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Mechanisms for suppressing NADPH oxidase in the vascular wall

Gregory J Dusting™, Stavros Selemidis, Fan Jiang
Howard Florey Institute, University of Melbourne, Victoria 3010, Australia

Oxidative stress underlies many forms of vascular disease as well as tissue injury following ischemia and
reperfusion. The major source of oxidative stressin the artery wall is an NADPH oxidase. This enzyme complex as
expressed in vascular cells differs from that in phagocytic leucocytes both in biochemical structure and functions.
The crucial flavin-containing catalytic subunits, Nox1 and Nox4, are not found in leucocytes, but are highly
expressed in vascular cells and upregulated with vascular remodeling, such as that found in hypertension and
atherosclerosis. The difference in catalytic subunits offers the opportunity to develop “ vascular specific’ NADPH
oxidase inhibitors that do not compromise the essential physiological signaling and phagocytic functions carried
out by reactive oxygen and nitrogen species. Nitric oxide and targeted inhibitors of NADPH oxidase that block the
source of oxidative stress in the vasculature are more likely to prevent the deterioration of vascular function that
leads to stroke and heart attack, than are conventional antioxidants. The roles of Nox isoforms in other inflamma-
tory conditions are yet to be explored.
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Oxidativestressand cardiovascular disease

Thereisgrowing evidence that oxidative stress, mean-
ing an excessive production of reactive oxygen and nitro-
gen species, underlies many forms of cardiovascular and
other age-related diseases. Indeed, increased production
in vascular tissues of reactive species (RS), particularly
superoxide anions (02')‘), has been implicated as playing
an important role in hypertension, vascular remodeling
after angioplasty, atherosclerosis, myocardial infarction,
and ischemic stroke (Wattanapitayakul & Bauer 2001).
Excess superoxide or superoxide-derived RS have mul-
tiple pathophysiological actions in the artery wall. For
example, RS, directly or indirectly, promote lipid peroxi-
dation and low-density lipoprotein (LDL) oxidation, which
are necessary stepsin subendothelial lipid accumulation
and atherosclerotic lesion formation (White et al. 1994,
Steinberg 2002). Superoxide rapidly inactivates endothe-
l[ium-derived nitric oxide (NO), theimportant endogenous
vasodilator, thereby reducing NO bioavailability, elevat-
ing vascular resistance and promoting vasoconstriction
(Dusting et a. 1998, Dusting & Dart 1999, Zicha et al.
2001). Moreover, impairment of NO function by superox-
ide may result in vascular smooth muscle cell prolifera-
tion and migration, as well as promoting leucocyte and
platelet adhesion (see below) (Dusting & Dart 1999). RS
are also known to act as intracellular messengers in
proinflammatory signaling, leading to the activation of
the redox sensitive transcription factor nuclear factor
kappa B (NF-kB) and expression of adhesion molecules
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[such as selectins, vascular cell adhesion molecule-1
(VCAM-1) andintercellular adhesion molecule-1 (ICAM-
1)] and chemokines [ monocyte chemoattractant protein-1
(MCP-1)] inthevascular endothelium (Kunsch & Medford
1999), all of which have key roles in atherogenesis and
restenosis. In endothelial cells, RSmay also play acrucial
rolein angiogenesis (Ushio-Fukai et al. 2002). Thusthe
enzymatic sources of oxidative stressare appealing thera-
peutic targets for many cardiovascular conditionsand for
cancersthat are dependent upon angiogenesis for tumour
growth.

NADPH oxidase as a sour ce of oxidative stressin the
vessel wall

Several oxidant enzyme systems, such as xanthine
oxidase, cyclooxygenases, lipoxygenase, cytochrome P450
and substrate-uncoupled nitric oxide synthase (NOS),
have been proposed as sources of vascular superoxide.
However none of these systems can satisfactorily explain
the bulk of intracellular production of superoxidein vas-
cular tissues under either normal or pathophysiological
conditions (Munzel et al. 1999). Recently, a superoxide-
producing NADPH oxidase similar to the enzyme complex
in phagocytic leucocytes (Babior 1999), has been identi-
fied in vascular tissues. The enzyme complex in phago-
cytes comprises at least 5 components: two cytosolic
subunits p47phox and p67phox, a cell membrane bound
cytochrome b558 which consists of gp91phox (renamed
Nox2) and p22phox, and asmall G protein Rac. Upon as-
sembly of these subunits in the membrane, this enzyme
generates a burst of superoxide on the extracellular side
of the membrane by one-electron reduction of oxygen via
its gp91phox subunit, using reduced (3-nicotinamide ad-
enine dinucleotide phosphate (NADPH) as the electron
donor (Babior 1999). The vascular NADPH oxidasein en-
dothelial and smooth muscle cellsdiffersfromthisin sev-
eral respects, although the details of precisely how it is
activated are still emerging. Notwithstanding, several dis-
tinguishing characteristics of the vascular NADPH oxi-
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daseareclear. First, the vascular enzyme produces super-
oxide at lower levels over alonger period of time, and
much of thisisgenerated intracellularly whereitisideally
placedfor cell signaling roles(Cai et al. 2003, Fig. 1). Sec-
ond, the gp91phox catalytic subunit to which NADPH
and oxygen bind is substituted by Nox1 or Nox4 homo-
logues, particularly in smooth muscle (Lassegueet al. 2001,
Bengtsson et al. 2003, Ellmark et al. 2004). Third, whilst
the Nox homologue and the membrane-bound p22phox
subunit are essential to maintain a stable unit capable of
supporting electron transfer for superoxide generation
(Ambasta et al. 2004), it remains unclear what role the
cytosolic components play in the vascular NADPH oxi-
dase: thislatter point has implications for the action and
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Fig. 1: the vascular NADPH oxidase complex may contain Nox1 or
Nox4 as substitutes for the catalytic gp91phox subunit of the ph-
agocytic oxidase. Superoxide (10,) is produced intracellularly. The
Nox subunit is bound to p22phox in the plasma membrane, and
they stabilise each other. The cytosolic subunits shown may aso be
required for full and sustained activation of the complex in vascular
cells, although there is evidence that alternative subunits may be
involved for Nox1 activation.

specificity of NADPH oxidaseinhibitors (see below).

We and others have shown that increased activity of
NADPH oxidase makes an important contribution to the
pathogenesis of experimental models of vascular disease
including intimal hyperplasiainduced by periarterial col-
lars(Paravicini et d. 2002) and arteria ballooninjury (Souza
et al. 2000, Chen et a. 2004), cholesterol -induced athero-
sclerosis (Warnholtz et al. 1999), vein graft intimal hyper-
plasia (West et al. 2001) and hypertension (Zalba et a.
2000). Gene disruption of the p47phox component has
been shown to significantly reduce superoxide produc-
tion by vascular smooth muscle cells and importantly to
reduce the devel opment of atherosclerotic lesions (Barry-
Laneet al. 2001). Importantly, increased superoxide gen-
eration by NADPH oxidase in vessels has been linked to
the clinical risk factors for atherosclerosis and impaired
endothelial NO function in patients with coronary artery
disease (Guzik et a. 2000).

Nox homologuesin vascular cells

The subunit gp91phox, expressed in phagocytic
leucocytes, isthe NADPH-binding, flavin adeninedinucle-
otide (FAD)-containing and el ectron transporting subunit
of the active NADPH oxidase. The expression of
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gp91phox, however, cannot be readily detected in certain
vascular cells such as smooth muscle (Gorlach et al. 2000,
Lassegueet al. 2001). Thisled to the cloning of gp91phox
homologues, termed Nox, in both human (Cheng et al.
2001) and animal tissues (Cheng et al. 2001, Yang et al.
2001). In humans, Nox1 and Nox4 are expressed in vascu-
lar smooth muscle and endothelial cells (Nox4 predomi-
nates) but not in peripheral blood leucocytes (Suh et al.
1999, Cheng et al. 2001, Yang et al. 2001, Ago et a. 2004).
Recently, we have demonstrated that Nox4 isthe predomi-
nant homologue expressed in mouse vascular smooth
muscle cells(Bengtsson et a. 2002, Drummond et al. 2003,
Ellmark et al. 2004) where Nox1 expressionisamost unde-
tectable.

In aortic smooth muscle cellsderived from C57BL/6J
mouse, gene silencing with aspecific antisense oligonucle-
otide to Nox4 significantly reduced NADPH-dependent
superoxide generation (Fig. 2). This strongly suggests
that Nox4 has an important rolein NADPH oxidase acti-
vation and superoxide generation in mouse vascular
smooth musclecells(Drummond et al. 2003, Ellmark et al.
2004). However, in rat vascular smooth muscleit hasbeen
found that Nox1 was responsiblefor theincreased super-
oxide formation and subsequent redox-sensitive signal-
ing induced by angiotensin |1 (Lassegue et al. 2001). The
importance of Nox proteinsin vascular superoxide gen-
eration is underlined by in vivo studies showing that su-
peroxide production by vascular smooth muscle cellsfrom
gp91phox gene knockout miceisnot different fromthat in

A
120
on{ T
& a0 i i
Z
IIIE'I E
E 60
-
£~ a0
i I
:l v v
WET IS anliserss mesmsEich sorambie
B an- "
A e
(1715 |
X
®E B
bl
£, B0
‘E 40
20
[y

RNl .=II'||IF|I'I"::.F" 'I1|'-i'|'|ﬂ|l'|' ' gl ]

Fig. 2: Nox4 gene silencing in mouse vascular smooth muscle cells.
Nox4 mRNA (A, by real time PCR) and superoxide production (B,
by lucigenin chemiluminescence) is reduced by 50-60% by a Nox4
antisense oligomer, but is not affected by mismatch or scrambled
oligonucleotide control sequences. See Ellmark et al. 2004 for
details.
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wild type controls (Kirk et al. 2000). Moreover, thefinding
that deficiency in gp91phox failed to affect the devel op-
ment of atherosclerosis(Kirk et al. 2000) could betaken as
evidencethat the NADPH oxidase of |eucocytes does not
have a mgjor role in atherogenesis. Conversely, the ob-
servation of reduced lesionsin p47phox knockouts (Barry-
Laneet a. 2001), suggests that Nox proteins in vascular
cells, substituting for gp91phox, do make important con-
tributionsto the devel opment of cardiovascular disorders
associated with increased oxidative stress.

Activation and regulation of vascular NADPH oxidase

Thevascular NADPH oxidases are activated and regu-
lated by a variety of hormones and factors known to be
important players in vascular remodeling and disease.
These include thrombin, platelet-derived growth factor
(PDGF), tumor necrosisfactor (TNFa), lactosylceramide,
interleukin-1, and oxidized LDL (for review see Griendling
et a. 2000). Oxidized LDL increases RS production and
specifically increases expression of Nox4 in human en-
dothelium (Thum & Borlak 2004). Changesin shear stress
are very relevant stimuli in endothelial cells: oscillatory
shear stress (zero net forward flow) increases RS produc-
tion and upregulates Nox4 as well as gp91phox, while
pulsatile shear (net forward flow) may actually
downregulate these components as compared to static
cells (Hwang et al. 2003). The most studied stimulus of
the vascular NADPH oxidase is angiotensin Il. Angio-
tensin increases the activity of the NADPH oxidase at
three or morelevels. First thereisrapid activation of c-Src
and other kinases, leading to phosphorylation of p47phox
which transl ocatesto the membrane cytochrome complex
(Touyz et al. 2003) In vascular smooth muscle, the EGF
receptor transactivation is also involved, leading to se-
guential activation of PI3 kinase and the small G-protein
Rac, al of which occurs within minutes of angiotensin
AT, receptor activation (Seshiah et al. 2002). Thereisalso
someevidencefor theinvolvement of Rho family GTPases
in RS generation in vascular smooth muscle, and thisis
involved in suppression of NADPH oxidase by statins
(seebelow). All these eventsfollowing stimulation with
angiotensin serve to activate, promote and sustain elec-
tron flow through the cytochrome complex. A further level
of action of angiotensin, and some other stimuli, is to
increase the expression of NADPH oxidase subunits over
hoursto days (Cai et a. 2003). Theimportance of angio-
tensin for activation of NADPH oxidaseisunderlined by
studies showing that oxidative stress, NADPH oxidase
activation and some of the pathological features of hy-
pertension and atherosclerosis are abrogated by angio-
tensin AT, receptor antagonists (Warnholtz et al. 1999,
Baykal et a. 2003).

Recently adirect molecular link between NADPH oxi-
dase and endotoxin-induced activation of innate immu-
nity and inflammation has been proposed. Several lines
of evidence indicate that activation of the crucial NF-kB
transcription factor can be controlled by RS (Janssen-
Heininger et a. 2000). One way that the endotoxin li-
popolysaccharide (L PS, anintegral component of the outer
membrane of gram-negative bacteria) can activate NADPH
oxidaseisthrough binding to the Toll-likereceptor (TLR4),

the cytoplasmic tail of which wasrecently found to inter-
act with the carboxy terminal of Nox4 in HEK 293 kidney
cells(Park et a. 2004). Knockdown of Nox4 by siRNA in
HEK 293 and aNox4-expressing U937 monocytic cell line
virtually abolished L PS-induced superoxide production,
and also reduced or abolished NF-kB activation. Whether
thisinteraction occursin vascular cells expressing Nox4
has yet to be determined, but the observation provides a
mechanism whereby L PS activate inflammatory reactions
and adhesion molecule expression in vascular endothe-
lium (acutely in septic shock, or longer termin atherogen-
esis, vascular remodeling etc), pathogenic processes that
could be targeted by blocking NADPH oxidase activa-
tion.

Interaction of NO with RSand suppression of NADPH
oxidase

NO derived from the vascular endotheliumisacrucia
mediator of vasodilation and may also play arolein ag-
gregation and adhesion of platelets and leucocytes, as
well as maintaining the balance between smooth muscle
growth, migration and differentiation (Dusting & Dart
1999). NO is aso a free radical, and when produced in
concert with superoxide it reacts extremely rapidly (rate
constant 7x10° mol 1" s1) toform afurther RS, thehighly
reactive molecule peroxynitrite (ONOO-) (Beckman et al.
1990). Thisresultsin endothelial dysfunction, failure of
endothelium-dependent vasodilation and a propensity for
vasoconstriction, aswell as promoting vascular remodel-
ing. Indeed, peroxynitriteisanimportant mediator of lipid
peroxidation and protein nitration, including oxidation of
LDL whichiscrucial for atherogenesis, and might induce
apoptosis of endothelium or cells of the fibrous cap of
unstable plagues.

NO donor drugs (also known as nitrovasodilators)
have been used for more than a century to treat coronary
artery disease, hypertension, and heart failure. Apart from
vasodilation, these drugs have anti-inflammatory actions
in the blood vessel wall such as suppression of lipopro-
tein oxidation, inhibition of vascular smooth muscle cell
migration and proliferation, and inhibition of platelet ag-
gregation (Dusting & Dart 1999). In addition, NO donors
have been demonstrated to suppress expression of adhe-
sion molecules and chemokines after stimulation with
proinflammatory factors, thereby preventing infiltration
of inflammatory cellsinto thevessel wall (Dusting & Dart
1999). These actions clearly oppose the pro-inflammatory
actionsof RS on the blood vessel wall. We have recently
discovered that NO may exert an anti-inflammatory effect
intheartery wall by suppressing RS generating enzymes,
particularly NADPH oxidase. Threechemically distinct NO
donor compounds (DETA-NONOeate, sodium nitroprus-
side, sodium acetylpenicillamine) were shown to inhibit
the production of superoxide by NADPH oxidase in hu-
man cultured endothelial cellsin aconcentration- and time-
dependent manner (Selemidis et al. 2003). Furthermore,
suppression of superoxide production persists for more
than 6 h after washing NO donor from the cells (Fig. 3).
This action does not appear to involve cyclic GMP nor
alterations in transcription of NADPH oxidase subunits,
but preliminary data indicates that NO may disrupt acti-
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vation and assembly of the vascular NADPH oxidase com-
plex. That NOisableto suppressNADPH oxidase activa-
tion would allow NO to perform its physiological func-
tions in vascular homeostasis when required by remov-
ing amajor source of itsinactivation (Fig. 4). Therapeuti-
cally, the routine administration of NO donor drugs for
coronary artery disease and angina pectoris may also be
treating an underlying cause of the disease - increased
RSintheblood vessel wall.
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Fig. 3: NADPH-dependent superoxide produced by human endot-
helial cells is suppressed by an nitric oxide (NO) donor compound.
DETA-NONOate (100 pM) is incubated with cells for the periods
indicated by the bar, and washed from the cells immediately before
assay. The effect of NO is sustained for more than 6 h after
removing the compound from the cells.
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Fig. 4: interactions of nitric oxide (NO) with NADPH oxidase in
vascular cells. NO produced by eNOS not only reacts with superox-
ide (10,7 to produce the reactive species peroxynitrite (OONO-),
but it also may act to suppress NADPH oxidase activation.

Inhibition of NADPH oxidase

Pharmacological inhibitors of NADPH oxidase that
directly block the catalytic activity of this enzyme have
also been identified, comprising both nonpeptide and
peptide inhibitors. Among the former, diphenyl-
eneiodonium (DPI) and 4’ -hydroxy-3’ -methoxyacetophe-
none (apocynin) have been widely used as experimental
toolsto block NADPH oxidase activity invitro (Cai et al.
2003). In the neutrophil it has been suggested that DPI
abstracts an electron from the reduced redox centre of
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NADPH oxidaseto form aradical, which then formscova
lent adductswith theflavin cofactor (FAD), resultingina
shunt of the electron to molecular oxygen (O’ Donnell et
a. 1993). The usefulness of thiscompound islimited be-
cause DPI interactswith all flavoenzymes, asexemplified
by its potent inhibition of NO synthases (Stuehr et al.
1991). In neutrophils, apocynin has been demonstrated
to prevent the translocation of p47phox and p67phox sub-
units from cytoplasm to membrane, and is therefore
thought to prevent the assembly of NADPH oxidase (Stolk
et a. 1994). Theinhibitory effects of DPI and apocynin
wereinitially characterized in the phagocytic NADPH oxi-
dase, and it is assumed that the same mechanisms oper-
ateinvascular cells, although it is much less certain how
the cytosolic components areinvolved in superoxide pro-
duction by vascular NADPH oxidases. Moreover, apocy-
nin, in common with other polyphenolic derivatives, has
multiple biological actions in addition to its antioxidant
effects (Jiang & Dusting 2003). For example, it has been
reported that apocynin attenuated ischemia-reperfusion
lung injury in sheep while DPI worsened the injury, al-
though both compounds produced similar inhibition of
NADPH oxidase (Dodd & Pearse 2000). Thisdiscrepancy
indicates that great care needs to be taken in interpreting
the actions of these compounds in vivo, and that DPI in
particular isof little value as an experimental tool invivo.
It is also clear that these NADPH oxidase inhibitors in-
hibit both vascul ar and phagocytic NADPH oxidases, and
thelatter isvital for maintaining anormal immune defence
against infection. Therefore, systemic administration of
either of these compounds will undoubtedly cause se-
vere side effects.

Recently, a novel flavonoid derivative S17834 [6,8-
diallyl 5,7-dihydroxy 2-(2-allyl 3-hydroxy 4-metho-
xyphenyl)1-H benzo(b)pyran-4-one] has been reported to
directly inhibit vascular NADPH oxidasein vitro (Cayatte
et al. 2001). The authors measured superoxide production
from tumor necrosis factor-stimulated human umbilical
endothelial cellsand NADPH oxidase activity inthe mem-
brane fraction from these cells, and found S17834 sup-
pressed superoxide generation and NADPH oxidase ac-
tivity by > 50%, although the compound did not di-
rectly scavenge superoxide. Giveninvivo, S17834 reduced
tumor necrosisfactor-stimulated VCAM, ICAM-1 and E-
selectin expression, and reduced aortic atherosclerosis
by 60% in apolipoprotein E-deficient mice. However, no
other information about thiscompound isavailablein the
public domain and the mechanism of its suppression of
NADPH oxidaseisunknown.

Asmentioned above, the fully activated NADPH oxi-
dase containsthe small G protein Racl. Post-translational
isoprenylation of Racl facilitates its translocation to the
cell membrane and associ ation with other subunits of the
enzyme complex. Racl isoprenylation (geranyl-
geranylation) appears to be essential for afull activation
of the phagocytic enzyme (Gorzalczany et al. 2000). In
vascular smooth muscle cells, we (Jiang et a. 2002) and
others (Boota et a. 2000) have obtained evidence that
inhibitorsof protein geranylgeranyltransferase (GGTI-286
and GGTI-298), which catalyzes the transfer of the
geranylgeranyl group to thetarget protein (eg. Rac), sup-
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pressed superoxide production by NADPH oxidase. These
studies suggest that pharmacological intervention in the
isoprenylation of small G proteins may be a useful ap-
proach to suppress vascular NADPH oxidase activity.
Indeed, this mechanism is known to contribute to the
pleiotropic actions of 3-hydroxyl-3-methylglutaryl coen-
zymeA (HMG-CoA) reductaseinhibitors (statins), which
prevent the synthesis of precursors of the isoprenyl
groups, and have been shown to block oxidant stress-
related endothelia dysfunctionin cardiovascular disease
(Wagner et al. 2000, Maack et al. 2003).

Severa peptide-based inhibitors of NADPH oxidase
have also been reported. One of these peptidoinhibitors
isthe antibiotic PR-39, aproline/arginine-rich peptide se-
creted endogenously by human and/or porcine intestinal
tissues and neutrophils (Shi et al. 1996). In neutrophils,
PR-39 inhibitsNADPH oxidase activity by binding to the
Src homology 3 domain of the p47phox subunit, thereby
blocking itsinteraction with the membrane bound p22phox
(Shi et al. 1996). PR-39 also has inhibitory actions on
nonphagocytic NADPH oxidase. For example, PR-39in-
hibited RS production in cultured bovine pulmonary ar-
tery endothelial cells exposed to high potassium, and in
the endothelium of isolated perfused rat lungs after is-
chemic injury (Al-Mehdi et al. 1998). Recently, Pagano
and others (Rey et al. 2001) developed a novel competi-
tive peptidoinhibitor of NADPH oxidase (gp91ds-tat),
which is a chimeric peptide comprising a conserved se-
guence from gp91phox (gp91 docking sequence) linked
to aspecific 9-amino acid peptide from the human immuno-
defective viral coat proteins (termed tat) that facilitates
cellular internalization of the chimeric peptide (Rey et al.
2001). The gp91 docking sequence competitively binds
to the cytosolic NADPH oxidase subunits, thereby pre-
venting the assembly of the enzyme, whether composed
of gp91phox or another Nox catalytic unit. Moreinterest-
ingly, the authors have shown that systemic infusion of
this peptide in C57BI/6 mice prevented the elevation of
systolic blood pressure induced by in vivo angiotensin 1
treatment, and this hypotensive effect was accompanied
by decreased superoxide production in the aorta (Rey et
al. 2001). Subsequently, this group showed that in vivo
treatment with this peptide decreased superoxide produc-
tion and neointima formation after angioplasty in rat ca-
rotid arteries (Jacobson et al. 2003). Reinforcing this, we
have recently shown that local application of apocynin to
carotid arteries reduces myo-intimal thickening, endothe-
lial dysfunction and adhesion molecule expression in-
duced by periarterial collarsinrabbits(Dusting et a. 2004).
These emerging dataindicate the importance of NADPH
oxidase in vascular remodeling of both large and small
arteries, and illustrate the potential utility of other com-
pounds designed to block Nox function.

Finally, considering the therapeutic potential for
NADPH oxidaseinhibitors, it isnoteworthy that al three
of the most widely used classes of cardiovascular drugs,
the cholesterol-lowering HM G-CoA reductase inhibitors
(statins) and drugs that block the renin-angiotensin sys-
tem [angiotensin-converting enzyme (ACE) inhibitorsand
AT receptor antagonists] indirectly suppress the vascu-
lar NADPH oxidase system. Itisinteresting to speculate
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that the clearly demonstrated benefitsin clinical outcomes
with these therapeutic agents might derive partly from
their ability to suppress oxidative stressin the cardiovas-
cular system.

Conclusions

NADPH oxidase has emerged as a major source of
oxidative stress in the artery wall, particularly in artery
disease. While animal data suggest the vascular NADPH
oxidase hasafundamental, causativerolein the devel op-
ment and outcomes of artery disease, clarifying its rel-
evance to human disease awaits the outcomes of targeted
antisense approaches and future trials of specific small
molecule NADPH oxidaseinhibitorsthat are under devel-
opment. Targeting specifically thevascular Nox4 or Nox1
isoforms might well have advantages over non-specific
suppression of the NADPH oxidase. Our finding that NO
also suppresses vascular NADPH oxidase activity has
implications not only for the devel opment of vascular dis-
ease, but also for acute recovery from ischemia and
reperfusion injury to which NADPH-dependent oxidative
stress makes amajor contribution.
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