy, or
chronic inflammation (33). This tightly regulated process in-
volves the degradation of extracellular matrix combined with
migration and sprouting endothelial cells (ECs) from preex-
isting capillaries. Vascular endothelial growth factor (VEGF)
is one of the key angiogenic growth factors and stimulates
migration, proliferation, and tube formation of ECs primarily
through the VEGF receptor type2 (VEGR2, KDR/Flk1) (76).
Excess amounts of reactive oxygen species (ROS) such as
O2.- and H2O2 have deleterious effects on cells and contribute
to various cardiovascular diseases including hypertension,
heart failure, atherosclerosis, and diabetes (41), while physio-

logical concentrations of ROS are involved in signaling to
mediate cell migration, growth, and differentiation (32). ECs
generate ROS which play a role in physiological and patho-
physiological responses, depending on their intracellular con-
centrations (68). 

The major source of ROS in ECs is an NADPH oxidase
(38). ROS stimulate induction of VEGF, which in turn in-
creases ROS through activation of NADPH oxidases that are
involved in VEGFR2 autophosphorylation, EC migration,
and proliferation (49, 100, 111). Moreover, NADPH oxi-
dase-derived ROS are involved in postnatal angiogenesis in
vivo (97, 100). However, mechanisms by which NADPH oxi-
dase is activated and how ROS participate in redox signaling
linked to angiogenesis remain unclear. Evidence suggests
that VEGFR2-mediated signaling is temporally and spatially
controlled and that NADPH oxidases are localized within
discrete subcellular compartments, which is required for
localizing ROS production and activation of specific redox
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ABSTRACT

Angiogenesis is a key process involved in normal development and wound repair, as well as ischemic heart
and limb diseases, and atherosclerosis. Vascular endothelial growth factor (VEGF), a potent angiogenesis fac-
tor, stimulates proliferation, migration, and tube formation of endothelial cells (ECs), primarily through the
VEGF receptor type2 (VEGFR2). Reactive oxygen species (ROS) function as signaling molecules to mediate
biological responses. In ECs, NADPH oxidase is one of the major sources of ROS and consists of catalytic sub-
units (Nox1, Nox2, and Nox4), p22phox, p47phox, p67phox, and the small GTPase Rac1. VEGF stimulates
ROS production via activation of gp91phox (Nox2)-based NADPH oxidase, and ROS are involved in
VEGFR2-mediated signaling linked to EC migration and proliferation. Moreover, ROS derived from
NADPH oxidase are involved in postnatal angiogenesis. Localizing NADPH oxidase and its regulators at the
specific subcellular compartment is an important mechanism for activating specific redox signaling events.
This review focuses on a role of NADPH oxidase-derived ROS in angiogenesis and critical regulators involved
in generation of spatially and temporally restricted ROS-dependent VEGF signaling at leading edge, focal
adhesions/complexes, caveolae/lipid rafts, and cell–cell junctions in ECs. Understanding these mechanisms
should facilitate the development of new therapeutic strategies to modulate new blood vessel formation. Antioxid.
Redox Signal. 9, 731–739.
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signaling events (95, 98). The role of NADPH oxidase in
angiogenesis has been reviewed recently (99). This review will
focus on critical regulators involved in spatial and temporal
organization of VEGF signaling through NADPH oxides-de-
rived ROS in ECs.

NADPH OXIDASE IN EC

There are several enzymatic sources of ROS in mammalian
cells, including the mitochondrial electron transport system,
xanthine oxidase, cytochrome p450, NADPH oxidase, and ni-
tric oxide synthase (41). In ECs, NADPH oxidase is a major
source of ROS (7). Endothelial NADPH oxidase is activated by
numerous stimuli including growth factors, cytokines, shear
stress, hypoxia, and G-protein coupled receptor agonists
(41). In phagocytic cells, NADPH oxidases consist of the
membrane-bound cytochrome b558 comprising the catalytic
gp91phox and the p22phox subunits, as well as cytosolic com-
ponents including p47phox, p67phox, and the small Rho
GTPase Rac1 (6). Upon stimulation, cytosolic components
translocate to cytochrome b558 at the membrane to form a
multimeric protein complex, leading to oxidative burst (7). In
nonphagocytic cells, NADPH oxidases produce ROS at low
levels and are activated by cytokines, growth factors, and hor-
mones, suggesting that ROS function as signaling molecules
(41). In recent years, several homologues of gp91phox (also
termed Nox2)—Nox1, Nox3, Nox4, and Nox5—have been
identified in nonphagocytic cells (18). ECs express all the
phagocytic NADPH oxidase subunits, including Nox2,
p22phox, Rac1, and p47phox, as well as Nox1 and Nox4
(7, 68). Their expression levels are dependent on cell types and
environmental context.

Nox2 is a critical component of endothelial NADPH oxidase
(38), and its expression and Nox2-dependent ROS production are
increased by oxidized LDL, endothelin-1, angiotensin II, VEGF,
and angiopoietin-2 in ECs (99). Nox1 is involved in shear stress-
induced ROS production which is required for monocyte adhe-
sion (93) and stimulates branching morphogenesis in sinusoidal
ECs (55). Nox4 is most abundantly expressed in ECs, and in-
volved in basal- (2) and Ang II-induced (109) O2- production.
Moreover, p47phox is involved in cytokine, growth factor, or
shear stress-stimulated ROS production in ECs (48, 67, 107).
New homologues of the p47phox and p67phox subunits, NoxO1
and NoxA1 have been described in other cell types (4, 36, 94),
but their presence and functional role in ECs remain unknown.

NADPH oxidases are now recognized to have specific
subcellular localizations such as lamellar leading edge/mem-
brane ruffles, focal adhesions/complexes, caveolae/lipid
rafts, endosomes, and nuclei (95, 98), which may contribute
to localized ROS production and activation of specific redox
signaling pathways that mediate various cell functions. In
unstimulated ECs, Nox2 and its regulatory proteins as well
as Nox4 exist in an intracellular perinuclear compartment,
especially endoplasmic reticulum that is associated with
actin cytoskeleton (4, 66, 73, 85, 102). Nox4 also localizes to
the nucleus in human ECs, which may be required for oxida-
tive stress-responsive gene expression (58). After agonist
stimulation or during active EC migration, p47phox translo-
cates to the membrane ruffles through association with

732 USHIO–FUKAI

WAVE1 and Rac1/PAK1 (107), as well as to the focal
complexes in lamellar protrusions through binding to adap-
tor TRAF4 and Hic-5, a focal contact scaffold (108). Nox2
and Rac1 also accumulate at the site of new leading edge in
actively migrating ECs (50), which is consistent with the
highest activation of Rac1 and endogenous H2O2 accumula-
tion at this specific membrane compartment (56, 79).
Furthermore, in ECs death receptor activation causes clus-
tering of lipid rafts, where Nox2, p47phox, and Rac1 are
recruited to increase ROS and to form redox signaling plat-
forms (113). These various targeting of NADPH oxidase to
the specific subcellular compartments are required for local-
ized ROS production, which in turn promotes cytoskeletal
reorganization and directed EC migration (50, 79, 107), as
well as activation of specific redox signaling events.

ROLE OF NADPH OXIDASE-DERIVED 
ROS IN ANGIOGENESIS

Exogenous H2O2 stimulates induction of HIF1� and VEGF
by various cell types including ECs, and promote cell prolifera-
tion and migration, cytoskeletal reorganization, and tube forma-
tion in ECs (99). Hypoxia/reoxygenation as well as adhesion of
activated polymorphonuclear leukocytes to ECs increase ROS
production, which results in capillary tube formation (65, 112).
VEGF-induced migration of human ECs is suppressed by
NADPH oxidase inhibitors (1). VEGF and angiopoietin-1 stim-
ulate ROS production via activation of Nox2-based NADPH
oxidase and oxidase-derived ROS are involved in EC migration
and/or proliferation (43, 49, 100, 111) (Fig. 1). Thus, many of
angiogenic responses in ECs are dependent on ROS. 

In vivo, there is strong correlation between neovasculariza-
tion, ROS production, and VEGF expression in eyes of diabet-
ics (12, 31) and balloon-injured arteries (89), and during reper-
fusion of the ischemic retina (59). Short ischemia/reperfusion
promotes ROS production, thereby stimulating coronary collat-
eral development and angiogenesis in the ischemic noninfarcted
heart (77). ROS are also involved in wound repair whose pro-
cess is dependent on angiogenesis (88). Nox2 or Nox4 expres-
sion are upregulated in neovasculature in mice ischemia models
(3, 97, 101). Transgenic mice overexpressing p22phox show
vascular ROS production, which contributes to VEGF expres-
sion and neovascularization in experimental atheroma (53). In-
hibition of ROS or NADPH oxidase using chemical inhibitors
or knockout mice demonstrates that NADPH oxidase-derived
ROS play an important role in postnatal angiogenesis (99).
Nox1 overexpression increases VEGF and VEGF receptor ex-
pression and matrix metalloproteinase activity through an in-
crease in ROS, thereby promoting tumor angiogenesis (5). 

ROLE OF NADPH OXIDASE-DERIVED 
ROS IN VEGF SIGNALING IN EC

ROS derived from NADPH oxidase function as second
messengers to stimulate diverse redox signaling pathways
linked to various functions including angiogenesis. VEGF
binds to two tyrosine kinase receptors, VEGF receptor-1
(VEGFR1, Flt-1) and VEGFR2 in ECs. The mitogenic and



chemotactic effects of VEGF in ECs are mediated mainly
through VEGFR2 (76). VEGFR2 is activated through ligand-
stimulated receptor dimerization and transphosphorylation
(autophosphorylation) of tyrosine residues in the cytoplas-
mic kinase domain. At present, tyrosine residues 951 and
996 in the kinase insert domain, and 1054 and 1059 in the ki-
nase catalytic domain, have been identified as autophospho-
rylation sites for VEGFR2 in a bacterial expression system
(30). This event is followed by activation of downstream
signaling pathways such as Src, PI3 kinase, MAP kinases,
and Akt, which is essential for VEGF-induced actin reorga-
nization, cell migration, and proliferation of ECs. Of note,
ROS stimulate VEGF induction, and VEGF activates Nox2-
based NADPH oxidase to increase ROS that are involved in
VEGFR2 autophosphorylation and Akt activation, thereby
promoting EC migration and proliferation (21, 49, 100). This
could represent a feed-forward mechanism by which ROS
are involved in proangiogenic pathway (Fig. 1).

It is currently believed that H2O2 functions as a signaling mol-
ecule by reversible oxidative inactivation of protein tyrosine
phosphatases (PTPs)(19, 87) and lipid phosphatase PTEN (60,
64) at cysteines in the catalytic site (19, 32, 87). Several PTPs,
including SHP-1, SHP-2, and LMW-PTP (HCPTPA), inducibly
associate with VEGFR2 after VEGF stimulation (42, 46, 57).
TNF-� inhibits VEGF signaling by recruiting SHP-2 to the
VEGFR2 in ECs (42). HCPTPA overexpression inhibits VEGF-
induced VEGFR2 autophosphorylation, EC migration, and pro-
liferation (46). High cell density-enhanced PTP1 (DEP-
1)/CD148 attenuates phosphorylation of VEGFR2 in
contact-inhibited confluent ECs (40). A small molecule inhibitor
of PTP1B enhances VEGF-induced VEGFR2 autophosphoryla-
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tion, migration, and proliferation of EC, as well as neovascular-
ization in a mouse matrigel model (92). Angiopoietin-1 stimu-
lates association of SHP-2 to the phosphorylated Tie-2 receptor
(47), which in turn inhibits PI3 kinase-dependent signaling path-
ways leading to EC migration. The SHP-2 is oxidatively inacti-
vated by PDGF-induced ROS when it binds to PDGFR (78).
Thus, it is essential to identify the PTPs which are reversibly ox-
idized and inactivated after VEGF stimulation in ECs (Fig. 1).

CRITICAL REGULATORS IN 
ROS-DEPENDENT VEGF SIGNALING 

IN EC

Evidence suggests that VEGF signaling through NADPH
oxidase-derived ROS is temporally and spatially organized by
various signaling molecules. It has been shown that Rac1 and
its regulators play an important role in this process. A partial
list and description of the role of these proteins in ROS-
dependent VEGF signaling in ECs are discussed below.

Rac1

The small G protein Rac1 is a key regulator for actin
cytoskeleton and cell migration (105, 106) and is also a criti-
cal component of endothelial NADPH oxidase (7, 100).
Endothelial migration is essential for formation of new blood
vessels, and is a highly localized event requiring the genera-
tion of spatially and temporally restricted signals including
PI3 kinase, Rac1, and H2O2 at the site of the new leading edge
(Fig. 2) (56, 79). In addition to Rac1, p47phox and Nox2

FIG. 1. Temporally and spa-
tially organized ROS-depen-
dent VEGF signaling linked to
angiogenesis in ECs. Hypoxia/
ischemia stimulates VEGF induc-
tion through ROS, and VEGF
binding to VEGFR2 leads to the
activation and translocation of the
small GTPase Rac1 to the plasma
membrane, which stimulates the
Nox2-based NADPH oxidase in
ECs. ROS derived from this oxi-
dase may oxidize and inactivates
PTPs which negatively regulate
VEGFR2, thereby promoting
VEGFR2 autophosphorylation
and activation of downstream
redox signaling events linked to
EC proliferation and migration,
which may contribute to angio-
genesis. NADPH oxidases have
been identified in caveolae/lipid
rafts, which could be important
for the localized ROS production and specific activation of downstream redox signaling events. ARF6, Rac1, and VEGFR2 are pres-
ent in caveolae/lipid rafts basally in ECs. VEGF stimulation promotes egress of VEGFR2 from caveolae/lipid rafts, which in turn re-
sults in appearance of phospho-Cav1 (Tyr14) and VEGFR2 at focal complexes/adhesions where phospho-paxillin localizes. ARF6-
Rac1-ROS pathways are important for VEGFR2 autophosphorylation and phospho-Cav1 seems to be required for proper localization
of activated VEGFR2 at focal complexes/adhesions. Thus, ROS-dependent VEGF signaling linked to angiogenesis is termporally
and spatially coordinated by various signaling molecules/enzymes such as ARF6, Rac1, NADPH oxidases, Cav1, and PTPs in ECs.
ARF6, ADP ribosylation factor 6; PTP, protein tyrosine phosphatase; Cav1, caveolin-1; VEGFR2; VEGF receptor type2.
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subunits of NADPH oxidase also target to the focal com-
plexes in lamellipodia, membrane ruffles, and the leading
edge in actively migrating ECs, thereby stimulating localized
ROS production (Fig. 2) (50, 107, 108). This locally in-
creased ROS through activation of Rac1-dependent NADPH
oxidase is required for cytoskeletal reorganization and di-
rected EC migration (50, 79, 107), which may contribute to
angiogenesis (Fig. 2). Consistent with this, VEGF promotes
p47phox association with WAVE1, Rac1, and Rac1 effector
PAK1 at the membrane ruffles, thereby stimulating p47phox
phosphorylation, ROS production, and membrane ruffle
formation in ECs (107). VEGF rapidly activates Rac1 and
promotes translocation of Rac1 from the cytosol to the
membrane, thereby activating NADPH oxidase in ECs (100).
Overexpression of dominant negative N17Rac1 significantly
inhibits VEGF-induced ROS production that is involved in
VEGFR2 activation, EC migration, and proliferation (100).
These findings suggest that Rac1 plays an important role in
temporally- and spatially-organized ROS-dependent VEGF
signaling linked to angiogenesis in ECs.

Caveolin-1

Caveolae and lipid rafts are cholesterol- and sphingolipid-
rich plasma membrane microdomains where multiple signaling
molecules, including G protein-coupled receptors, receptor tyro-
sine kinases, protein kinase C, Src family kinases, and G proteins
are localized (20). They serve as platforms for compartmentaliza-
tion of signaling. Caveolae and its signature protein caveolin-1
(Cav1) are polarized in migrating ECs, indicating their role in cell
motility (81). Spatially restricted redistribution of lipid rafts at
the leading edge is required for localized activation and coordi-
nation of the signaling linked to directed cell migration (37, 71).
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The polarization of cholesterol-enriched domains changes the
plasma membrane microviscosity properties at the front of mov-
ing cells, thereby stimulating formation of the actin network
required to push the leading-edge membrane forward (72). Fur-
thermore, cell adhesion via integrins regulates targeting of ac-
tive Rac1 and its coupling of PAK to the plasma membrane by
preventing internalization of the lipid rafts (26).

NADPH oxidases have been identified in caveolae and
lipid rafts in various cell systems (45, 104, 113), which could
be important for the localized ROS production and specific
activation of downstream redox signaling events. Zhang
et al. showed that Fas ligand stimulation promotes recruit-
ment of Nox2, p47phox, and Rac1 into lipid rafts, where
there is an increase in NADPH oxidase activity and ROS
production in ECs (113). VEGFR2 is present in endothelial
caveolae through association with Cav1 which negatively
regulates receptor activity in basal state (Fig. 1) (61). Disso-
ciation of VEGFR2 from caveolae/Cav1 seems to be essen-
tial for VEGFR2 autophosphorylation and activation of
downstream signaling events (61). Cav1 is tyrosine phospho-
rylated by ROS (14, 17) and by various growth factors
(54, 70), including VEGF (61). We have demonstrated that
VEGF promotes the release of VEGFR2 from caveolae/lipid
rafts, which is contemporaneous with the tyrosine phospho-
rylation of Cav1 (Tyr14) and VEGFR2 and their colocaliza-
tion at focal complexes, appearing as small-dot like struc-
tures at the edge of lamellipodia (Figs. 1 and 2)(52).
Phospho-caveolin interacts with Grb7 (63), low molecular
weight protein tyrosine phosphatase (16), and Csk, a nega-
tive regulator for Src (13). Thus, phospho-caveolin-1 seems
to function as a scaffolding protein for growth factor-
mediated signaling by serving as a docking site for phospho-
tyrosine-binding molecules at focal adhesions/complexes.

FIG. 2. Role of IQGAP1, an effector of
Rac1, in ROS-dependent VEGF signaling
linked to EC migration. Endothelial
migration is a key event for angiogenesis
and is a highly localized process requiring
the generation of spatially and temporally
restricted signals. One of the first events re-
quired for initiating EC migration is the loss
of stable cell–cell contacts between ECs.
IQGAP1 colocalizes with VE-cadherin at
cell–cell junctions to stabilize cell–cell con-
tact in confluent monolayer of ECs. VEGF
stimulation promotes IQGAP1 association
with activated VEGFR2 to link VEGFR2 to
VE-cadherin to stimulate Rac1/ROS-
dependent tyrosine phosphorylation of
VE-cadherin, thereby promoting disruption
of cell–cell contacts to initiates EC migra-
tion. During active EC migration, IQGAP1
functions as a scaffold protein to target ac-
tive VEGFR2, Rac1, and NADPH oxidase
(Nox and p47phox) to the focal complexes
where phospho-Cav1 is found and lamel-
lipodial leading edge, thereby stimulating
localized ROS production and directional
endothelial migration. Cav1, caveolin-1;
VE, VE-cadherin; VEGFR2, VEGFR recep-
tor type2.
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Of note, overexpression of mutant Cav1 (Y14F) blocks
VEGF-stimulated localization of phospho-VEGFR2 at focal
complexes as well as EC migration and proliferation. These
findings suggest that pY14-Cav1 is required for proper
localization of activated VEGFR2 at focal complexes and
activation of ROS-dependent VEGF signaling linked to an-
giogenesis in ECs (Fig. 1). Given that Rac1 directs the Src to
lamellipodia to phosphorylate focal complex proteins to pro-
mote formation of focal complexes (62, 96), it is tempting to
speculate that Rac1 may play an important role in regulating
pY14-Cav1-mediated, ROS-dependent VEGFR signaling at
focal complexes in ECs.

ADP ribosylation factor 6

Little is known about the mechanisms by which VEGF
activates Rac1 to stimulate ROS production and its down-
stream redox signaling in ECs. The small GTPase ADP-
ribosylation factor 6 (ARF6) is involved in membrane traf-
ficking, Rac1-mediated membrane ruffling, cortical actin
remodeling, and cell motility (29). ARF6 also colocalizes with
Rac1 in endosomes, and the two are simultaneously trans-
ported to the plasma membrane during motility (9). Both Rac1
and ARF6 have nucleotide-dependent interactions with the
Arfaptin and Arfophilin proteins (91), which may play a role
in their localization and transport linkage. The localization of
ARF6 is guanine nucleotide dependent; in its GDP-bound
form; it localizes to the cytosol and endosomal compartments,
and when bound to GTP, it translocates to the plasma mem-
brane with ARNO (35), its specific nucleotide exchange
factor (34). ARNO promotes cell migration in part through
activation of Rac1 (90). Bombesin-induced Rac1 activation is
ARF6-dependent in CHO cells transfected with Rac1 (9).
ARF6 is involved in membrane ruffling through regulating
Rac1 translocation to the membrane (9, 86) and via interacting
with the Rac1 binding protein POR1 (24). Thus, ARF6 and
Rac1 regulate various biological responses in a coordinated
manner. In ECs, VEGF stimulates ARF6 association with
Rac1, which is cotemporaneous with Rac1 activation. The
dominant negative ARF6 (T27N), inhibits VEGF-stimulated
GTP-loading of Rac1, ROS production, and VEGFR2 au-
tophosphorylation. These results suggest that ARF6 is an
upstream mediator for Rac1, which may contribute to ROS
production that mediates VEGFR2 autophosphorylation in
ECs (Fig. 1). Although the mechanism by which ARF6 modu-
lates Rac1-ROS pathway remains unclear, it is plausible that
ARF6 may activate Rac1 through regulating a Rac-GEF (guanine
nucleotide-exchange factor) such as beta-Pix, Vav, Tiam1, or
Sos-1 (11).

We demonstrated that ARF6 is localized in caveolae/lipid
rafts which contain Rac1 and VEGFR2 basally in ECs (49).
ARF6 (T27N) inhibits VEGF-induced egress of VEGFR2 from
caveolae/lipid rafts, and subsequent localization of activated
VEGFR2 and pY14-Cav1 at focal complexes/adhesion, as well
as EC migration and proliferation (49). Given that Cav1 bind-
ing to VEGFR2 inhibits receptor activity (61), ARF6 may act a
positive regulator for VEGFR2 function by facilitating the
egress of VEGFR2 from Cav1 in caveolae/lipid rafts. Because
Rac1 promotes formation of focal complexes (82), and VEGF-
induced Rac1 activation and tyrosine phosphorylation of Cav1
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are inhibited by ARF6 (T27N), ARF6-Rac1 pathway may be
involved in the formation of focal complexes to which acti-
vated VEGFR2 and pY14-Cav1 are recruited from caveolae/
lipid rafts (Fig. 1). Additionally, ARF6 may regulate VEGFR2
phosphorylation through Rac1-ROS pathways, while down-
stream pY14-Cav1 is required for proper localization of acti-
vated VEGFR2 at focal complexes/adhesions (Fig. 1). In a
mouse hindlimb ischemia model in which angiogenesis is de-
pendent at least in part on VEGF (23), VEGFR2 (51), and
NAD(P)H oxidase-derived ROS (97), ARF6 expression is
markedly upregulated in the neovasculature. Thus, ARF6 plays
an important role in the temporal-spatial organization of caveolae/
lipid rafts- and ROS-dependent VEGF signaling in ECs, as
well as in angiogenesis in vivo (Fig. 1).

IQGAP1

One of the first events required for initiating EC migra-
tion is the loss of stable cell–cell contacts between ECs in
the parent vessel and the transition of a quiescent stationary
to a dynamic migratory phenotype. The molecule primarily
responsible for cell–cell adhesions of ECs is the VE-cad-
herin (22, 25, 39). Tyrosine phosphorylation of VE-cadherin
is required for reducing cell–cell adhesions and is mediated
through cSrc which is dependent on ROS (69, 103). The
cytoplasmic domain of VE-cadherin binds directly to either
�-catenin, plakoglobin, or p120 which couple to the actin
cytoskeleton through �-catenin (8). VEGFR2 forms a com-
plex with VE-cadherin, �-catenin, and PI3 kinase that is
required for phosphorylation of Akt, which plays an impor-
tant role in EC survival (15) and migration (27, 28, 80).
Thus, VE-cadherin-based endothelial adherens junction is a
membrane compartment which is essential for initial activa-
tion of VEGFR2-mediated, ROS-dependent signaling linked
to angiogenesis.

Another important protein involved in ROS-dependent,
VEGF-stimulated loss of cell–cell contact is IQGAP1, an ef-
fector of Rac1 (44, 74). Using a yeast two-hybrid system, we
identified IQGAP1 as a novel VEGFR2 binding protein
(111). IQGAP1 is a scaffold protein that interacts directly
with actin, calmodulin, E-cadherin, and �-catenin (10, 75, 84),
thereby regulating actin cytoskeleton, cell–cell adhesion, and
morphogenesis. We demonstrated that IQGAP1 colocalizes
with VE-cadherin at the sites of cell–cell contacts in unstimu-
lated, confluent monolayers of ECs (Fig. 2)(110). VEGF
stimulation reduces the junctional staining of VE-cadherin
and IQGAP1, which represents the loss of cell–cell contacts.
Knockdown of IQGAP1 using siRNA inhibits localization of
VE-cadherin at cell–cell junctions, suggesting that IQGAP1
is required for establishment of EC integrity in quiescent
ECs. VEGF stimulation promotes IQGAP1 binding to the ac-
tive VEGFR2 which associates with VE-cadherin/�-catenin
complex, which in turn stimulates recruitment of Rac1 to the
IQGAP1 containing junctional complex, thereby activating
Akt in ECs (15). Moreover, VE-cadherin tyrosine phosphory-
lation is inhibited by IQGAP1 siRNA, suggesting that
IQGAP1 may function as a scaffold protein to link VEGFR2
to the VE-cadherin-containing complex at adherens junc-
tions, thereby promoting Rac/ROS-dependent tyrosine phos-
phorylation of VE-cadherin, which may contribute to the loss



of cell–cell contacts and activation of downstream redox sig-
naling events (Fig. 2).

In addition to its effect on cell–cell junction, IQGAP1
functions to couple Rac1 to the cytoskeleton and regulate
Rac-mediated polarized cell migration (10, 75). Linkage
between the microtubule plus-ends and cortical regions is es-
sential for the establishment of cell polarity and directional
migration. IQGAP1 captures and stabilizes microtubules by
interacting with CLIP-170, a microtubule plus end binding
protein, near the cell cortical regions (83). Activated Rac1
promotes capture of CLIP-170-capped microtubules in lamel-
lipodia (75). At the leading edge of cells, Rac1 also links the
adenomatous polyposis coli (APC) protein to actin filaments
through binding to IQGAP1, thereby regulating polarization
and directional migration by forming a complex with APC
and CLIP-170. Of note, Nox2 also binds to and colocalizes
with IQGAP1 at the leading edge in actively migrating ECs
(Fig. 2) (50). IQGAP1 siRNA inhibits Nox2 translocation to
the leading edge, ROS production, and cell migration (50);
these findings suggest that IQGAP1 also functions as a scaf-
fold protein to target Rac1 and Nox2 to the leading edge to
promote localized ROS production, thus achieving specificity
of redox signaling involved in EC migration (Fig. 2). We also
demonstrated that VEGF-induced capillary tube formation in
three-dimensional culture in type I collagen gels is impaired
in IQGAP1 knocked down ECs. Moreover, IQGAP1 protein
expression is markedly increased in newly formed ECs in a
mouse hindlimb ischemia model which is dependent on ROS
and VEGF (97). These findings suggest that IQGAP1 may
play an important role in postnatal angiogenesis in vivo. This
point requires further investigation using IQGAP1–/– mice.

CONCLUSIONS AND FUTURE
DIRECTIONS

The effects of ROS are tightly regulated and dependent on
the amount and site of production. The information presented
here is consistent with the notion that ROS derived from
NADPH oxidase and their regulators play an important role in
VEGF signaling linked to angiogenesis in ECs in vitro and in
vivo. NADPH oxidase appears to be localized within discrete
subcellular compartments, thereby activating specific redox-
signaling pathways. These events could be regulated by Rac1,
Cav1, ARF6, PTPs, and IQGAP1, which may contribute to the
temporal and spatial organization of ROS-dependent VEGF
signaling linked to angiogenesis in ECs. These findings pro-
vide new insights into the NADPH oxidase and regulators of
redox signaling as potential therapeutic targets for treatment of
angiogenesis-dependent diseases. Development of new molec-
ular tools as well as tissue-specific transgenic and knockout
and knockin animals will be an important objective for future
investigation.
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ABBREVIATIONS

APC, adenomatous polyposis coli; ARF6, ADP-ribosyla-
tion factor 6; Cav1, caveolin-1; DEP-1, high cell density-en-
hanced PTP1; ECs, endothelial cells; PTPs, protein tyrosine
phosphatases; ROS, reactive oxygen species; VEGF, vascular
endothelial growth factor; VEGFR2, VEGF receptor type2;
VEGFR1, VEGF receptor-1.

REFERENCES

1. Abid MR, Kachra Z, Spokes KC, and Aird WC. NADPH oxidase
activity is required for endothelial cell proliferation and migra-
tion. FEBS Lett 486: 252–256, 2000.

2. Ago T, Kitazono T, Ooboshi H, Iyama T, Han YH, Takada J,
Wakisaka M, Ibayashi S, Utsumi H, and Iida M. Nox4 as the
major catalytic component of an endothelial NAD(P)H
oxidase. Circulation 109: 227–233, 2004.

3. Al–Shabrawey M, Bartoli M, El–Remessy AB, Platt DH,
Matragoon S, Behzadian MA, Caldwell RW, and Caldwell RB.
Inhibition of NAD(P)H oxidase activity blocks vascular endo-
thelial growth factor overexpression and neovascularization
during ischemic retinopathy. Am J Pathol 167: 599–607, 2005.

4. Ambasta RK, Kumar P, Griendling KK, Schmidt HH, Busse R,
and Brandes RP. Direct interaction of the novel Nox proteins
with p22phox is required for the formation of a functionally
active NADPH oxidase. J Biol Chem 279: 45935–45941,
2004.

5. Arbiser JL, Petros J, Klafter R, Govindajaran B, McLaughlin
ER, Brown LF, Cohen C, Moses M, Kilroy S, Arnold RS, and
Lambeth JD. Reactive oxygen generated by Nox1 triggers the
angiogenic switch. Proc Natl Acad Sci USA 99: 715–720,
2002.

6. Babior BM. NADPH oxidase: an update. Blood 93: 1464–1476,
1999.

7. Babior BM. The NADPH oxidase of endothelial cells. IUBMB
Life 50: 267–269., 2000.

8. Bazzoni G and Dejana E. Endothelial cell-to-cell junctions:
molecular organization and role in vascular homeostasis.
Physiol Rev 84: 869–901, 2004.

9. Boshans RL, Szanto S, van Aelst L, and D'Souza–Schorey C.
ADP-ribosylation factor 6 regulates actin cytoskeleton remodel-
ing in coordination with Rac1 and RhoA. Mol Cell Biol 20:
3685–3694, 2000.

10. Briggs MW and Sacks DB. IQGAP proteins are integral
components of cytoskeletal regulation. EMBO Rep 4: 571–574,
2003.

11. Burridge K and Wennerberg K. Rho and Rac take center stage.
Cell 116: 167–179, 2004.

12. Caldwell RB, Bartoli M, Behzadian MA, El–Remessy AE,
Al–Shabrawey M, Platt DH, Liou GI, and Caldwell RW. Vascular
endothelial growth factor and diabetic retinopathy: role of oxida-
tive stress. Curr Drug Targets 6: 511–524, 2005.

13. Cao H, Courchesne WE, and Mastick CC. A phosphotyrosine-
dependent protein interaction screen reveals a role for phospho-
rylation of caveolin-1 on tyrosine 14: recruitment of C-terminal
Src kinase. J Biol Chem 277: 8771–8774, 2002.

14. Cao H, Sanguinetti AR, and Mastick CC. Oxidative stress acti-
vates both Src-kinases and their negative regulator Csk and
induces phosphorylation of two targeting proteins for Csk: cave-
olin-1 and paxillin. Exp Cell Res 294: 159–171, 2004.

15. Carmeliet P, Lampugnani MG, Moons L, Breviario F, Comper-
nolle V, Bono F, Balconi G, Spagnuolo R, Oostuyse B,
Dewerchin M, Zanetti A, Angellilo A, Mattot V, Nuyens D,
Lutgens E, Clotman F, de Ruiter MC, Gittenberger–de Groot A,
Poelmann R, Lupu F, Herbert JM, Collen D. and Dejana E.
Targeted deficiency or cytosolic truncation of the VE-cadherin
gene in mice impairs VEGF-mediated endothelial survival and
angiogenesis. Cell 98: 147–157, 1999.



16. Caselli A, Taddei ML, Manao G, Camici G, and Ramponi G.
Tyrosine-phosphorylated caveolin is a physiological substrate of
the low M(r) protein-tyrosine phosphatase. J Biol Chem 276:
18849–18854, 2001.

17. Chen DB, Li SM, Qian XX, Moon C, and Zheng J. Tyrosine
phosphorylation of caveolin 1 by oxidative stress is reversible
and dependent on the c-src tyrosine kinase but not mitogen-
activated protein kinase pathways in placental artery endothelial
cells. Biol Reprod 73: 761–772, 2005.

18. Cheng G, Cao Z, Xu X, van Meir EG, and Lambeth JD.
Homologs of gp91phox: cloning and tissue expression of Nox3,
Nox4, and Nox5. Gene 269: 131–140, 2001.

19. Chiarugi P and Cirri P. Redox regulation of protein tyrosine
phosphatases during receptor tyrosine kinase signal transduc-
tion. Trends Biochem Sci 28: 509–514, 2003.

20. Cohen AW, Hnasko R, Schubert W, and Lisanti MP. Role of cave-
olae and caveolins in health and disease. Physiol Rev 84:
1341–1379, 2004.

21. Colavitti R, Pani G, Bedogni B, Anzevino R, Borrello S,
Waltenberger J, and Galeotti T. Reactive oxygen species as
downstream mediators of angiogenic signaling by vascular en-
dothelial growth factor receptor-2/KDR. J Biol Chem 277:
3101–3108, 2002.

22. Corada M, Mariotti M, Thurston G, Smith K, Kunkel R,
Brockhaus M, Lampugnani MG, Martin–Padura I, Stoppacciaro
A, Ruco L, McDonald DM, Ward PA, and Dejana E. Vascular
endothelial-cadherin is an important determinant of microvascular
integrity in vivo. Proc Natl Acad Sci USA 96: 9815–9820, 1999.

23. Couffinhal T, Silver M, Zheng LP, Kearney M, Witzenbichler B,
and Isner JM. Mouse model of angiogenesis. Am J Pathol 152:
1667–1679, 1998.

24. D'Souza–Schorey C, Boshans RL, McDonough M, Stahl PD,
and Van Aelst L. A role for POR1, a Rac1-interacting protein, in
ARF6-mediated cytoskeletal rearrangements. EMBO J 16:
5445–5454, 1997.

25. Dejana E, Corada M, and Lampugnani MG. Endothelial cell-to-
cell junctions. FASEB J 9: 910–918, 1995.

26. del Pozo MA, Alderson NB, Kiosses WB, Chiang HH, Anderson
RG, and Schwartz MA. Integrins regulate Rac targeting by inter-
nalization of membrane domains. Science 303: 839–842, 2004.

27. Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, and
Zeiher AM. Activation of nitric oxide synthase in endothelial
cells by Akt-dependent phosphorylation. Nature 399: 601–605,
1999.

28. Dimmeler S and Zeiher AM. Akt takes center stage in angiogen-
esis signaling. Circ Res 86: 4–5, 2000.

29. Donaldson JG. Multiple roles for Arf6: sorting, structuring, and
signaling at the plasma membrane. J Biol Chem 278:
41573–41576, 2003.

30. Dougher–Vermazen M, Hulmes JD, Bohlen P, and Terman BI.
Biological activity and phosphorylation sites of the bacterially
expressed cytosolic domain of the KDR VEGF-receptor.
Biochem Biophys Res Commun 205: 728–738, 1994.

31. Ellis EA, Guberski DL, Somogyi–Mann M, and Grant MB. In-
creased H2O2, vascular endothelial growth factor and receptors
in the retina of the BBZ/Wor diabetic rat. Free Radic Biol Med
28: 91–101, 2000.

32. Finkel T. Signal transduction by reactive oxygen species in non-
phagocytic cells. J Leukoc Biol 65: 337–340, 1999.

33. Folkman J. Angiogenesis in cancer, vascular, rheumatoid and
other disease. Nat Med 1: 27–31, 1995.

34. Frank S, Upender S, Hansen SH, and Casanova JE. ARNO is a
guanine nucleotide exchange factor for ADP-ribosylation factor
6. J Biol Chem 273: 23–27, 1998.

35. Gaschet J and Hsu VW. Distribution of ARF6 between mem-
brane and cytosol is regulated by its GTPase cycle. J Biol Chem
274: 20040–20045, 1999.

36. Geiszt M, Lekstrom K, Witta J, and Leto TL. Proteins homolo-
gous to p47phox and p67phox support superoxide production by
NAD(P)H oxidase 1 in colon epithelial cells. J Biol Chem 278:
20006–20012, 2003.

37. Gomez–Mouton C, Lacalle RA, Mira E, Jimenez–Baranda S,
Barber DF, Carrera AC, Martinez AC, and Manes S. Dynamic

VEGF SIGNALING 737

redistribution of raft domains as an organizing platform for sig-
naling during cell chemotaxis. J Cell Biol 164: 759–768, 2004.

38. Gorlach A, Brandes RP, Nguyen K, Amidi M, Dehghani F, and
Busse RA. gp91phox containing NADPH oxidase selectively ex-
pressed in endothelial cells is a major source of oxygen radical
generation in the arterial wall. Circ Res 87: 26–32, 2000.

39. Gotsch U, Borges E, Bosse R, Boggemeyer E, Simon M,
Mossmann H, and Vestweber D. VE-cadherin antibody accelerates
neutrophil recruitment in vivo. J Cell Sci 110: 583–588, 1997.

40. Grazia Lampugnani M, Zanetti A, Corada M, Takahashi T,
Balconi G, Breviario F, Orsenigo F, Cattelino A, Kemler, Daniel TO,
and Dejana E. Contact inhibition of VEGF-induced proliferation
requires vascular endothelial cadherin, beta-catenin, and the
phosphatase DEP-1/CD148. J Cell Biol 161: 793–804, 2003.

41. Griendling KK, Sorescu D, and Ushio–Fukai M. NAD(P)H
oxidase: role in cardiovascular biology and disease. Circ Res 86:
494–501, 2000.

42. Guo DQ, Wu LW, Dunbar JD, Ozes ON, Mayo LD, Kessler KM,
Gustin JA, Baerwald MR, Jaffe EA, Warren RS, and Donner DB.
Tumor necrosis factor employs a protein-tyrosine phosphatase to
inhibit activation of KDR and vascular endothelial cell growth
factor-induced endothelial cell proliferation. J Biol Chem 275:
11216–11221, 2000.

43. Harfouche R, Malak NA, Brandes RP, Karsan A, Irani K, and
Hussain SN. Roles of reactive oxygen species in angiopoietin-
1/tie-2 receptor signaling. FASEB J 19: 1728–1730, 2005.

44. Hart MJ, Callow MG, Souza B, and Polakis P. IQGAP1, a
calmodulin-binding protein with a rasGAP-related domain, is a
potential effector for cdc42Hs. EMBO J 15: 2997–3005, 1996.

45. Hilenski LL, Clempus RE, Quinn MT, Lambeth JD, and
Griendling KK. Distinct subcellular localizations of Nox1 and
Nox4 in vascular smooth muscle cells. Arterioscler Thromb Vasc
Biol 24: 677–683, 2004.

46. Huang L, Sankar S, Lin C, Kontos CD, Schroff AD, Cha EH,
Feng SM, Li SF, Yu Z, Van Etten RL, Blanar MA, and Peters
KG. HCPTPA, a protein tyrosine phosphatase that regulates
vascular endothelial growth factor receptor-mediated signal
transduction and biological activity. J Biol Chem 274:
38183–38188, 1999.

47. Huang L, Turck CW, Rao P, and Peters KG. GRB2 and SH-
PTP2: potentially important endothelial signaling molecules
downstream of the TEK/TIE2 receptor tyrosine kinase. Onco-
gene 11: 2097–2103, 1995.

48. Hwang J, Saha A, Boo YC, Sorescu GP, McNally JS, Holland SM,
Dikalov S, Giddens DP, Griendling KK, Harrison DG, and Jo H.
Oscillatory shear stress stimulates endothelial production of O2-
from p47phox-dependent NAD(P)H oxidases, leading to monocyte
adhesion. J Biol Chem 278: 47291–47298, 2003.

49. Ikeda S, Ushio–Fukai M, Zuo L, Tojo T, Dikalov S, Patrushev
NA, and Alexander RW. Novel role of ARF6 in vascular endo-
thelial growth factor-induced signaling and angiogenesis. Circ
Res 96: 467–475, 2005.

50. Ikeda S, Yamaoka–Tojo M, Hilenski L, Patrushev NA, Anwar
GM, Quinn MT, and Ushio–Fukai M. IQGAP1 regulates reac-
tive oxygen species-dependent endothelial cell migration
through interacting with Nox2. Arterioscler Thromb Vasc Biol
25: 2295–2300, 2005.

51. Jacobi J, Tam BY, Wu G, Hoffman J, Cooke JP, and Kuo CJ.
Adenoviral gene transfer with soluble vascular endothelial growth
factor receptors impairs angiogenesis and perfusion in a murine
model of hindlimb ischemia. Circulation 110: 2424–2429, 2004.

52. Kaverina I, Krylyshkina O, and Small JV. Regulation of sub-
strate adhesion dynamics during cell motility. Int J Biochem Cell
Biol 34: 746–761, 2002.

53. Khatri JJ, Johnson C, Magid R, Lessner SM, Laude KM,
Dikalov SI, Harrison DG, Sung HJ, Rong Y, and Galis ZS. Vas-
cular oxidant stress enhances progression and angiogenesis of
experimental atheroma. Circulation 109: 520–525, 2004.

54. Kim YN, Wiepz GJ, Guadarrama AG, and Bertics PJ. Epider-
mal growth factor-stimulated tyrosine phosphorylation of
caveolin-1. Enhanced caveolin-1 tyrosine phosphorylation
following aberrant epidermal growth factor receptor status.
J Biol Chem 275: 7481–7491, 2000.



55. Kobayashi S, Nojima Y, Shibuya M, and Maru Y. Nox1 regulates
apoptosis and potentially stimulates branching morphogenesis in
sinusoidal endothelial cells. Exp Cell Res 300: 455–462, 2004.

56. Kraynov VS, Chamberlain C, Bokoch GM, Schwartz MA,
Slabaugh S, and Hahn KM. Localized Rac activation dynamics
visualized in living cells. Science 290: 333–337, 2000.

57. Kroll J and Waltenberger J. The vascular endothelial growth fac-
tor receptor KDR activates multiple signal transduction path-
ways in porcine aortic endothelial cells. J Biol Chem 272:
32521–32527, 1997.

58. Kuroda J, Nakagawa K, Yamasaki T, Nakamura K, Takeya R,
Kuribayashi F, Imajoh–Ohmi S, Igarashi K, Shibata Y, Sueishi
K, and Sumimoto H. The superoxide-producing NAD(P)H oxi-
dase Nox4 in the nucleus of human vascular endothelial cells.
Genes Cells 10: 1139–1151, 2005

59. Kuroki M, Voest EE, Amano S, Beerepoot LV, Takashima S, To-
lentino M, Kim RY, Rohan RM, Colby KA, Yeo KT, and Adamis
AP. Reactive oxygen intermediates increase vascular endothelial
growth factor expression in vitro and in vivo. J Clin Invest 98:
1667–1675, 1996.

60. Kwon J, Lee SR, Yang KS, Ahn Y, Kim YJ, Stadtman ER, and
Rhee SG. Reversible oxidation and inactivation of the tumor
suppressor PTEN in cells stimulated with peptide growth fac-
tors. Proc Natl Acad Sci USA 101: 16419–16424, 2004.

61. Labrecque L, Royal I, Surprenant DS, Patterson C, Gingras D,
and Beliveau R. Regulation of vascular endothelial growth fac-
tor receptor-2 activity by caveolin-1 and plasma membrane cho-
lesterol. Mol Biol Cell 14: 334–347, 2003.

62. Laukaitis CM, Webb DJ, Donais K, and Horwitz AF. Differential
dynamics of alpha 5 integrin, paxillin, and alpha-actinin during
formation and disassembly of adhesions in migrating cells.
J Cell Biol 153: 1427–1440, 2001.

63. Lee H, Volonte D, Galbiati F, Iyengar P, Lublin DM, Bregman
DB, Wilson MT, Campos–Gonzalez R, Bouzahzah B, Pestell
RG, Scherer PE, and Lisanti MP. Constitutive and growth
factor-regulated phosphorylation of caveolin-1 occurs at the
same site (Tyr-14) in vivo: identification of a c-Src/Cav-1/Grb7
signaling cassette. Mol Endocrinol 14: 1750–1775, 2000.

64. Lee SR, Kwon KS, Kim SR, and Rhee SG. Reversible inactiva-
tion of protein-tyrosine phosphatase 1B in A431 cells stimulated
with epidermal growth factor. J Biol Chem 273: 15366–15372,
1998.

65. Lelkes PI, Hahn KL, Sukovich DA, Karmiol S, and Schmidt DH.
On the possible role of reactive oxygen species in angiogenesis.
Adv Exp Med Biol 454: 295–310, 1998.

66. Li J–M and Shah AM. Intracellular localization and preassem-
bly of the NADPH oxidase complex in cultured endothelial
cells. J Biol Chem 277: 19952–19960, 2002.

67. Li JM, Fan LM, Christie MR, and Shah AM. Acute tumor necro-
sis factor alpha signaling via NADPH oxidase in microvascular
endothelial cells: role of p47phox phosphorylation and binding
to TRAF4. Mol Cell Biol 25: 2320–2330, 2005.

68. Li JM and Shah AM. Endothelial cell superoxide generation:
regulation and relevance for cardiovascular pathophysiology. Am
J Physiol Regul Integr Comp Physiol 287: R1014–1030, 2004.

69. Lin MT, Yen ML, Lin CY, and Kuo ML. Inhibition of vascular endo-
thelial growth factor-induced angiogenesis by resveratrol through
interruption of Src-dependent vascular endothelial cadherin tyro-
sine phosphorylation. Mol Pharmacol 64: 1029–1036, 2003.

70. Maggi D, Biedi C, Segat D, Barbero D, Panetta D, and Cordera
R. IGF-I induces caveolin 1 tyrosine phosphorylation and
translocation in the lipid rafts. Biochem Biophys Res Commun
295: 1085–1089, 2002.

71. Manes S, Ana Lacalle R, Gomez–Mouton C, and Martinez AC.
From rafts to crafts: membrane asymmetry in moving cells.
Trends Immunol 24: 320–326, 2003.

72. Manes S and Martinez AC. Cholesterol domains regulate the
actin cytoskeleton at the leading edge of moving cells. Trends
Cell Biol 14: 275–278, 2004.

73. Martyn KD, Frederick LM, von Loehneysen K, Dinauer MC,
and Knaus UG. Functional analysis of Nox4 reveals unique char-
acteristics compared to other NADPH oxidases. Cell Signal 18:
69–82, 2006.

738 USHIO–FUKAI

74. Mataraza JM, Briggs MW, Li Z, Entwistle A, Ridley AJ, and
Sacks DB. IQGAP1 promotes cell motility and invasion. J Biol
Chem 278: 41237–41245, 2003.

75. Mateer SC, Wang N, and Bloom GS. IQGAPs: integrators of the
cytoskeleton, cell adhesion machinery, and signaling networks.
Cell Motil Cytoskel 55: 147–155, 2003.

76. Matsumoto T and Claesson–Welsh L. VEGF receptor signal
transduction. Sci STKE 2001: RE21, 2001.

77. Maulik N. Reactive oxygen species drives myocardial angiogen-
esis? Antioxid Redox Signal 8: 2161–2168, 2006.

78. Meng TC, Fukada T, and Tonks NK. Reversible oxidation and
inactivation of protein tyrosine phosphatases in vivo. Mol Cell
9: 387–399, 2002.

79. Moldovan L, Moldovan NI, Sohn RH, Parikh SA, and
Goldschmidt–Clermont PJ. Redox changes of cultured endothe-
lial cells and actin dynamics. Circ Res 86: 549–557, 2000

80. Morales–Ruiz M, Fulton D, Sowa G, Languino LR, Fujio Y,
Walsh K, and Sessa WC. Vascular endothelial growth factor-
stimulated actin reorganization and migration of endothelial
cells is regulated via the serine/threonine kinase Akt. Circ Res
86: 892–896, 2000.

81. Navarro A, Anand–Apte B, and Parat MO. A role for caveolae in
cell migration. FASEB J 18: 1801–1811, 2004.

82. Nobes CD and Hall A. Rho, rac and cdc42 GTPases: regulators
of actin structures, cell adhesion and motility. Biochem Soc
Trans 23: 456–459, 1995.

83. Noritake J, Fukata M, Sato K, Nakagawa M, Watanabe T, Izumi
N, Wang S, Fukata Y, and Kaibuchi K. Positive role of IQGAP1,
an effector of Rac1, in actin-meshwork formation at sites of cell-
cell contact. Mol Biol Cell 15: 1065–1076, 2004.

84. Noritake J, Watanabe T, Sato K, Wang S, and Kaibuchi K.
IQGAP1: a key regulator of adhesion and migration. J Cell Sci
118: 2085–2092, 2005.

85. Petry A, Djordjevic T, Weitnauer M, Kietzmann T, Hess J, and
Gorlach A. NOX2 and NOX4 mediate proliferative response in
endothelial cells. Antioxid Redox Signal 8: 1473–1484, 2006.

86. Radhakrishna H, Al–Awar O, Khachikian Z, and Donaldson JG.
ARF6 requirement for Rac ruffling suggests a role for mem-
brane trafficking in cortical actin rearrangements. J Cell Sci
112: 855–866, 1999.

87. Rhee SG, Bae YS, Lee SR, and Kwon J. Hydrogen peroxide: a
key messenger that modulates protein phosphorylation through
cysteine oxidation. Sci STKE 2000: PE1, 2000.

88. Roy S, Khanna S, Nallu K, Hunt TK, and Sen CK. Dermal
wound healing is subject to redox control. Mol Ther 13:
211–220, 2006.

89. Ruef J, Hu ZY, Yin LY, Wu Y, Hanson SR, Kelly AB, Harker
LA, Rao GN, Runge MS, and Patterson C. Induction of vascu-
lar endothelial growth factor in balloon-injured baboon arter-
ies. Circ Res 81: 24–33, 1997.

90. Santy LC and Casanova JE. Activation of ARF6 by ARNO stim-
ulates epithelial cell migration through downstream activation of
both Rac1 and phospholipase D. J Cell Biol 154: 599–610, 2001.

91. Shin OH, Couvillon AD, and Exton JH. Arfophilin is a com-
mon target of both class II and class III ADP-ribosylation fac-
tors. Biochemistry 40: 10846–10852, 2001.

92. Soeda S, Shimada T, Koyanagi S, Yokomatsu T, Murano T,
Shibuya S, and Shimeno H. An attempt to promote neovascular-
ization by employing a newly synthesized inhibitor of protein
tyrosine phosphatase. FEBS Lett 524: 54–58, 2002.

93. Sorescu GP, Song H, Tressel SL, Hwang J, Dikalov S, Smith
DA, Boyd NL, Platt MO, Lassegue B, Griendling KK, and Jo
H. Bone morphogenic protein 4 produced in endothelial cells
by oscillatory shear stress induces monocyte adhesion by stim-
ulating reactive oxygen species production from a nox1-based
NADPH oxidase. Circ Res 95: 773–779, 2004.

94. Takeya R, Ueno N, Kami K, Taura M. Kohjima M, Izaki T,
Nunoi H, and Sumimoto H. Novel human homologues of
p47phox and p67phox participate in activation of superoxide-
producing NADPH oxidases. J Biol Chem 278: 25234–25246,
2003.

95. Terada LS. Specificity in reactive oxidant signaling: think
globally, act locally. J Cell Biol 174: 615–623, 2006.



96. Timpson P, Jones GE, Frame MC, and Brunton VG. Coordina-
tion of cell polarization and migration by the Rho family 
GTPases requires Src tyrosine kinase activity. Curr Biol 11:
1836–1846, 2001.

97. Tojo T, Ushio–Fukai M, Yamaoka–Tojo M, Ikeda S, Patrushev
NA, and Alexander RW. Role of gp91phox (Nox2)-containing
NAD(P)H oxidase in angiogenesis in response to hindlimb
ischemia. Circulation 111: 2347–2355, 2005.

98. Ushio–Fukai M. Localizing NADPH oxidase-derived ROS. Sci
STKE 2006: re8, 2006.

99. Ushio–Fukai M. Redox signaling in angiogenesis: role of
NADPH oxidase. Cardiovasc Res 71: 226–235, 2006.

100. Ushio–Fukai M, Tang Y, Fukai T, Dikalov S, Ma Y, Fujimoto M,
Quinn MT, Pagano PJ, Johnson C, and Alexander RW. Novel role
of gp91phox-containing NAD(P)H oxidase in vascular endothe-
lial growth factor-induced signaling and angiogenesis. Circ Res
91: 1160–1167, 2002.

101. Vallet P, Charnay Y, Steger K, Ogier–Denis E, Kovari E,
Herrmann F, Michel JP, and Szanto I. Neuronal expression of the
NADPH oxidase NOX4, and its regulation in mouse experimen-
tal brain ischemia. Neuroscience 132: 233–238, 2005.

102. Van Buul JD, Fernandez–Borja M, Anthony EC, and Hordijk PL.
Expression and localization of NOX2 and NOX4 in primary
human endothelial cells. Antioxid Redox Signal 7: 308–317,
2005.

103. van Wetering S, van Buul JD, Quik S, Mul FP, Anthony EC, ten
Klooster JP, Collard JG, and Hordijk PL. Reactive oxygen
species mediate Rac-induced loss of cell-cell adhesion in pri-
mary human endothelial cells. J Cell Sci 115: 1837–1846, 2002.

104. Vilhardt F and van Deurs B. The phagocyte NADPH oxidase
depends on cholesterol-enriched membrane microdomains for
assembly. EMBO J 23: 739–748, 2004.

105. Wittmann T, Bokoch GM, and Waterman–Storer CM. Regula-
tion of leading edge microtubule and actin dynamics down-
stream of Rac1. J Cell Biol 161: 845–851, 2003.

106. Wittmann T and Waterman–Storer CM. Cell motility: can Rho
GTPases and microtubules point the way? J Cell Sci 114:
3795–3803, 2001.

107. Wu RF, Gu Y, Xu YC, Nwariaku FE, and Terada LS. Vascular
endothelial growth factor causes translocation of p47phox to
membrane ruffles through WAVE1. J Biol Chem 278:
36830–36840, 2003.

VEGF SIGNALING 739

108. Wu RF, Xu YC, Ma Z, Nwariaku FE, Sarosi GA Jr, and Terada
LS. Subcellular targeting of oxidants during endothelial cell
migration. J Cell Biol 171: 893–904, 2005.

109. Yamagishi S, Nakamura K, Ueda S, Kato S, and Imaizumi T.
Pigment epithelium-derived factor (PEDF) blocks angiotensin II
signaling in endothelial cells via suppression of NADPH oxi-
dase: a novel anti-oxidative mechanism of PEDF. Cell Tissue Res
320: 437–445, 2005.

110. Yamaoka–Tojo M, Tojo T, Kim HW, Hilenski L, Patrushev NA,
Zhang L, Fukai T, and Ushio–Fukai M. IQGAP1 mediates
VE-cadherin-based cell-cell contacts and VEGF signaling at ad-
herence junctions linked to angiogenesis. Arterioscler Thromb
Vasc Biol 26: 1991–1997, 2006.

111. Yamaoka–Tojo M, Ushio–Fukai M, Hilenski L, Dikalov SI,
Chen YE, Tojo T, Fukai T, Fujimoto M, Patrushev NA, Wang N,
Kontos CD, Bloom GS, and Alexander RW. IQGAP1, a novel
vascular endothelial growth factor receptor binding protein, is
involved in reactive oxygen species-dependent endothelial mi-
gration and proliferation. Circ Res 95: 276–283, 2004.

112. Yasuda M, Shimizu S, Tokuyama S, Watanabe T, Kiuchi Y, and
Yamamoto T. A novel effect of polymorphonuclear leukocytes
in the facilitation of angiogenesis [In Process Citation]. Life Sci
66: 2113–2121, 2000.

113. Zhang AY, Yi F, Zhang G, Gulbins E, and Li PL. Lipid raft
clustering and redox signaling platform formation in coronary
arterial endothelial cells. Hypertension 47: 74–80, 2006.

Address reprint requests to:
Masuko Ushio–Fukai, Ph.D.

Department of Pharmacology 
Center for Lung and Vascular Biology

University of Illinois, College of Medicine 
835 S. Wolcott Avenue, M/C 868

Chicago, IL 60612

E-mail: mfukai@uic.edu

Date of first submission to ARS Central, December 30, 2006;
date of acceptance, January 13, 2007. 





This article has been cited by:

1. Shyamal C. Bir, Gopi K. Kolluru, Kai Fang, Christopher G. Kevil. 2012. Redox balance dynamically regulates vascular growth and
remodeling. Seminars in Cell & Developmental Biology 23:7, 745-757. [CrossRef]

2. Jin-Sheng Ouyang, Yu-Ping Li, Cheng-Ye Li, Chang Cai, Cheng-Shui Chen, Shao-Xian Chen, Yan-Fan Chen, Li Yang, Yu-Peng
Xie. 2012. Mitochondrial ROS-K+ channel signaling pathway regulated secretion of human pulmonary artery endothelial cells.
Free Radical Research 1-23. [CrossRef]

3. Li Chen, Rachel Ackerman, Austin M. Guo. 2012. 20-HETE in neovascularization. Prostaglandins & Other Lipid Mediators 98:3-4,
63-68. [CrossRef]

4. Sona Mitra, Xianwei Wang, Magomed Khaidakov, Zufeng Ding, Srinivas Ayyadevera, Emily Hearnsberger, Tanu Goyal, Jawahar
L. Mehta. 2012. Aspirin Downregulates Angiotensin Type 1 Receptor Transcription Implications in Capillary Formation From
Endothelial Cells. Journal of Cardiovascular Pharmacology 60:2, 187-192. [CrossRef]

5. Subir Kumar Maulik, Santosh Kumar. 2012. Oxidative stress and cardiac hypertrophy: a review. Toxicology Mechanisms and
Methods 1-8. [CrossRef]

6. Franklin Rosenfeldt, Mark Wilson, Geraldine Lee, Christina Kure, Ruchong Ou, Lesley Braun, Judy de Haan. 2012. Oxidative
stress in surgery in an ageing population: Pathophysiology and therapy. Experimental Gerontology . [CrossRef]

7. Yoon Kyung Choi, Elaine D. Por, Young-Guen Kwon, Young-Myeong Kim. 2012. Regulation of ROS Production and Vascular
Function by Carbon Monoxide. Oxidative Medicine and Cellular Longevity 2012, 1-17. [CrossRef]

8. Min Cong, Keiko Iwaisako, Chunyan Jiang, Tatiana Kisseleva. 2012. Cell Signals Influencing Hepatic Fibrosis. International
Journal of Hepatology 2012, 1-18. [CrossRef]

9. Dong Hoon Kang, Doo Jae Lee, Kyung Wha Lee, Yoon Sun Park, Joo Young Lee, Sang-Hee Lee, Young Jun Koh, Gou-Young
Koh, Chulhee Choi, Dae-Yeul Yu, Jaesang Kim, Sang Won Kang. 2011. Peroxiredoxin II Is an Essential Antioxidant Enzyme that
Prevents the Oxidative Inactivation of VEGF Receptor-2 in Vascular Endothelial Cells. Molecular Cell 44:4, 545-558. [CrossRef]

10. Jie Chen, Bing Liu, Jiayi Yuan, Jie Yang, Jingjie Zhang, Yu An, Lu Tie, Yan Pan, Xuejun Li. 2011. Atorvastatin reduces vascular
endothelial growth factor (VEGF) expression in human non-small cell lung carcinomas (NSCLCs) via inhibition of reactive oxygen
species (ROS) production. Molecular Oncology . [CrossRef]

11. Nihal Kaplan, Norifumi Urao, Eiji Furuta, Seok-Jo Kim, Masooma Razvi, Yoshimasa Nakamura, Ronald D. McKinney, Leslie B
Poole, Tohru Fukai, Masuko Ushio-Fukai. 2011. Localized cysteine sulfenic acid formation by vascular endothelial growth factor:
role in endothelial cell migration and angiogenesis. Free Radical Research 45:10, 1124-1135. [CrossRef]

12. Yu Yang, Jun Du, Zhenzhen Hu, Jiaojing Liu, Yinhui Tian, Yichao Zhu, Le Wang, Luo Gu. 2011. Activation of Rac1-PI3K/Akt
is required for epidermal growth factor-induced PAK1 activation and cell migration in MDA-MB-231 breast cancer cells. Journal
of Biomedical Research 25:4, 237-245. [CrossRef]

13. Domenico Del Principe , Luciana Avigliano , Isabella Savini , Maria Valeria Catani . 2011. Trans-Plasma Membrane Electron
Transport in Mammals: Functional Significance in Health and Disease. Antioxidants & Redox Signaling 14:11, 2289-2318.
[Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

14. Jeffrey L Barnes, Yves Gorin. 2011. Myofibroblast differentiation during fibrosis: role of NAD(P)H oxidases. Kidney International
79:9, 944-956. [CrossRef]

15. Hyosook Choi, Myunghwan Choi, Kyungsun Choi, Chulhee Choi. 2011. Blockade of vascular endothelial growth factor sensitizes
tumor-associated vasculatures to angiolytic therapy with a high-frequency ultrashort pulsed laser. Microvascular Research .
[CrossRef]

16. Won Bong Lim, Ji Sun Kim, Young Jong Ko, HyukIl Kwon, Sang Woo Kim, Heung Kee Min, Oksu Kim, Hong Ran Choi, Ok
Joon Kim. 2011. Effects of 635nm light-emitting diode irradiation on angiogenesis in CoCl2-exposed HUVECs. Lasers in Surgery
and Medicine 43:4, 344-352. [CrossRef]

17. Laurel E. Plummer, Kent E. Pinkerton, Amy K. Madl, Dennis W. WilsonEffects of Nanoparticles on the Pulmonary Vasculature
317-350. [CrossRef]

18. Meghan M. Delmastro, Jon D. Piganelli. 2011. Oxidative Stress and Redox Modulation Potential in Type 1 Diabetes. Clinical and
Developmental Immunology 2011, 1-15. [CrossRef]

19. Jean-Marc Zingg, Roksan Libinaki, Chao-Qiang Lai, Mohsen Meydani, Robert Gianello, Esra Ogru, Angelo Azzi. 2010. Modulation
of gene expression by #-tocopherol and #-tocopheryl phosphate in THP-1 monocytes. Free Radical Biology and Medicine 49:12,
1989-2000. [CrossRef]

20. Elizabeth Monaghan-Benson, John Hartmann, Aleksandr E. Vendrov, Steve Budd, Grace Byfield, Augustus Parker, Faisal
Ahmad, Wei Huang, Marschall Runge, Keith Burridge, Nageswara Madamanchi, M. Elizabeth Hartnett. 2010. The Role of

http://dx.doi.org/10.1016/j.semcdb.2012.05.003
http://dx.doi.org/10.3109/10715762.2012.724532
http://dx.doi.org/10.1016/j.prostaglandins.2011.12.005
http://dx.doi.org/10.1097/FJC.0b013e31825b61e2
http://dx.doi.org/10.3109/15376516.2012.666650
http://dx.doi.org/10.1016/j.exger.2012.03.010
http://dx.doi.org/10.1155/2012/794237
http://dx.doi.org/10.1155/2012/158547
http://dx.doi.org/10.1016/j.molcel.2011.08.040
http://dx.doi.org/10.1016/j.molonc.2011.11.003
http://dx.doi.org/10.3109/10715762.2011.602073
http://dx.doi.org/10.1016/S1674-8301(11)60032-8
http://dx.doi.org/10.1089/ars.2010.3247
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3247
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3247
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3247
http://dx.doi.org/10.1038/ki.2010.516
http://dx.doi.org/10.1016/j.mvr.2011.04.010
http://dx.doi.org/10.1002/lsm.21038
http://dx.doi.org/10.1002/9780470910917.ch17
http://dx.doi.org/10.1155/2011/593863
http://dx.doi.org/10.1016/j.freeradbiomed.2010.09.034


Vascular Endothelial Growth Factor-Induced Activation of NADPH Oxidase in Choroidal Endothelial Cells and Choroidal
Neovascularization. The American Journal of Pathology 177:4, 2091-2102. [CrossRef]

21. Andreas Petry , Michael Weitnauer , Agnes Görlach . 2010. Receptor Activation of NADPH Oxidases. Antioxidants & Redox
Signaling 13:4, 467-487. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

22. Jie Zhuang, Tianxia Jiang, Di Lu, Yongting Luo, Chaogu Zheng, Jing Feng, Dongling Yang, Chang Chen, Xiyun Yan. 2010.
NADPH oxidase 4 mediates reactive oxygen species induction of CD146 dimerization in VEGF signal transduction. Free Radical
Biology and Medicine 49:2, 227-236. [CrossRef]

23. Indika Edirisinghe , Gnanapragasam Arunachalam , Chelsea Wong , Hongwei Yao , Arshad Rahman , Richard P. Phipps , Zheng-
Gen Jin , Irfan Rahman . 2010. Cigarette Smoke–induced Oxidative/Nitrosative Stress Impairs VEGF- and Fluid Shear Stress–
Mediated Signaling in Endothelial Cells. Antioxidants & Redox Signaling 12:12, 1355-1369. [Abstract] [Full Text HTML] [Full
Text PDF] [Full Text PDF with Links]

24. Chandan K. Sen Tiny New Genes Called MicroRNAs Regulate Blood Vessel Formation 353-358. [Abstract] [Full Text PDF] [Full
Text PDF with Links]

25. M. Elizabeth Hartnett. 2010. The effects of oxygen stresses on the development of features of severe retinopathy of prematurity:
knowledge from the 50/10 OIR model. Documenta Ophthalmologica 120:1, 25-39. [CrossRef]

26. Hiromi Yanagisawa, Marie K. Schluterman, Rolf A. Brekken. 2009. Fibulin-5, an integrin-binding matricellular protein: its function
in development and disease. Journal of Cell Communication and Signaling 3:3-4, 337-347. [CrossRef]

27. David I. Brown, Kathy K. Griendling. 2009. Nox proteins in signal transduction. Free Radical Biology and Medicine 47:9,
1239-1253. [CrossRef]

28. Hitesh Peshavariya, Gregory J. Dusting, Fan Jiang, Lesley R. Halmos, Christopher G. Sobey, Grant R. Drummond, Stavros
Selemidis. 2009. NADPH oxidase isoform selective regulation of endothelial cell proliferation and survival. Naunyn-
Schmiedeberg's Archives of Pharmacology 380:2, 193-204. [CrossRef]

29. Sangderk Lee, Nima M. Gharavi, Henry Honda, Irene Chang, Brandon Kim, Nelson Jen, Rongsong Li, Alejandro Zimman, Judith
A. Berliner. 2009. A role for NADPH oxidase 4 in the activation of vascular endothelial cells by oxidized phospholipids. Free
Radical Biology and Medicine 47:2, 145-151. [CrossRef]

30. Andrea Hall, P. A. Karplus, Leslie B. Poole. 2009. Typical 2-Cys peroxiredoxins - structures, mechanisms and functions. FEBS
Journal 276:9, 2469-2477. [CrossRef]

31. Richard PE van Dokkum, Hendrik Buikema. 2009. Possible new druggable targets for the treatment of nephrosisPerhaps we should
find them in caveolea?. Current Opinion in Pharmacology 9:2, 132-138. [CrossRef]

32. Savita Khanna , Han-A Park , Chandan K. Sen , Trimurtulu Golakoti , Krishanu Sengupta , Somepalli Venkateswarlu , Sashwati Roy .
2009. Neuroprotective and Antiinflammatory Properties of a Novel Demethylated Curcuminoid. Antioxidants & Redox Signaling
11:3, 449-468. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

33. Brad L. Upham , James E. Trosko . 2009. Oxidative-Dependent Integration of Signal Transduction with Intercellular Gap Junctional
Communication in the Control of Gene Expression. Antioxidants & Redox Signaling 11:2, 297-307. [Abstract] [Full Text HTML]
[Full Text PDF] [Full Text PDF with Links]

34. ZhiWu Dong, YiZhe Cheng, Jing Zhao, Le Su, BaoXiang Zhao, Yun Zhang, ShangLi Zhang, JunYing Miao. 2009. Discovery of a
benzoxazine derivative promoting angiogenesis in vitro and in vivo. Journal of Cellular Physiology n/a-n/a. [CrossRef]

35. Shampa Chatterjee, Kenneth E. Chapman, Aron B. Fisher. 2008. Lung Ischemia: A Model for Endothelial Mechanotransduction.
Cell Biochemistry and Biophysics 52:3, 125-138. [CrossRef]

36. Qiuhong Li, Astra Dinculescu, Zhiying Shan, Rehae Miller, Jijing Pang, Alfred S Lewin, Mohan K Raizada, William W Hauswirth.
2008. Downregulation of p22phox in Retinal Pigment Epithelial Cells Inhibits Choroidal Neovascularization in Mice. Molecular
Therapy 16:10, 1688-1694. [CrossRef]

37. Haibo He, Mengqiong Shi, Xianzhe Yang, Xiaowei Zeng, Limao Wu, Lianda Li. 2008. RETRACTED ARTICLE: Comparison of
cardioprotective effects using salvianolic acid B and benazepril for the treatment of chronic myocardial infarction in rats. Naunyn-
Schmiedeberg's Archives of Pharmacology 378:3, 311-322. [CrossRef]

38. Savita Khanna, Han-A Park, Chandan K. Sen, Trimurtulu Golakoti, Krishanu Sengupta, Somepalli Venkateswarlu, SASHWATI
ROY. 2008. Neuroprotective and anti-inflammatory properties of a novel demethylated curcuminoid. Antioxidants & Redox
Signaling 0:ja, 080910041331150. [CrossRef]

39. X ZENG, H HE, J YANG, X YANG, L WU, J YU, L LI. 2008. Temporal effect of Guanxin No. 2 on cardiac function, blood viscosity
and angiogenesis in rats after long-term occlusion of the left anterior descending coronary artery. Journal of Ethnopharmacology
118:3, 485-494. [CrossRef]

http://dx.doi.org/10.2353/ajpath.2010.090878
http://dx.doi.org/10.1089/ars.2009.3026
http://online.liebertpub.com/doi/full/10.1089/ars.2009.3026
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.3026
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.3026
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.007
http://dx.doi.org/10.1089/ars.2009.2874
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2874
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2874
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2874
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2874
http://dx.doi.org/10.1089/9781934854013.353
http://online.liebertpub.com/doi/pdf/10.1089/9781934854013.353
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854013.353
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854013.353
http://dx.doi.org/10.1007/s10633-009-9181-x
http://dx.doi.org/10.1007/s12079-009-0065-3
http://dx.doi.org/10.1016/j.freeradbiomed.2009.07.023
http://dx.doi.org/10.1007/s00210-009-0413-0
http://dx.doi.org/10.1016/j.freeradbiomed.2009.04.013
http://dx.doi.org/10.1111/j.1742-4658.2009.06985.x
http://dx.doi.org/10.1016/j.coph.2008.12.008
http://dx.doi.org/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2230
http://dx.doi.org/10.1089/ars.2008.2146
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2146
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2146
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2146
http://dx.doi.org/10.1002/jcp.22025
http://dx.doi.org/10.1007/s12013-008-9030-7
http://dx.doi.org/10.1038/mt.2008.164
http://dx.doi.org/10.1007/s00210-008-0287-6
http://dx.doi.org/10.1089/ARS.2008.2230
http://dx.doi.org/10.1016/j.jep.2008.05.017


40. Haibo He, Mengqiong Shi, Jun Yang, Xiaowei Zeng, Hongxiang Qiao, Limao Wu, Lianda Li. 2008. The correlation between
angiogenesis and abnormal expression of SERCA2a, phospholamban and the endothelin pathway in heart failure, and improvement
by puerarin. Phytotherapy Research 22:7, 948-956. [CrossRef]

41. J. David Lambeth, Karl-Heinz Krause, Robert A. Clark. 2008. NOX enzymes as novel targets for drug development. Seminars in
Immunopathology 30:3, 339-363. [CrossRef]

42. Hui Xu, Claudia Goettsch, Ning Xia, Sven Horke, Henning Morawietz, Ulrich Förstermann, Huige Li. 2008. Differential roles of
PKC# and PKC# in controlling the gene expression of Nox4 in human endothelial cells. Free Radical Biology and Medicine 44:8,
1656-1667. [CrossRef]

43. Emily Vandenbroucke, Dolly Mehta, Richard Minshall, Asrar B. Malik. 2008. Regulation of Endothelial Junctional Permeability.
Annals of the New York Academy of Sciences 1123:1, 134-145. [CrossRef]

44. Masuko Ushio-Fukai, Randall S. Frey, Tohru Fukai, Asrar B. MalikChapter 8 Reactive Oxygen Species and Endothelial
Permeability 61, 147-189. [CrossRef]

45. Dr. Yuichiro J. Suzuki . 2007. From Oxygen Sensing to Heart Failure. Antioxidants & Redox Signaling 9:6, 653-660. [Citation]
[Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1002/ptr.2437
http://dx.doi.org/10.1007/s00281-008-0123-6
http://dx.doi.org/10.1016/j.freeradbiomed.2008.01.023
http://dx.doi.org/10.1196/annals.1420.016
http://dx.doi.org/10.1016/S1063-5823(08)00208-1
http://dx.doi.org/10.1089/ars.2007.1580
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1580
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1580

