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Abstract: The implications of reactive oxygen species in cardiovascular disease have been
known for some decades. Rationally, therapeutic antioxidant strategies combating oxidative
stress have been developed, but the results of clinical trials have not been as good as expected.
Therefore, to move forward in the design of new therapeutic strategies for cardiovascular disease
based on prevention of production of reactive oxygen species, steps must be taken on two fronts,
ie, comprehension of reduction-oxidation signaling pathways and the pathophysiologic roles of
reactive oxygen species, and development of new, less toxic, and more selective nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase inhibitors, to clarify both the role of each
NADPH oxidase isoform and their utility in clinical practice. In this review, we analyze the
value of NADPH oxidase as a therapeutic target for cardiovascular disease and the old and new
pharmacologic agents or strategies to prevent NADPH oxidase activity. Some inhibitors and
different direct or indirect approaches are available. Regarding direct NADPH oxidase inhibition,
the specificity of NADPH oxidase is the focus of current investigations, whereas the chemi-
cal structure-activity relationship studies of known inhibitors have provided pharmacophore
models with which to search for new molecules. From a general point of view, small-molecule
inhibitors are preferred because of their hydrosolubility and oral bioavailability. However, other
possibilities are not closed, with peptide inhibitors or monoclonal antibodies against NADPH
oxidase isoforms continuing to be under investigation as well as the ongoing search for naturally
occurring compounds. Likewise, some different approaches include inhibition of assembly of
the NADPH oxidase complex, subcellular translocation, post-transductional modifications,
calcium entry/release, electron transfer, and genetic expression. High-throughput screens for any
of these activities could provide new inhibitors. All this knowledge and the research presently
underway will likely result in development of new drugs for inhibition of NADPH oxidase and
application of therapeutic approaches based on their action, for the treatment of cardiovascular
disease in the next few years.

Keywords: nicotinamide adenine dinucleotide phosphate oxidase, NOX, cardiovascular
therapeutic targets, inhibitors, pharmacophore models

Introduction

The implications of reactive oxygen species (ROS) in cardiovascular disease have
been known for some decades. Rationally, therapeutic antioxidant strategies combating
oxidative stress have been developed, but the results of clinical trials have not been
as good as expected.! There is no convincing explanation for that, but we know now
that ROS not only have pathologic effects but also, in the appropriate subcellular
compartments and under proper antioxidant control, participate in signaling pathways
that are crucial for cellular functioning. Therefore, blocking production of ROS should
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be selective and appropriate to have therapeutic activity.
Pathways sensitive to oxidation/reduction are known by the
generic name of “redox signaling” pathways. However, the
participation of different ROS, the existence of different
sources of ROS in the same cell, and the complex relationship
between different signaling routes draw a complex picture
and we do not have the necessary global view for this kind
of cellular signaling. Our knowledge of the way in which
ROS participate in pathophysiologic processes is also
limited, in part by the absence of appropriately sensitive and
selective probes for ROS and in part by having nonspecific
pharmacologic tools for inhibition of production of ROS. This
explains why we do not have well defined therapeutic targets
for preventing the action of ROS in cardiovascular disease.
In this sense, evidence has been accumulating regarding
the important role of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase in generation of ROS in the
cardiovascular system. This membrane enzyme complex
is defined mainly by its catalytic subunit, which has seven
different isoforms. The characteristics and roles of this
enzyme make it a suitable candidate for a good therapeutic
target. However, further investigations are needed into the
different roles of the NADPH oxidase isoforms and their
participation in signaling pathways, in addition to the
requirement for developing isoform-specific inhibitors.
Therefore, to move forward in the design of new therapeutic
strategies for cardiovascular disease based on prevention
of ROS production, steps must be taken on both fronts, ie,
comprehension of reduction-oxidation (redox) signaling
pathways and the pathophysiologic roles of ROS, and the
development of new, less toxic and more selective NADPH
oxidase inhibitors, allowing clarification of the role of each
NADPH oxidase isoform and its potential use in clinical
practice. In this review, we assess the value of NADPH
oxidase as a therapeutic target in cardiovascular disease as
well as old and new pharmacologic agents and strategies to
prevent the activity of NADPH oxidase.

Targeting NADPH oxidase

Oxidative stress: harmful or key

signaling pathways

The pathologic effects of ROS in the cardiovascular system
result simultaneously from their direct actions modifying
vascular cell functions and from their ability to scavenge and
remove several beneficial vasoprotective compounds, such
as nitric oxide. ROS have direct effects on vascular cells,
including endothelial cells, vascular smooth muscle cells,
fibroblasts, and even resident macrophages, which are also

important in the early stages of cardiovascular disease.? This
includes the direct vasoregulatory effects of individual ROS,
while others are regulated via toxic oxidation of proteins,
lipids, and DNA.?> Overproduction of ROS activates pro-
oxidative genes, such as hypoxia inducible factor-1a., leading
to angiogenesis and cell proliferation,* as well as a number
of proinflammatory genes.

The interaction between nitric oxide and superoxide
anions occurs so rapidly that it is impossible for the former
molecule to have any biological effects. Therefore, many
studies in cell cultures, animal models, and human vessels
have shown that oxidative stress, in particular production of
superoxide anions, is the single most important mechanism
for endothelial dysfunction,’ a situation wherein endothelial
cells are unable to provide vasoprotective and functional
agents for the vessel wall (Figure 1).

On the other hand, ROS also have a role in key signaling
pathways that are important for proper cell functioning.
Participation of ROS has been described in a number of
processes, including: regulation of gene expression by
modification of the activity of transcription factors®®
controlling the expression of adhesion molecules in the
endothelium®!? or proteins implicated in cell proliferation
and migration,!'"!* regulation of cytoskeletal activity,'
and control of intracellular concentrations of second
messengers like calcium.!® Further, the implication of
each type of ROS in modulation of responses seems to
vary according to the region and type of vascular cell.
Therefore, the final effects of each reactive molecule can
vary depending on the region of tissue involved.!” This
complexity may partially explain why direct scavenging
of ROS by antioxidant vitamins did not demonstrate
clinical benefit in the majority of large trials.'® Therefore,
antioxidant strategies must be carefully designed based on
a strong understanding of how ROS are involved in each
pathophysiologic process.

Central role of NADPH oxidases

in generation of oxidative stress

The main sources of ROS include redox enzymes such as
NADPH oxidase, xanthine oxidase, lipooxygenase, and
cyclooxygenase. It is important to note that these sources are
continuously interacting with each other. NADPH oxidases
are a family of multisubunit enzyme complexes that are
unique in being the only enzymes that have been identified
with the primary function of generating superoxide and/or
hydrogen peroxide. ROS are produced as intermediates
in redox reactions, leading from O, to H,O. The major
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Figure | Formation of reactive oxygen species (ROS) in vascular cells. The reduction of oxygen (O,) by one electron leads to the formation of superoxide anion (O,"),
which can be either dismutated to hydrogen peroxide (H,O,) spontaneously or in a reaction catalyzed by superoxide dismutase (SOD). Nitric oxide (NO¢) is produced
by endothelial nitric oxide synthase (eNOS) from L-arginine (L-Arg) and tetrahydrobiopterin. O,
(ONOO"). H,O, can also be generated directly from oxygen by some vascular oxidases, such as xanthine oxidase (XO), glucose oxidase (GO) and NOX4-containing
NADPH-oxidases (NOX4). H,O, can be scavenged by catalase (CAT) or glutathione peroxidase (GPx) to form water and oxygen or can undergo non-enzymatic reactions
to generate the hydroxyl radical (OH*) in the metal-catalyzed Haber-Weiss or Fenton reaction. OH+* may be protonated to the hydroperoxyl radical. Ferrous-containing
enzymes, such as myeloperoxidase (MPO) are activated by H,O, to form a highly reactive radical that can oxidize NO« to nitrogen dioxide anion (NO,") and react with

and NO- react spontaneously with each other to form peroxynitrite

NO,”

to form nitrogen dioxide radical (NO,¢). NO,* can, in turn, participate in nitrating events, such as the formation of nitrotyrosines (NO,-Tyr). Alternatively, MPO can

use H,0, to form hypochlorous acid (HOCI). Singlet oxygen ('O,) is formed upon the reaction of HOCI with H,O,.
Abbreviations: e, one electron; 2e, two electrons; BH,, tetrahydrobiopterin; CI, chloride anion; Fe?, ferrous iron; H*, hydrogen cation; Tyr, tyrosine.

mechanism for generation of ROS begins with the reduction
of O,, by the addition of one electron to generate a superoxide
anion (O,*), considered the primary ROS, and this is the
reaction catalyzed by NADPH oxidases.

0,
ROS, directly or through enzyme-catalyzed or meta-catalyzed

interacts with other molecules to produce secondary
reactions.'” Reduction of O,*~ leads to formation of H,O,,
which is further converted to secondary metabolites, such
as highly reactive hydroxyl HO®. Although the favored reac-
tion is generation of H,0,, O,* also reacts with nitric oxide
(NO?°) to form peroxinitrite (ONOO™), with transition metals,
such as iron found in iron/sulfur center-containing proteins,
or it may be protonated to the hydroperoxyl radical (H,0°,
Figure 1). H,0O® is particularly important in lipid peroxidation
and atherogenesis.

Seven isoforms of NADPH oxidase have been described
in mammals. Each of these isoforms comprises a core
catalytic subunit, ie, the so-called NADPH oxidase (NOX)
and dual oxidase (DUOX) subunits, and up to five regulatory
subunits. These regulatory subunits have important roles
in: maturation and expression of the NOX and DUOX

subunits in biological membranes, (ie, p22phox, DUOX
activator 1, and DUOX activator 2), in enzyme activation
(p67phox and NOX activator 1), and in spatial organization
of the various components of the enzyme complex (p47phox,
NOX organizer 1, and p40phox).? Some NADPH oxidase
isoforms also rely on the small guanine triphosphate
hydrolases (GTPases), ie, RACI and RAC2, for their
activation. Each NADPH oxidase isoform is defined by the
nature of its catalytic subunit (NOX1-NOXS5, DUOX1, or
DUOX2), which determines its suit of regulatory subunits
(Figure 2).

Although all NOX have the same function in generating
ROS, mechanisms of activation, subunit requirements,
and intracellular distributions vary between isoforms.
Unlike phagocytic NADPH oxidases, which are activated
only upon stimulation and generate O,*" in a burst-like
manner extracellularly, nonphagocytic NADPH oxidases
are constitutively active, produce O,* intracellularly in a
slow and sustained fashion, and act as intracellular signaling
molecules, influencing not only transcription factors but
also other molecules involved in inflammation, cell growth,
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Figure 2 Subunit composition of the NADPH oxidase isoforms. The catalytic core subunits of the complex (NOXI-5 and DUOXI-2) are shown in grey and their
stabilization partners (p22phox and DUOX activator | and 2) are shown in magenta. NOX4 is the only isoform that produces hydrogen peroxide instead of superoxide
anion. The regulatory cytosolic subunits of each isoform are shown in each case: p40phox, p47phox, p67phox, NOX organizer | (NOXOI), NOX activator | (NOXALI),
small GTPase (Rac), polymerase delta-interacting protein 2 (POLDIP2), a p47phox analog tyrosine kinase substrate with 4/5 SH3 domains (TKS4/5), EF hand motifs, (calcium-
binding motifs composed of two helixes (E and F) joined by a loop), calmodulin (CaM) and heat shock protein 90 (HSP90). On DUXOI| and DUOX2 a putative additional
amino-terminal transmembrane domain and extracellular peroxidase-like region (PLD) are shown.

Abbreviations: C-ter, carboxy-terminal; FAD, flavin adenine dinucleotide; GTPase, guanine triphosphate hydrolase; NADPH, nicotinamide adenine dinucleotide phosphate;
N-ter, amino-terminal; O,, oxygen; H,O,, hydrogen peroxide; O,—, superoxide; SH3, Src-homology region 3.

and contraction, such as mitogen-activated protein kinases,
tyrosine kinases, and protein phosphatases.?!-*?

ROS produced by NADPH oxidases have been shown to
modify virtually all other possible sources of ROS (Figure 1).
Changes in the structure of several oxidases caused by the
overproduction of ROS from NADPH oxidases lead to
their dysfunction and to a further increase in generation
of ROS, forming a vicious cycle of oxidative stress.”* An
example is endothelial nitric oxide synthase, which primarily
produces nitric oxide, but generates ROS rather than nitric
oxide when it is uncoupled under pathologic conditions.
Uncoupling of nitric oxide synthase occurs by oxidation of
its cofactor tetrahydrobiopterin, and this oxidation depends on
peroxynitrite, which is formed by reaction of nitric oxide with
superoxide anions produced by NADPH oxidases. Similarly,
production of superoxide anions by NADPH oxidase induces
mitochondrial oxidative damage via structural changes to the
inner mitochondrial membrane and disturbs flow in the electron
transport chain, which enhances ROS production.***

Validating the role of NADPH oxidase

in cardiovascular health and disease
NADPH oxidases are found in virtually every tissue and
are the major source of superoxide anions observed in
the vasculature.?* Multiple NOX oxidase isoforms are
constitutively expressed in each of the predominant cell
types of the vascular wall. Endothelial cells express NOX1,
NOX2, NOX4, and NOXS5; vascular smooth muscle cells
express NOX1, NOX4, and NOXS5; and adventitial fibroblasts
express NOX2 and NOX4.?7 In parallel with the two-way
actions of ROS, NOX proteins have both beneficial and
harmful effects. They are important signaling molecules that
regulate vascular tone, expression, proliferation, migration,
and differentiation.”® On the other hand, cardiovascular risk
factors and vascular diseases increase ROS and contribute to
atherosclerosis, vascular dysfunction, hypertension, vascular
hypertrophy, and thrombosis.?** To inhibit NADPH oxidase
successfully, it is important to understand these points
(Figure 3).
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Figure 3 NADPH oxidase and cardiovascular diseases. Risk factors for cardiovascular diseases cause vascular injury and the release of cytokines and factors that
activate NADPH oxidases. ROS generation (superoxide anion (O,™) and hydrogen peroxide (H,0,) activate redox signaling, which trigger cellular responses or cause
oxidative stress, which have the potential to originate oxidative macromolecular damage, decrease nitric oxide (NOr¢) bioavailability and increase oxidation of low-density
lipoprotein (ox-LDL). All together contribute to vascular inflammation, dysfunction and platelet or leukocyte adhesion, which lead to multiple outcomes of cardiovascular

disease.

Abbreviations: ECM, extra-cellular matrix; VSMC, vascular smooth muscle cells; NADPH, nicotinamide adenine dinucleotide phosphate; |, decrease; ROS, reactive oxygen

species; LDL, low-density lipoprotein.

ROS are involved in a large number of cardiovascular
diseases and the causal mechanisms are complex. Validating
the involvement of a protein in a biological process requires
experimental pharmacologic inhibition or genetic deletion and
expressional confirmation studies (for a review, see Altenhofer
et al).?” Vascular cells simultaneously express multiple NOX
enzymes, and various cardiovascular diseases have been
associated with changes in the expression of NOX1, NOX2,
NOX4, and NOXS5. In vascular smooth muscle cells from
large arteries, NOX1 is required for migration, hypertrophy,
and proliferation, NOX4 modulates differentiation, and NOX1
and NOX2 are implicated in hypertension.'

Expression of the vascular NOX2 subunit is commonly
increased by proinflammatory stimuli or in the presence
of cardiovascular risk factors.*® The endothelial injury and
reduced nitric oxide signaling that occurs in the early stages
of vascular disease is largely mediated by excessive levels
of NOX2 oxidase-derived superoxide anion.'”3* Studies
in transgenic and knockout animal models have shown
the involvement of NOX1 and NOX2 and some of their
regulatory subunits, such as p47phox, in the development

of hypertension, atherosclerosis, and restenosis (for a review
see Drummond et al).?’” Therefore, there is a strong rationale
for therapeutically targeting NADPH oxidases in the arterial
wall for the treatment of vascular diseases.

Vascular disease and atherosclerosis
The demonstration that expression of the NOX1 and/or
NOXATI subunit is elevated in atherosclerotic lesions of
apolipoprotein E-deficient (4poE~”") mice and humans
implies a role for the enzyme in this disease state.’!:2
In support, there is evidence for a greater reduction in
development of atherosclerotic lesions in the aortic arch
of NoxI7-/ApoE™~ double knockout mice compared with
ApoE~" single knockout mice.*® NOX2 seems to participate
in the redox signaling implicated in initiation and progression
of atherosclerosis. Overexpression of NOX2 in ApoE~"~ mice
increased recruitment of macrophages, although did not alter
progression of atherosclerosis.**

The case of NOX4 remains controversial. NOX4 is highly
expressed in endothelial cells, vascular smooth muscle cells,
and adventitial fibroblasts, and owing to its lack of reliance
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on traditional cytosolic organizer and activator subunits,
NOX4 activity was, until recently,?® thought to be regulated
primarily by changes in expression of its catalytic subunit.
Hence, observations that levels of NOX4 in vascular cells are
downregulated,***” unchanged,* or upregulated,*>** depending
on the pathologic stimulus under investigation, provide no
clear indication of a homeostatic versus pathophysiologic
function of the catalytic subunit. Consistent with this, several
reports suggest a role for NOX4 in promoting endothelial
cell survival, proliferation, and migration,*'* whereas
other studies indicate that NOX4 mediates effects such as
endoplasmic reticulum stress, oxidative DNA damage, and
apoptotic and necrotic cell death of endothelial cells.*045+7
Likewise, in vascular smooth muscle cells, NOX4 was
initially described as a key regulator of cellular differentiation
and quiescence,*®* which is suggestive of a homeostatic
function, but was subsequently shown to contribute to
vascular smooth muscle cell proliferation, migration, and
hypertrophy under certain conditions,**! all of which are
important in arterial remodeling and atherogenesis.

Finally, even the fact that NOX4 generates hydrogen
peroxide, which is capable of activating proinflammatory
signaling cascades,’? rather than superoxide,> raises
questions as to whether NOX4 is likely to have a protective
or detrimental role in vascular disease.

Indeed, in human microvascular endothelial cell lines
and primary aortic vascular smooth cells, NOX5 activity
was augmented by relevant proatherogenic stimuli, including
thrombin, platelet-derived growth factor, angiotensin II, and
endothelin 1; in each instance, NOXS5 activity was suppressed
following depletion of intracellular calcium.>**” Endothelial
cells and coronary arteries from patients with coronary
artery disease showed greater NOXS5 subunit expression and
calcium-dependent ROS production compared with those
from healthy subjects.’® Importantly, calcium-dependent
but not calcium-independent ROS production was reduced
by small interfering RNA against NOXS, indicating that
calcium-dependent production of ROS is due to NOXS5
activity.>® Although these data suggest a strong association
between NOXS5 activity and coronary artery disease in
humans, evidence for a cause-effect relationship is not yet
proven, and additional work is needed to characterize its
physiologic and pathologic roles in the arterial wall.

Recent research has shown that NOX enzymes are
particularly relevant in ischemia-reperfusion injury, a
situation where a tissue is deprived of oxygen for a long
period of time, followed by an abrupt increase in oxygen
concentrations, eg, after thrombolysis in stroke and

myocardial infarction or after surgical intervention. NOX
are determinants of endothelial function after ischemia-
reperfusion injury.*

On the other hand, the situation is slightly different in the
vascular system of the brain. All of the major cell types present
in brain tissue, including neurons, astrocytes, microglia, and
vascular endothelial cells, constitutively express NOX1, NOX2,
and NOX4,% which presumably reflects the physiologic roles
of NOX-derived ROS in brain function. However, cerebral
arteries differ from many noncerebral arteries in that they have
higher levels of NADPH oxidase activity,*-** and ROS more
typically elicit marked vasorelaxant responses in cerebral
vessels.!” If NADPH oxidase-derived ROS help to maintain
cerebral blood flow and neural function, then great caution
will be needed in developing future therapeutic strategies
involving inhibition of brain NADPH oxidases.

There is evidence from studies of global NOX2 knockout
mice that elevated activity of NADPH oxidase isoforms
normally contributes to worsened outcomes following
stroke, at least in males,***” and that the protective effects
of apocynin occur via inhibition of NOX2.9¢7:¢8 There
is evidence that NOX4-derived ROS mediate cerebral
endothelial apoptosis induced by tumor necrosis factor
(TNF)* and infarct damage after stroke.® However, there
is conflicting evidence as to whether NOX1 activity might
contribute to stroke damage.”®”!

Heart failure

Even more than nitric oxide depletion, endothelial nitric oxide
synthase uncoupling, and modulation of intracellular redox
signaling pathways, ROS also affect cellular energetics in the
myocardium, resulting in an energy deficit, cellular damage,
and acceleration of cell death via apoptosis and necrosis.”™
Further, ROS modulate proliferation of fibroblasts, synthesis of
collagen, and activation of matrix metalloproteinases, and their
expression in the myocardium causes myocardial hypertrophy,
fibrosis, and necrosis, which can lead to endothelial and
myocardial dysfunction.”>™ At the subcellular level, ROS
have been shown to be involved in the pathophysiology of
pressure overload-induced left ventricular hypertrophy and
heart failure.” ROS are implicated not only in the process of
cellular hypertrophy and remodeling in the decompensated
phase, but also in the development of compensated pressure
overload left ventricular hypertrophy.”

In NOX2¥~ (NOX2-deficient) mice in which pressure
overload was induced by constriction of the ascending aorta,
there was a large increase in messenger (m)RNA expression
of p22phox and a small increase in mRNA expression of

submit your manuscript

406

Dove

Vascular Health and Risk Management 2013:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Research in NADPH oxidase pharmacology

p47phox, whereas in wild-type mice there was a moderate
increase in p22phox and no increase in p47phox. ROS levels
in the myocardium were two times higher than in wild-type
mice.”” Bendall et al’® and Byrne et al” reported contrasting
roles for NOX isoforms in pressure overload-induced
versus angiotensin II-induced myocardial hypertrophy
using NOX27~ mice in which hypertrophy was induced by
transaortic constriction or chronic angiotensin II infusion,
respectively. All these findings indicate that the function of
cardiac NADPH oxidases depends on the isoform and also
on the specific pathologic process involved.

The NOX2 isoform and the subunits of the enzyme com-
plex associated to it were identified as a major source of ROS in
left ventricular hypertrophy induced by pressure overload, and
contributed to pathophysiologic changes, such as activation of
redox-sensitive kinases and progression of heart failure.®

Studies of NOX4~~ and cardiac-specific NOX4~~ (cNOX4™")
mice demonstrated the important role of NOX4, although
contrasting results have been observed. It was seen that
attenuated left ventricular hypertrophy, interstitial fibrosis
and apoptosis, and systolic function were improved in
¢NOX4~~ mice compared with wild-type mice.’! In NOX4~~
mice and a cardiomyocyte-targeted NOX4 transgenic model,
with the latter overexpressing NOX4 in the heart, NOX4
expression was increased in cardiomyocytes in response to
pressure overload and after myocardial infarction. However,
NOX4~~ mice showed significantly more cardiac dilatation
and contractile deterioration compared with wild-type mice,
and NOX4 transgenic mice developed less hypertrophy and
fibrosis compared with wild-type mice.®? These data suggest
that endogenous NOX4 has an important role in mediating
cardiomyocyte hypertrophy, fibrosis, and apoptosis in response
to pressure overload, although the mechanism of action remains
undefined.

NOX2 is a relevant source of ROS in the pathogenesis
of ischemic cardiomyopathy. It is unquestionable that NOX2
contributes to cardiac remodeling processes after myocardial
infarction, because deletion of NOX2 significantly abrogates
the effects.®? Nevertheless, the infarct size, measured before
and after remodeling, was comparable between NOX2¥~
and wild-type mice,® p47phox~ and heterozygous control
mice,* and p47phox~ and wild-type mice.* It appears that
the role of NOX2-derived ROS depends crucially on the basal
level of ROS production; loss of NOX2-derived ROS under
physiologic conditions where it plays a proangiogenic role
is detrimental, whereas loss of NOX2 in pathophysiologic
conditions, when overall production is increased, is
beneficial.

Hypertension

There is abundant evidence that ROS contribute to the
pathophysiology of hypertension, and many mechanisms
have been implicated. As we have previously commented,
increased production of superoxide anions leads to a
reduction in bioavailability of the vasodilator, nitric oxide.
Further, ROS have been implicated in proliferation and
hypertrophy of vascular resistance.!!!>3¢ There is genetic
evidence from mice, rats, and humans to suggest a role of
NOX in hypertension. In vascular smooth muscle cells,
NOXI1 is localized to the plasma membrane, caveolae,
and endosomes, and its expression is induced by several
substances, including vasoactive agonists, growth factors,
proinflammatory cytokines, and advanced glycation end
products.” Studies in animal models of cardiovascular
disease, especially of angiotensin II-induced hypertension,
implicate this NADPH oxidase isoform as an important
contributor to the pathology of cardiovascular disease.

NOX1 expression in the vascular wall is elevated
in several in vivo animal models of hypertension.32
Accordingly, vascular superoxide production, endothelial
dysfunction, and aortic hypertrophy were exacerbated in
transgenic mice overexpressing NOX1 in vascular smooth
muscle cells.”** These parameters were blunted in mice that
were globally deficient in NOX1.%°° However, NOXI1 is
associated with angiotensin II-dependent hypertension more
than with noradrenaline-dependent hypertension.”’

Spontaneously hypertensive rats have a polymorphism
in the promoter of the p22phox gene, a subunit of the
NADPH oxidase complex, that leads to an overexpression
of this subunit and a subsequent increase in ROS. Humans
homozygous for a polymorphism in the gene encoding
p22phox have reduced oxidative stress in the vascular system
and probably also reduced blood pressure.®*

It is likely that the type of experimental hypertension
and the location of the blood vessel studied can significantly
impact how NOX4 expression is regulated. In the absence
of pathogenic stimuli, NOX4 knockout mice do not have an
obvious phenotype and are normotensive.?

NOX4 is strongly expressed in the media of small
pulmonary arteries and is causally involved in development
of pulmonary hypertension.'®® NOX4 is the major NADPH
oxidase homologue expressed in human pulmonary artery
smooth muscle cells,’! and its expression at both the mRNA and
protein levels is significantly increased in lungs from patients
with idiopathic pulmonary arterial hypertension compared
with healthy lungs,'® suggesting a correlation between NOX4
and onset of pulmonary arterial hypertension.
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research on NADPH oxidase

In the previous section, we highlighted the value of targeting
NADPH oxidase activity for cardiovascular problems.
From this starting point, intense research has been undertaken
in this field to answer two important questions, ie, where to
act and how to do it, meaning that we still do not know what
is the best molecular target or the best inhibitor.

Points of targeting

NADPH oxidases are involved in complex mechanisms of
action. Therefore, targeting these enzymes can be done at
several different points of the pathways involved. It is also
important to define the aim of the strategy of inhibition in
terms of whether all known oxidases should be simultaneously
inhibited or only specific NADPH oxidase isoforms. Equally,
the subcellular location of NADPH oxidases could be critical
for the expected effect of the inhibition, because local
ROS production in different subcellular compartments has
different pathophysiologic significance.

Moreover, some different mechanisms could be used to
inhibit NADPH oxidase activity. Decreasing expression of the
catalytic subunits or their regulatory subunits is one possibility.
Activation of the enzyme complex can be also decreased
by blocking translocation of the cytosolic subunits to the
membrane or inhibiting activation of the regulatory subunits.
A decrease in the signal transduction pathways upstream of
NADPH oxidase activation is an indirect way to inhibit the
activity of the enzyme. Finally, we consider direct inhibition of
some or specific NADPH oxidase subunits. All together, they
form the available “points of targeting” which should guide
the final objective: NADPH oxidase inhibition. We will make
some considerations about these points before reviewing the
currently available inhibitory drugs or strategies.

NADPH isoforms

As we have seen, the evidence for the seven NOX isoforms
is not equal. The main volume of research in all fields and
particularly in the cardiovascular field includes NOXI,
NOX2, and NOX4. Little is known about the involvement
of NOXS in cardiovascular disease and almost nothing is
known about NOX3, DUOX1, and DUOX2. This may or
may not reflect the real involvement of each isoform in the
pathophysiologic process, and be an indication for future
research. Therefore, the state of the art at the moment points
to NOX2 in several cell types, and to a lesser extent NOX1 in
vascular smooth muscle cells, as the NADPH oxidases that
currently represent the most promising therapeutic targets for

treating vascular diseases. However, NOX4 and NOXS could
emerge as validated drug targets from future research.

There is a strong rationale for therapeutically targeting
NOX2 in the arterial wall for the treatment of vascular disease
because this isoform can generate large amounts of ROS, and
pharmacologic inhibition or genetic deletion reduces vascular
oxidative stress in several disease models.67:68.101-105

Studies in animal models implicate NOX1 as an
important contributor to the pathology of cardiovascular
disease. Expression of NOX1 in the vascular wall is elevated
in several in vivo animal models of hypertension.®* In
mice overexpressing NOX1 in vascular smooth muscle
cells, angiotensin II-induced hypertension, endothelial
dysfunction, and aortic hypertrophy were exacerbated.®>*
Finally, expression of NOX1 is elevated in atherosclerotic
lesions from apolipoprotein E-deficient (4poE~") mice and
humans.?'3? In addition, greater reduction in development
of atherosclerotic lesions in the aorta of the Nox1”/ApoE™"~
double knockout mice has been observed.*

There is no clear indication of a homeostatic versus
pathophysiologic function of NOX4 in vascular cells. In fact,
NOX4 has been associated with beneficial effects*'** and
detrimental effects.****# Therefore, this NADPH oxidase
isoform could participate in positive arterial remodeling or
in atherosclerosis, depending on the physiologic conditions.
NOXS seems to function as a stand-alone protein and has
a calcium-binding domain, which allows NOXS activity
to be regulated by increases in the cytosolic concentration
of calcium.'® NOXS3 activity in vascular cells responds to
proatherogenic stimuli and is suppressed by depletion of
intracellular calcium.’’s7 NOXS5 expression is greater in
endothelial cells and coronary arteries from patients with
coronary artery disease compared with those from healthy
subjects.’® Although these data suggest a strong association
between NOXS5 activity and coronary artery disease, evidence
for a cause-effect relationship is not yet proven, and further
research is needed to characterize this association.

Subcellular location of NADPH oxidases

Because ROS are diffusible and short-lived, subcellular
localization of NOX isoforms is crucial in their activation,
in the site of ROS production, and in the coordination of
redox-signaling events. NOX isoforms are now recognized
to have specific subcellular localizations defined by their
unique localization motifs that bind to adaptor proteins
and target their cargo to the correct membrane. NADPH
oxidases appear to be activated within discrete subcellular
compartments, including caveolae/lipid rafts, focal adhesions,
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cell-cell contacts, lamellipodial leading edges, endosomes,
and the nucleus.!”” This facilitates spatially confined ROS
production with redox-sensitive targets in proximity, which
may allow ROS to activate specific redox-signaling events.
However, the mechanisms by which NOX isoforms traffic
to the correct subcellular location in order to accomplish
appropriate signaling remains poorly defined.

In vascular smooth muscle cells, stimulation of angiotensin
II promotes angiotensin type 1 receptor (AT 1) trafficking into
caveolin-1-enriched membrane fractions where NOX1 is
found.'® This causes localized production of ROS and ROS-
cSrc-dependent transactivation of the epidermal growth factor
receptor (EGFR) and its egress from caveolae. Tyrosine-
phosphorylated EGFR and caveolin-1 subsequently appear
at focal adhesions where NOX4 and paxillin localize, thereby
forming redox signaling platforms.'® !’ These events are
essential for activation of specific redox signaling pathways
involved in vascular smooth muscle cell hypertrophy.!!! For
instance, treatment with TNF-o; causes activation of NOX1
and generation of ROS within endosomes with subsequent
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) activation.''>!'3 However, treatment with thrombin
causes nonendosomal NOX1-dependent production of ROS,
which, as in the case of stimulation with angiotensin II, leads
to transactivation of EGFR.!?

In endothelial cells, stimulation with TNF-o, Fas ligand,
and shear stress induces recruitment of NOX2, p47phox,
and Racl into lipid rafts,'"* thereby promoting raft-localized
activation of NADPH oxidase and production of ROS and
endothelium-derived nitric oxide synthase (NOS) within
raft domains. This formation of redox signaling platforms
in caveolae/lipid rafts in which death receptors couple to
NADPH oxidase contributes to a decrease in bioavailability
of nitric oxide and production of peroxynitrite,''> which
uncouples NOS to produce more superoxide anions and
finally contributes to endothelial dysfunction.!''¢

Integrin-mediated cell adhesion (focal adhesions and
cell-matrix adhesion sites) serve as organizing centers for
regulatory and structural proteins to facilitate rapid and
precise control of cell functions like gene transcription
for cell proliferation, survival, motility, and cytoskeletal
remodeling.!'712! A synergistic action of integrins and
receptor tyrosine kinases occurs during redox signaling.'”
Growth factor activates NADPH oxidase, whereas activation
of integrin stimulates the mitochondria and 5-lipooxygenase
to generate localized production of ROS at cell-matrix
adhesions. These ROS induce oxidative inactivation of
protein tyrosine phosphatases,'?*-12¢ which negatively regulate

receptor tyrosine kinase and focal adhesion kinase, thereby
promoting downstream redox signaling events leading to
proliferation, survival, and gene expression.'?

The molecule primarily responsible for cell-cell
contacts of endothelial cells is vascular endothelial-
cadherin.!'?”” Tyrosine phosphorylation of the vascular
endothelial-cadherin complex is required for disruption
of the cell-cell junction,'?* 3 and is mediated via cSre,
which is dependent on ROS.!*!132 Moreover, NADPH
oxidase-derived ROS are involved in vascular endothelial-
cadherin/B-catenin phosphorylation and disruption of cell-
cell contacts.!** Stimulation of vascular endothelial growth
factor promotes loss of cell-cell contacts, thereby promoting
migration and proliferation of endothelial cells involved in
angiogenesis as well as endothelial permeability via a ROS-
dependent mechanism.**'*5 Polymorphonuclear leukocyte
adhesion to endothelial cells stimulates production of ROS,
which also promote loss of cell-cell adhesions through
phosphorylation of vascular endothelial-cadherin.'** These
responses are involved in increasing transendothelial
migration of polymorphonuclear leukocytes and endothelial
permeability, which contributes to inflammatory diseases,
such as atherosclerosis and diabetes. Thus, NADPH
oxidase-derived ROS produced near the adherent junction
may activate redox signaling that disrupts cell-cell contacts,
promoting angiogenesis, vascular inflammation, and
permeability. 31137

Migration of endothelial cells is a key event for tissue repair
inresponse to injury, angiogenesis, and wound healing. In these
cells, Racl-dependent and NOX2-dependent NADPH oxidase
plays an important role in cell migration.'>!3%14 NOX2 and
its regulatory subunits are targeted to the focal complexes or
membrane ruffles in lamellipodia.'*~1** Oxidants derived from
activation of NADPH oxidase and lamellipodial dynamics are
likely to be spatially and functionally coupled at the leading
edge to promote directional cell migration.'**!* Different
functional and scaffold proteins, such as WAVEL, #1143
IQGAP1,"¢!47 and protein tyrosine phosphatase-PEST,*? have
been associated with NADPH oxidase complexes in leading
edges of lamellipodia and focal contacts.

The NADPH oxidase complex is also formed in
intracellular compartments. NOX2,'** NOX4,'* or NOX1,
NOX2, and NOX4* have been found in the perinuclear
compartments of different types of endothelial cells. NOX4
is critical for oxidative inactivation of protein tyrosine
phosphatase 1B localized mainly to the cytosolic face of
the endoplasmic reticulum, thereby enhancing activation of
receptor tyrosine kinase in this intracellular compartment.!>
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Stimulation of interleukin-1B promotes endocytosis of
its receptor, which is required for NOX2-dependent ROS
production in early endosomes and subsequent redox-
dependent activation of the transcription factor, NF-xB.'!
NOXT1 and NOX2 are also involved in endosomal production
of ROS after hypoxia-reoxygenation injury required for
inhibitory subunit of NF-kappa B alpha (IxBa) tyrosine
phosphorylation.’”> NOX1 can also participate in the ROS
production required for NF-xB activation induced by TNF-
o' Taken together, these studies suggest that NADPH
oxidase-dependent ROS production in endosomes is involved
in the proinflammatory immune response.

Many transcription factors are redox-sensitive, including
activator protein 1 (AP-1), NF-kB, Nrf2, p53, and the
glucocorticoid receptor,'*31% which require an oxidative signal
in the cytoplasm to initiate signaling for activation, whereas
oxidative stress in the nuclear compartment blocks the process.'>
NOX4 preferentially localizes to the nucleus in human
endothelial cells,'® so local NOX4-dependent ROS production
in the nucleus may contribute to regulation of the redox-
dependent transcription factor and gene expression involved in
cell growth, differentiation, senescence, and apoptosis.

A better understanding of compartmentalization of redox
signaling will provide further insights into temporally and
spatially organized ROS-dependent signaling systems and the
relevance of antioxidant therapy ,with targeting to specific
intracellular microdomains for the treatment of various
oxidant stress-dependent diseases.

Expression of NADPH oxidase
NOX isoforms are differentially expressed during
development of atherosclerosis. Expression of NOX4
appears to increase the stability of atherosclerotic
plaques, while at earlier stages of plaque development
NOX2 seems to predominate, contributing to progression
of atherosclerosis.'®! This led to the conclusion that
NOX4 might be involved in the maintenance of the
differentiated vascular smooth muscle cell phenotype.*®
NOXS5 in turn seems to be coexpressed at sites of human
plaque instability.’® These aspects point to the complex
nature of regulation of NADPH oxidases and their role in
disease. It is also clear that we must be cautious about the
pharmacologic targeting of these enzymes in humans.
The natural or pathophysiologic expression of NADPH
oxidases in the vasculature can also be modified by selected
drugs, which clearly introduces a new point of targeting.
Docosahexaenoic acid has been demonstrated to decrease
NOX4 expression and activity in human aortic endothelial

cells, an effect associated with reduced production of ROS.'®
In the same way, resveratrol, a natural occurring antioxidant
found in grapes and wine, downregulates NOX4 in a
concentration-dependent way in human endothelial cells, on
the contrary, it upregulates the expression of two antioxidative
enzymes, ie, superoxide dismutase and glutathione
peroxidase 1.'6

Pathophysiologic upregulation of NADPH oxidase
expression could be also selectively inhibited by some drugs.
Sodium hydrosulfide and the H,S-donating derivative of
sildenafil (ACS6) completely inhibited NOX2 expression
induced by TNF-ou in porcine endothelial cells via the adenylyl
cyclase-protein kinase A pathway.'* Expression of p47phox
could also be inhibited, but it is not clear if this effect is due
to hydrosulfide or to the sildenafil structure.'® CPU0213, an
endothelin receptor antagonist, reversed the upregulation of
p22phox and p47phox (NADPH oxidase regulatory subunits)
induced by administration of isoproterenol, a beta-adrenergic
sympathomimetic, in rats.'® In rats with hypertension
induced by deoxycorticosterone acetate (DOCA) salt, dietary
sesamin prevented the enhanced increase in NADPH oxidase
activity and expression.”’ Many other natural products have
been shown to reduce expression of NADPH oxidase in
vascular tissues.'**¢7-13 One of the main transcription factors
implicated in TNF-o-induced or angiotensin II-induced
upregulation of NOX isoforms and NADPH oxidase subunits
is AP-1."7* In contrast, enhanced expression of NOXI,
NOX2, NOX4, and p22phox by nonselective, nonsteroidal
anti-inflammatory drugs has been demonstrated in the aorta
and heart in animal models, in isolated human endothelial
cells, and in healthy volunteers.'”

This picture is further complicated by the fact that
genetic variation of NADPH oxidase components, which
is related to differential ROS production, is involved in
atherosclerosis and vascular dysfunction. Genetic variation
of the p22phox subunit encoding gene CYBA has been
discussed in this context; however, all other subunits should
be carefully examined also in the context of pharmacokinetics
and immunogenetics.?*3161176 Although expression of
p22phox is not affected, the C242T CYBA single nucleotide
polymorphism is associated with altered NADPH oxidase
activity in patients with cardiovascular disease.’®

Direct inhibition or modulation

of regulatory pathways

Due to the complex relationship between NADPH oxidases
and other proteins in the context of some signaling pathways
and even the complex cross-talk between different signaling
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pathways, inhibition of NADPH oxidase activity can be
done sometimes via regulation of a pathway rather than
direct inhibition of the oxidase. This possibility has been
considered in clinical practice because it has not been easy
to obtain specific and selective inhibitors for each NADPH
oxidase isoform. Therefore, at the moment, direct and indirect
inhibition of NADPH oxidase activity should be considered
as strategies with the same objective (Figure 4).

Suitable inhibitors

Multiple lines of evidence for inhibition of NADPH oxidase
are required to confirm the inhibitory effect. Therefore,
several approaches can be used to investigate the inhibitory
effect and to discriminate between compounds that act
directly on the enzyme complex versus the activation process
upstream of NADPH oxidase. For a summary of these
approaches, see the review by Jaquet et al.'”” We discuss
below the available NADPH oxidase inhibitors differentiated
by these general mechanisms of action. Other authors have
grouped the NADPH oxidase inhibitors by more precise steps
of NADPH oxidase activation. In this regard, it is useful to
consult the review of Streeter et al,'”® which included the
following steps as possible targets: NOX expression, signal
transduction upstream of NOX activation, trafficking of
NOX to the appropriate subcellular compartment, assembly
of NADPH oxidase complex, electron transfer from NADPH
to oxygen, and oxidation of downstream targets.

Ligand

v NADPH oxidase
/Receptor

Y e S el

P O e O

Cytosolic
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Direct inhibitors: past and future

Several compounds have the ability to inhibit NADPH
oxidases directly (Table 1). In many cases, their effects
have been confirmed in vivo, but major problems with
the inhibitors currently available include low specificity,
associated toxicity, or their peptide character. The search
for successful inhibitors continues as the prospect for use in
clinical practice increases along with molecular knowledge
about redox signaling (Figure 5). Specific inhibitors are also
essential to establish fully the role of NADPH oxidases and
individual NOX isoforms in different pathologies.

Small-molecule NADPH oxidase inhibitors

Old and new NADPH oxidase inhibitors are presented in
Table 1. The first inhibitors used were diphenyleneiodonium
and apocynin, a naturally occurring inhibitor originally
isolated from the roots of Picrorhiza kurroa. These have
been the most widely studied and used as pharmacologic
tools. However, they lack selectivity for NADPH oxidases.
Diphenyleneiodonium inhibits flavin oxidases, thus
affecting numerous enzymes.'”'3° Apocynin is an orally
active agent that acts as a prodrug, requiring a reaction
with peroxidase to be able to block assembly of NADPH
oxidase.'® Its possible therapeutic value has been probed
in animal models, where it blunted the development of
hypertension and prevented endothelial dysfunction in rats
rendered hypertensive by DOCA salt.'® However, apocynin
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Figure 4 Possible strategies for NADPH oxidase inhibition. Several steps that can be used to modulate NADPH oxidase activity. (1) NADPH oxidase subunits expression.
(2) Signaling upstream of NADPH oxidase activation. (3) Association of cytosolic subunits and formation of the complete enzyme complex. (4) Subunit phosphorylation (P)
and activation. (5) Modulation of cytosolic calcium concentration. (6) Transference of electrons through the enzyme complex.

Abbreviations: Ca*, calcium ion; CaM, calmodulin; &7, electron; FAD, flavin adenine dinucleotide; HSP90, heat shock protein 90; NADPH, nicotinamide adenine dinucleotide

phosphate; O,-, superoxide anion; O,, oxygen.
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Table | Direct inhibitors of NADPH oxidase activity

Compound Mechanism of action Other pharmacologic effects Reference
Small molecules
Diphenyleneiodonium Flavoprotein inhibitor and prevents electron flow Inhibitor of all flavin-containing proteins 179,180
through the enzyme (eg, NADPH dehydrogenase, xanthine
oxidase, nitric oxide synthase)
Apocynin Oxidase assembly inhibitor, inhibits association Scavenger of hydrogen peroxide; 181
of p67phox subunit with membrane complex interference with arachidonic acid
metabolism, glutathione synthesis, and AP-1
transcription factor activation
Phenylarsine oxide Oxidase assembly inhibitor, prevents assembly Its binding to vicinal cysteine residues makes 186,187
of an active oxidase complex by bond to vicinal this agent an inhibitor of a variety of other
cysteine residues enzymes
Gliotoxin Inhibits NOX2 by preventing p47phox None reported 54,190,191
phosphorylation and assembly of the enzyme
complex reacting with thiol residues
Aminoethyl Oxidase assembly inhibitor, inhibits association Nonselective serine protease inhibitor, 192
benzenesulphonyl of NOX2 subunit with p47phox interfering with commonly used assays
fluoride for ROS
VAS2870 Undefined mechanism of action; inhibition of No inhibition of xanthine oxidase, no 193,194
NADPH oxidase activity in cells containing NOX2 superoxide anion scavenging
and NOX4
VAS3947 Undefined mechanism of action; inhibition of NADPH No inhibition of xanthine oxidase and nitric 193
oxidase activity independently of the specific isoform oxide synthase; no superoxide anion
expressed scavenging; no interference with commonly
used assays for ROS
GK-136901 It has been suggested that it may act as a competitor No inhibition of xanthine oxidase, no 196
of the substrate of the enzyme superoxide anion scavenging
S17834 Prevention of cytosolic subunits, mainly p47phox, No inhibition of xanthine oxidase, no 198
binding to the membrane complex of the enzyme; superoxide anion scavenging
possible direct inhibition
Plumbagin Undefined mechanism of action 201
MLI71 Selectivity for NOXI No inhibition of xanthine oxidase, no 203
hydrogen peroxide scavenging
Fulvene-5 NOX2 and NOX4 inhibition None reported 204
Ebselen Oxidase assembly inhibitor, inhibits binding Hydrogen peroxide scavenger 231
of p22phox and p47phox subunits
N-(1-cyclohexylethyl)-4- Undefined mechanism of action, inhibition None reported 177
phenylphthalazin- | -amine of superoxide anion production in diabetic aorta
Pyrazolo (1.5-A) Undefined mechanism of action, inhibition None reported 177
pyrimidines of NADPH oxidases in neutrophils and blood vessels
Pyazolo pyridines Unspecific inhibition of all NOX isoforms None reported 177
Tetrahydroindoles Unspecific inhibition of all NOX isoforms None reported 177
Peptide inhibitors
Nox2ds-tat Oxidase assembly inhibitor: inhibits association No superoxide anion scavenging 206
of NOX2 with p47phox subunit
Nox2ds Mimics a sequence in the cytosolic B-loop of NOX2 None reported 207
and specifically inhibits superoxide anion production
by this isoform
PR39 protein Oxidase assembly inhibitor: binds to SH3 domain Not selective for NADPH oxidase 208
of p47phox subunits, limiting its regulatory activity because it can inhibit other protein
with SH3 domains
Naturally occurring antioxidants
Procyanidins from grapes Inhibition of NADPH oxidase activity in endothelial Superoxide anion scavenging at high 215
cells and cell-disrupted systems concentrations
Flavonoids from Inula Reduction of p47phox expression and phosphorylation ~ None reported 168
Britannica L in vascular smooth muscle cells
Ginkgolide B Attenuation of enhancement of NOX4 expression None reported 170
and ROS generation in human endothelial cells
(Continued)
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Table | (Continued)

Compound Mechanism of action Other pharmacologic effects Reference
Rutaecarpine Reversal of upregulation of NOX2, NOX4, None reported 171
and p47phox in myocardial cells
Reinioside C Reversal of NADPH oxidase subunit upregulation None reported 172
(NOX2 and p22phox)
Resveratrol Inhibition of NADPH oxidase activity; downregulation No superoxide anion scavenging; 163,216
of NOX4 upregulation of superoxide dismutase-|
and glutathione peroxidase |
(antioxidative enzymes)
Quercetin and Reduction of endothelin |-induced upregulation Inhibition of protein kinase C; reduction 173
isorhamnetin of p47phox subunit of endothelial NOS uncoupling
Epicatechin Reduction of NADPH oxidase activity None reported 167,217
and overexpression of p47phox and p22phox
Tanshinone IIA Inhibition of increased NADPH oxidase activity None reported 169
and expression in a model of hypertensive rats
Folic acid Inhibition of NADPH oxidase activity by Inhibition of xanthine oxidase activity 218
an undefined mechanism and restoration of superoxide dismutase
activity
Magnolol Inhibition of NADPH oxidase after the enzyme No superoxide anion scavenging; blockade 219
is activated of different protein kinases
Honokiol Inhibition of NADPH oxidase after the enzyme None reported 221,222
is activated
Xuezhikang Decrease membrane translocation of p47phox, through  None reported 224
the inhibition of extracellular signal-regulated kinase
1/2 activation
Puerarin Inhibition of phosphorylation of p47phox and Racl None reported 225
Tripterine Prevention of Janus kinase-dependent induction Prevents induction of nitric oxide synthase 226
of NOXI
Celastrol Nonspecific inhibitor of NOXI, NOX2, NOX4, None reported 227

and NOXS5, with increased potency against NOXI
and NOX2; oxidase assembly inhibitor, inhibits

binding of p22phox and p47phox subunits

Abbreviations: AP-1, activator protein |; NADPH, nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; NOS, nitric oxide synthase; ROS, reactive

oxygen species; SH3, Src-homology region 3.

seems to have effects other than inhibition of NADPH
oxidase, interfering also with metabolism of arachidonic
acid,' synthesis of glutathione, and activation of AP-1
transcription factor.'®* Further, it has recently been shown
to be a direct ROS scavenger in certain experimental
conditions.'®

Phenylarsine oxide is a potent NOX2 inhibitor. It is
ineffective once the oxidase complex is formed, suggesting
that it prevents assembly of an active oxidase complex.
Because phenylarsine oxide is known to form disulfide bonds
with vicinal cysteine residues, it is postulated that these
residues are only unmasked and accessible for phenylarsine
oxide in the resting state of the NADPH oxidase complex.'%
However, this chemical reactivity with cysteine residues is
likely to make this agent an inhibitor of a variety of other
enzymes. Phenylarsine oxide has been demonstrated to
decrease NADPH oxidase-derived ROS production in rat
arteries,'®” and in vivo inhibited production of superoxide
anions induced by angiotensin II and enhanced chronic

heart failure in rabbits.!®® However, it is also shown that
phenylarsine oxide may induce ROS production dependent
on NADPH oxidase, which may mediate other effects like
protein expression.'®

Gliotoxin is a mycotoxin extracted from Aspergillus
species. Itblocks NOX2 but is inefficient for NOX4 inhibition.>
Gliotoxin interferes with phosphorylation of p47phox,'* but
also directly affects NOX2 activity.”' It is speculated that
gliotoxin acts by a mechanism similar to that of phenylarsine
oxide.

Another chemical inhibitor of NADPH oxidase is
aminoethyl benzenesulfonyl fluoride (AEBSF), but its
action is at high concentrations (half maximal inhibitory
concentration [IC, ] > 1 mM) and it has off-target effects as
a serine protease inhibitor. AEBSF interferes with the binding
of p47phox and/or p67phox to the membrane of the NADPH
oxidase complex, probably by a direct effect on NADPH
oxidase.!? It also interferes with the most commonly used
assays for ROS.'?
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VAS2870 is a cell-permeable thiotriazolopyrimidine
compound that acts as a rapid and reversible inhibitor of
NADPH oxidase activity. It does not seem to have direct ROS
scavenging properties and had no effects on xanthine oxidase-
mediated superoxide production or on endothelial nitric
oxide synthase activity.!*>!** VAS2870 inhibited elevated
ROS production and restored endothelium-dependent
relaxation in aortas from spontaneously hypertensive rats®
and limited phenylephrine-induced contraction in rat tail
arteries.'”® Intrathecal administration of VAS2870 to mice
following experimental stroke was shown to reduce brain
infarct volume and improve the neurologic outcome.®
Interestingly, in this study, Nox4~~ mice were similarly
protected against brain infarction and neurologic deficits
following stroke as those administered VAS2870. A more
recently introduced triazolopyrimidine, VAS3947, has been
shown to be relatively specific for NADPH oxidases versus
nitric oxide synthase and xanthine oxidase, but it cannot be
excluded that VAS3947 interferes with an alternative source
of ROS, such as the mitochondrial electron chain.!*?

GK-136901 is a pyrazolopyridine derivative, structurally
related to VAS2870 and VAS3947, and recently identified
as a potent selective inhibitor of NOX1 and NOX4 isoform-
dependent ROS generation from disrupted cell membrane
preparations; it had no detectable inhibitory effects against
ROS generated in vitro by xanthine oxidase. GK-136901
has high oral bioavailability, lacks off-target effects against
a panel of 135 enzymes, and has a good safety profile in
vivo.'”¢ All together, this makes it a good drug candidate as a
NADPH oxidase inhibitor, and it has been shown to attenuate
hypoxia-induced pulmonary vascular cell proliferation in
mice, suggesting its value in pulmonary hypertension.'’

S17834 blocks NADPH oxidase activity in intact
endothelial cells and in isolated endothelial cell membranes
without inhibiting ROS generated by xanthine oxidase in
a cell-free preparation system, indicating that it does not

198 Further, when

have superoxide scavenger properties.
administered to apolipoprotein E-deficient and low-density
lipoprotein receptor-deficient mice, S17834 suppressed
TNF-induced leukocyte adhesion, reduced expression
of plasminogen activator inhibitor 1, augmented nitric
oxide production in endothelial monolayers, and showed
atheroprotective properties.'”*2% Its major mechanism of
action involves prevention of binding of cytosolic subunits
(mainly p47phox) to the membrane complex of the enzyme.
Although its exact mechanism of action remains unclear,
plumbagin, a plant-derived naphthoquinone, has been used to
inhibit NADPH oxidase-dependent superoxide production in

cell lines that express NOX4?°! and as an antiatherosclerotic
drug in animals.??

Several phenothiazines have been identified as
NOXT1 inhibitors by high-throughput screening using an
HT?29 cell-based assay.?* The inhibitor 2-acetylphenothiazine
(ML171) had an IC,, for NOX1 in the nanomolar range,
whereas the IC_, values for NOX2, NOX3, and NOX4
were in the micromolar range, similar to the IC,; value for
xanthine oxidase. NOX5 was not included in the assays.
ML171 appears to target the NOX1 catalytic subunit but
not its cytosolic regulators. Due to the presence of the
phenothiazine structure, a possible side effect of ML171 is a
potential antipsychotic action. However, binding assays for a
large battery of human receptors and channels in the central
nervous system led to the conclusion that ML171 does not
likely exert unwanted antipsychotic effects.?”

Fulvene-5 is a recently described NADPH oxidase
inhibitor from the family of fulvenes, which are highly water-
soluble aromatic ring structures. Fulvene-5 showed inhibitory
activity against NOX2 and NOX4. However, there are no
data on the IC, values or its specificity and activity toward
other NOX isoforms.?** Although little public information
is available, some other small NADPH oxidase inhibitors
have been investigated by pharmaceutical companies. An
overview of some of these products can be found in the review
published by Jaquet et al.'”’

In some cases, comparative studies between old (normally
diphenyleneiodonium and/or apocynin) and new small
NADPH oxidase inhibitors have been reported to clarify
their potential value as NADPH oxidase inhibitors, selectivity
versus other sources of ROS, and inherent ROS scavenger
properties.'*

Peptide inhibitors

In an attempt to eliminate off-target effects and gain
selectivity for some NOX isoforms, the focus has been
shifted on some occasions to the development of peptide
inhibitors, which truly inhibit activation of NADPH oxidase.
A more detailed review of these peptides has been published
recently by El-Benna et al.*®> Nox2ds-tat, a cell-permeative
chimeric form targeting the assembly of NOX2, is a peptide
inhibitor that binds to the p47phox subunit and prevents its
interaction with other NADPH oxidase subunits.?’ Therefore,
it inhibits the NOX1 and NOX2 isoforms, but not NOX4,
because this subunit is p47phox-independent. It decreased
superoxide production and inhibited angiotensin II-induced
blood pressure increases in animal models.'” Nox2ds, a
nonchimeric peptide that mimics a sequence in the cytosolic
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B-loop of NOX2, was shown to inhibit superoxide anion
production by the NOX2 isoform but not ROS production by
NOX1 oxidase or NOX4 oxidase.?”” Other peptide inhibitors
were derived from p22phox, p47phox, or Racl subunits to
prevent their phosphorylation, activation, or assembly to
form the final enzyme complex.?”> The proline-arginine-
rich peptide, PR39 protein, is an inhibitor not derived from
NADPH oxidase components that binds to the Src-homology
region 3 (SH3) domain of p47phox subunits, limiting its
regulatory activity.?”® However, in terms of its mechanism of
action, PR39 is not completely selective for NADPH oxidase
and can affect any other protein possessing the SH3 domain.
All these peptide inhibitors have shown low stability and lack
of oral availability, making them clinically unattractive.

Naturally occurring antioxidants

The search for novel and specific NADPH oxidase inhibitors
continues, and naturally occurring antioxidants represent
another possible approach. In addition to apocynin, the best
studied molecule of this origin, other natural components have
NADPH oxidase inhibition properties. It has been found that
polyphenols, apart from their well known superoxide radical

NOX specific I NOX
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N-ter
Inhibition of subunits

assembly

——=d oo

scavenging ability, also decrease the activity of NADPH
oxidase.?” In fact, the beneficial effects on cardiovascular
disease may partly explain the protective role of polyphenol-
containing foods and beverages such as fruit, vegetables,
green tea, and red wine.?!*2* It should be kept in mind that
designing antioxidant strategies with this type of polyphenol
or other natural compounds requires additional randomized
studies with dietary interventions.

According to the criteria suggested by Jaquet et al'”
for defining new NADPH oxidase inhibitors, procyanidin-
rich fractions from distilled grape pomace should contain
such type of drugs. Procyanidins from this origin, which
are polyphenol compounds of the flavonoid group, inhibit
NADPH oxidase activity in endothelial cells and cell
disrupted systems. They also exerted inhibition at lower
concentrations than those needed to scavenge superoxide
anions in a cell-free in vitro system.?' Therefore, natural
procyanidins from grapes seem to be a new source of NADPH
oxidase inhibitors.

Other natural products have been shown to inhibit
NADPH oxidase activity or prevent overexpression of some
of'its subunits in in vitro cell models under certain conditions.

2 Inhibition of
expression
or location
trafficking

Inhibition of flavin or
electron transfer

@ Inhibition of subunits

assembly
I\Inhibition of subunit
@ phosphorylation

Figure 5 Sites for direct NADPH oxidase inhibition. Some mechanisms of action have been reported for NADPH oxidase inhibitors. (1) Specific inhibition of the catalytic
subunit (NOX). (2) Inhibition of the expression of any subunit or inhibition of the traffic for subcellular location. (3) Flavin (cofactor) inhibition or electron transfer inhibition.
(4) Inhibition of correct subunits assembly. (5) Inhibition of subunit phosphorylation (P) and activation.

Abbreviations: FAD, flavin adenine dinucleotide; NADPH, reduced nicotinamide adenine dinucleotide phosphate; N-ter, amino terminal; O,-, superoxide anion.
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Flavonoids from Inula Britannica L reduced p47phox
expression and phosphorylation in vascular smooth muscle
cells, with a subsequent reduction in production of superoxide
anions.'® Ginkgolide B, from the ginkgo biloba tree,
attenuated the enhancement of NOX4 expression and ROS
generation in human endothelial cells treated with oxidized
low-density lipoprotein.'”® Rutaecarpine reversed the NADPH
oxidase activity induced by hypoxia-reoxygenation and
upregulation of NOX2, NOX4, and p47phox in myocardial
cells in vitro.'”! Reinioside C, a major compound of Polygala
fallax H, attenuated the upregulation of NADPH oxidase
(NOX2 and p22phox) induced by oxidized low-density
lipoprotein, generation of ROS, and activation of NF-kB in
endothelial cells.!”” Resveratrol, a stilbene found in grapes
and wine, and without superoxide scavenger properties, has
been shown to inhibit NADPH oxidase activity in vascular
tissues.?'® It also downregulated NOX4 and upregulated
superoxide dismutase-1 and glutathione peroxidase 1
(antioxidative enzymes) in a model of human endothelial
cells.'®® Therefore, resveratrol modifies the expression
profile of pro-oxidative and antioxidative enzymes which
could contribute to its vascular protective effect. Quercetin
and its methylated metabolite, isorhamnetin, reduced
endothelin 1-induced upregulation of the p47phox subunit
and endothelial nitric oxide synthase uncoupling in the
endothelium, but it is not clear if this is a direct or a protein
kinase C-mediated mechanism.'”

Studies in animal models under pathophysiologic
conditions have also shown the inhibitory activity of some of
these compounds. Epicatechin reduced the increased NADPH
oxidase activity and overexpression of p47phox and p22phox
in DOCA salt animals'®” and rats after chronic inhibition of
nitric oxide synthesis.?!” Tanshinone 1A, a major constituent
of Salvia miltiorrhiza B, inhibited increased NADPH oxidase
activity and expression as well as superoxide anion production
in a hypertensive rat model.!® Folic acid supplementation
in the diet attenuated NADPH oxidase and xanthine oxidase
activity and restored superoxide dismutase activity in the
kidney of the hyperhomocysteinemic rat.?'¥

Magnolol and honokiol are active components of Magnolia
officinalis that inhibit NADPH oxidase activity,?"® which
explains some of their antioxidative and anti-inflammatory
effects.”?® Honokiol has been shown to reduce myocardial
infarct size and cardiac arrhythmias in rats.??'??2 This
compound also suppresses apoptosis in high glucose-induced
human endothelial cells via NADPH oxidase inhibition.??
Interestingly, this compound is able to inhibit NADPH oxidase
after the enzyme is activated, but not before, which could be

useful in pathologic conditions. In some cases, the natural
product does not directly inhibit NADPH oxidase activity, but
affects its regulation. Xuezhikang, an extract of red yeast rice,
reduces NADPH oxidase activity by decreasing membrane
translocation of its regulatory subunit p47phox by inhibition
of extracellular signal-regulated kinase 1/2 activation.?**
Puerarin, an isoflavone-C-glucoside, interferes with the
NADPH oxidase-related ROS pathways and blocks NF-xB
activation by inhibiting phosphorylation of p47phox and
Racl.?® Tripterygium wilfordii Hook F is a traditional
Chinese medicinal plant that contains some compounds
with inhibitory effects on NADPH oxidase activity. One of
these compounds is tripterine, which prevents Janus kinase-
dependent activation of inducible nitric oxide synthase and
NOX1, an effect that consequently protects endothelial
barrier function.?* Celastrol, another compound of the same
plant, was demonstrated to be a potent nonspecific inhibitor
of NOX1, NOX2, NOX4, and NOXS5, with increased potency
against NOX1 and NOX2.??” The suggested mechanism for
this action is inhibition of the functional association between
cytosolic subunits and the membrane enzyme complex.

Pharmacophore models

In cell systems overexpressing NOX4, several NOX4
oxidase inhibitors have been identified from compounds
containing one of the following five core structures: oxalyl
hydrazides, flavonoids, oxindoles, benzoquinolines, and
benzothiophenes.””® From these data, the authors mapped
the common pharmacophore points and constructed a
pharmacophore model of a NOX4 oxidase inhibitor that
comprised two hydrogen bond donors and acceptors and two
aromatic-hydrophobic rings.??® Similarly, structure-activity
relationship investigations around the pyrazolopyridine dione
core and high-throughput screening led to the discovery of
new inhibitors selective for NOX4 and NOX1 isoforms and
with little affinity for the NOX2 isoform."*¢ Additionally,
they showed good oral bioavailability. Independent of NOX
isoform specificity, many NADPH oxidase inhibitors show
some common structural features, ie, they are generally flat
and lipophilic aromatic heterocyclic compounds. Further
work is needed to determine the isoform selectivity of
compound bases in pharmacophore models as well as their
specificity for inhibition of ROS production via NADPH
oxidases versus other sources.

Novel perspectives
It has been discovered recently that zinc signals have
an essential role in the redox signaling network, and
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this implies that regulation of zinc homeostasis by zinc
administration could be a novel strategic pharmacologic
intervention for oxidative stress. In fact, intracellular zinc
has a protective role in myocardial recovery from oxidative
stress enhanced by ischemia-reperfusion injury.?® Pyrithione,
a zinc ionophore, reversed expression of NOX2 induced by
hypoxia-reoxygenation and p47phox phosphorylation in rat
cardiac myocytes, indicating that this compound protects
cardiomyocytes from reperfusion injury by attenuation of
NADPH oxidase activity.?*

A novel approach in the search for specific NADPH
oxidase inhibitors has been targeted to the binding of the
proline-rich domain of p22phox to p47phox, a prerequisite for
activation of some NADPH oxidase isoforms, ie, NOX1 and
NOX2. A high-throughput screen monitoring this interaction
identified ebselen, a glutathione peroxidase mimetic and
hydrogen peroxide scavenger, and several of its analogs as
potent inhibitors of this binding.?*! This finding led to the
proposal of ebselen as a new anti-inflammatory drug in view
of its antioxidant properties.?*? Naturally occurring products
like celastrol have also been shown to disrupt binding of the
proline-rich region of p22phox to the tandem SH3 domain
of p47phox and NOX organizer 1 (NOXO1), the p47phox
homologous. Naloxone, an opioid antagonist, has recently
been shown to bind to NOX2 and inhibit both its action, and
translocation of the p47phox subunit to the membrane.?*3 This

RAAS blockage

—
~ S

Renin ACE AT1 Aldosterone
inhibition inhibition blockers inhibition

) /

NADPH oxidase

Tyrosine kinase \
inhibitors

Statins

suggests a new mechanism of nonopioid action of naloxone,
which has been suggested to be useful in the prevention of
inflammation-mediated neurodegeneration.

Modulation of signal transduction

upstream of NADPH oxidase activation
In addition to direct inhibition of NADPH oxidase, some
drugs have the ability to regulate signaling pathways that
participate in activation of NADPH oxidase activity. The
main mechanisms involved in this effect are inhibition
of the regulating NADPH oxidase subunits, by reduction
of their phosphorylation or by blocking their translocation to
the membrane complex of the enzyme, or reduction of
the expression of one or more NADPH oxidase subunits
(Figure 6). Interestingly, some drugs with this ability are
commonly used in cardiovascular disease. Therefore,
it is reasonable to think that, in addition to the primary
mechanisms of action of these drugs, regulation of NADPH
oxidase activity at the vascular level could also contribute
to their beneficial effects.

Blockade of the renin-angiotensin-

aldosterone system

The renin-angiotensin-aldosterone system is well
characterized as being critically involved in cardiovascular
disease. Its participation in the regulation of NADPH

Glucagon-like
peptide-1

Calcium channel
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Sirtuins

~
~
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Figure 6 Indirect inhibition of NADPH oxidase. Points for NADPH oxidase activity inhibition or reduction of the enzyme’s expression. The stimulating effects of the
renin-angiotensin-aldosterone system (RAAS) on NADPH oxidase activity can be stopped by the inhibition of renin, angiotensin converting enzyme (ACE) or blockage of
angiotensin Il receptor | (AT1) or aldosterone receptor. Protein kinase C inhibition reduces NADPH oxidase phosphorylation (P) and expression. Glucagon-like peptide-|
and tyrosine kinase inhibition reduce the activity and the expression of NADPH oxidases. Sirtuins reduce NOXI expression, whereas calcium channel blockers reduce
NOXS5 activity and statins decrease cytosolic subunit translocation to the membrane-fixed enzyme complex.

Abbreviations: Ca?, calcium ion; CaM, calmodulin; FAD, flavin adenine dinucleotide; HSP90, heat shock protein 90; NADPH, reduced nicotinamide adenine dinucleotide
phosphate; Tyr-K, tyrosine kinase.
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oxidase function has been demonstrated.?**?*> Therefore,
activation of NADPH oxidase is interrupted by inhibition
of the renin-angiotensin-aldosterone system at any level, ie,
renin inhibition, angiotensin-converting enzyme inhibition,
angiotensin I blockade, or mineralocorticoid receptor
blockade. Angiotensin-converting enzyme inhibitors affect
several mechanisms of NADPH oxidase activity, including
expression of the subunits, enzyme activation, and even AT1
receptor levels in animal models of cardiovascular disease
or nephropathy.?*¢*® The effects of angiotensin II receptor
antagonists on NADPH oxidase are superior to those exerted
by angiotensin-converting enzyme inhibitors.?* Blockade of
the AT1 receptor causes inhibition of NADPH oxidase and
a decrease in superoxide anion production with noticeable
improvement of endothelial function.?*4?® Hence, AT
receptor blockers can be considered as one of the most potent
drugs clinically available for inhibiting activation of NADPH
oxidase in the cardiovascular system.

Aliskiren, a new direct renin inhibitor, reduced vascular
NADPH oxidase activity and atherosclerotic plaque in
apolipoprotein E-deficient mice.?*! However, neither aliskiren
alone nor the combination of aliskiren and valsartan resulted
in a greater reduction in myocardial fibrosis or hypertrophy
or markers of oxidative stress in a transgenic model of tissue
renin overexpression.’*

Mineralocorticoid receptor activation by aldosterone
includes mechanisms by which cardiomyocytes trigger
NOX-dependent and reactive oxygen species-mediated
coronary endothelial dysfunction.?*® Expression of NOX
isoforms like NOX1 can be also regulated by aldosterone
in vascular tissue.?** Concordantly, use of eplerenone to
antagonize mineralocorticoid receptors improved endothelial
dysfunction and inhibited NADPH oxidase subunits in
the post-myocardial infarction phase.?*® In summary,
inhibition of the renin-angiotensin-aldosterone system is a
promising mechanism for regulation of NADPH oxidase in
cardiovascular disease, and should be investigated further
in clinical trials.

Statins

Statins, also known as 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase inhibitors, aid in the prevention of
endothelial dysfunction by lowering low-density lipoprotein
cholesterol levels and enhancing nitric oxide-dependent
vasodilatation.?*® Increasing evidence suggests that, at the
same time, the pleiotropic effects of statins involve direct
reduction of oxidative stress in blood vessels. Statins reduce
both activity and expression of NOX12*7 and NOX2?* and

the activity of NOX4 in endothelial cells.* Therefore, several
NOX isoforms may be affected. The effects of statins on
activation of NADPH oxidase have been associated with
inhibition of the geranylgeranylation of Racl-GTPase (a
regulatory subunit of NADPH oxidase complex), which is
a required condition for Racl activation.?’-** However, this
mechanism could explain the inhibition of Rac1 translocation
but not the changes in expression of NOX isoforms and
some NADPH oxidase subunits observed with statins. In
fact, the mechanisms of action seem to differ from one
vascular cell type to another, and there are conflicting data
about the NADPH oxidase subunit implicated in each case.?°
Atorvastatin, simvastatin, rosuvastatin, and fluvastatin
have been shown to inhibit NADPH oxidase activity and
expression of at least the p22phox and NOX1 isoforms.?*
Moreover, the inhibitory effects of pitavastatin on NADPH
oxidase activity have been shown to be independent of
endothelial nitric oxide synthase, which was observed in
mice deficient in this enzyme.?' Together, these data suggest
that inhibition of NADPH oxidases may contribute to the
beneficial cardiovascular effects of the statins, although
relatively few human trials have been carried out to date
and more specific biomarkers for the antioxidant effects of
statins are needed to separate this action from their lipid-
lowering effects.??

Calcium channel blockers

The effects of calcium channel blockers have been studied in
the context of NOXS, which is a calcium-dependent NADPH
oxidase. Such phenomena link calcium to NOXS5 signaling,
which is potentially important in the regulation of endothelial
function by angiotensin II and endothelin-1.>5* However,
because NOXS5 is expressed predominantly in endothelial
cells, concerns have been raised that the endothelium
lacks the channels where calcium antagonists work.
Amlodipine and manidipine reduced superoxide generation by
inhibiting overexpression of NADPH oxidase in angiotensin
II-stimulated rat endothelial cells.?>* These effects may also
lead to decreased expression of adhesion and chemoattractant
molecules, thereby explaining the antiatherosclerotic effects
of calcium channel blockers.?>25

Protein kinase C inhibitors

Several studies have demonstrated that protein kinase C is
a strong NADPH oxidase activator,”® because this kinase
phosphorylates NOX2?%° and even NOXS5, elevating
the calcium sensitivity of this isoform.2*® However,
protein kinase C participates in the signaling pathways of
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important stimuli for endothelial cells, such as TNF-q,2582¢!
angiotensin I1,%2 and low-density lipoprotein cholesterol.?
Clinical studies have related the inhibition of protein kinase C
to a decrease in superoxide anion generation and decreased
hyperglycemia-induced endothelial dysfunction.** However,
the difficulty in translating this knowledge to clinical
practice lies in the divergent and different roles of protein
kinase C in the regulation of several cellular functions and
their differences between distinct cell types.

Tyrosine kinase inhibitors

Tyrosine kinase inhibitors (tyrphostins) participate in
regulation of NADPH oxidase activity and expression.
Tyrphostin AG490 reduced the increased NADPH oxidase
activity and expression of NOX1, NOX2, and NOX4 isoforms
in apolipoprotein E-deficient mice.?*® This effect ran parallel
to a marked reduction in atherosclerotic lesions of the aorta.
In vascular tissue, the main target for the NADPH oxidase
inhibitory effect of tyrphostins could be the EGFR kinase.
This enzyme has been related to activation of NADPH
oxidase in vascular tissue, and tyrosine kinase inhibition has
been associated with restoration of impaired endothelium-
dependent relaxation,!?? inhibition of angiotensin II-induced
and pyrogallol-induced potentiation of contraction,*® and
even reduction of NOX2 and NOX4 overexpression.?®’
Together, these results implicate EGFR kinase and NADPH
oxidase activation downstream in endothelial dysfunction.

Sirtuins

A relationship has been shown recently between sirtuin 1,
anicotinamide adenine dinucleotide-dependent deacetylase,
and NADPH oxidases, more specifically with the NOX1
isoform.?®® Sirtuin 1 exerts protective effects in atherosclerosis
by promoting endothelium-dependent vascular relaxation.
In vascular smooth muscle cells, overexpression of sirtuin 1
significantly inhibited angiotensin II-induced hypertrophy,
while knockdown of sirtuin-1 resulted in increased
growth of vascular smooth muscle cells. Expression of
NOXI1 induced by angiotensin II was inhibited by sirtuin
1 in these cells, whereas sirtuin 1 inhibition increased NOX1
expression.?®’

In isolated aorta from Wistar rats, inhibition of
sirtuin 1 significantly increased vascular superoxide
production and enhanced NADPH oxidase activity and
expression of p22phox and NOX4 subunits, together
contributing to endothelial dysfunction, as evidenced by
reduced relaxation in response to endothelium-dependent
vasodilators.?™

Glucagon-like peptide-|

Glucagon-like peptide-1, one of the incretin hormones, has
been reported to have beneficial cardiovascular effects. At
least part of these effects has been related to antioxidant
properties via NADPH oxidases. Glucagon-like peptide-1
decreased high-glucose-induced ROS production, as well
as levels of NADPH oxidase subunits, such as p47phox and
NOX2, in microvascular cardiac endothelial cells from rats.?”!
In human umbilical vein endothelial cells, liraglutide, a
glucagon-like peptide-1 analog, significantly decreased TNF-
a-induced ROS production and overexpression of NOX2 and
p22phox.2”? Together, these results suggest that the glucagon-
like peptide-1 signaling pathway is another interesting point
to target for reduction of NADPH oxidase activity.

Perspectives

The NOX1 and NOX2 isoforms currently appear to be the
major contributors to oxidative stress in cardiovascular
disease, so are the most logical therapeutic targets. However,
none of the NADPH oxidase inhibitors found or developed
thus far show selectivity for these isoforms. Taking into
account that the other NADPH oxidase isoforms have
important roles in some processes, inhibitors displaying
a dual selectivity for NOX1 and NOX2 or for NOX2 and
NOX4 over other NADPH oxidases will probably offer great
benefits in terms of therapeutic efficacy versus side effects. In
this way, some authors have postulated rational approaches to
identify new target sites for novel dual inhibitors of vascular
NOX1 and NOX2 isoforms.?” The potential implications of
inhibiting the important extravascular effects of NOX2 must
be considered, given that its crucial role in the innate
immune response will severely compromise immunologic
function. This consideration will mandate dose titration of
an NADPH oxidase inhibitor to partially inhibit the target
NADPH oxidase in the vascular wall without affecting
immune function.

Assembly and activation of the NADPH

oxidase complex

Inhibiting formation of the NADPH oxidase complex is a
known way of preventing activation of NADPH oxidase,
particularly with the NOX1 and NOX2 isoforms. This
approach has been most successful in inhibiting NOX2
because activation of this isoform depends on its association
with the p47phox, p67phox, and p40phox cytosolic subunits.
P47phox contains an autoinhibitory domain that prevents
translocation of this subunit to the membrane NADPH
oxidase subcomplex. Phosphorylation of p47phox relieves
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this autoinhibition and allows translocation to form the final
NADPH oxidase complex.?”? NOX1 does not necessarily rely
on complex assembly for activation because it can associate
with NOXOI1, the p47phox homologous, which does not
have an autoinhibitory domain.?’* NOX4 and NOXS5 do not
use cytosolic subunits, so do not rely on complex assembly
for activation.

Several drugs interfere with assembly of the NADPH
oxidase complex as discussed above. AEBSF, apocynin,
phenylarsine oxide, gliotoxin, and Nox2ds-tat prevent
binding of p47phox to the membrane complex. Ebselen and
celastrol block the union between p22phox and p47phox.
A particular mechanism to inhibit complex formation is
that used by the statins, which inhibit geranylgeranylation
of Racl, thereby preventing translocation and activation of
the NADPH oxidase complex.

Specific inhibitors of phosphorylation
Phosphorylation is an important mechanism in regulating
assembly and activation of the NADPH oxidase complex.?”
As mentioned above, p47phox must be phosphorylated
in order to translocate and bind to the NADPH oxidase
membrane complex. Phosphorylation of NOX22* or
NOX52%%° by protein kinase C enhances its assembly or
sensitivity to activation, respectively. Therefore, approaches
to prevent specific subunit phosphorylation would be another
useful strategy to inhibit some specific NADPH oxidase
isoforms.

Calcium dependence of NOX5

The calcium dependence of the NOXS isoform offers a
unique point of action with therapeutic utility. Inhibition of
calcium release is expected to interfere with NOXS5 signaling,
which could be important with regard to responses of
endothelial cells to relevant stimuli at the endothelium,
such as angiotensin I or endothelin 1.2 This observation
could explain the observation that calcium channel blockers
potentiate the protective effects of angiotensin II receptor
blockers on vascular endothelium in the rat.?’

Optimization of electron transfer

inhibition by NADPH oxidase

NADPH oxidase inhibitors like diphenyleneiodonium
block generation of ROS by preventing electron flow
through the enzyme, so oxygen does not receive the
electrons and ROS production is stopped. However, the
activity of diphenyleneiodonium is nonspecific for other
electron-transporting enzymes. Therefore, it will be

interesting to develop an electron extractor capable of
binding specifically to a particular NOX isoform. Another
approach to interfering with electron transfer is anion
channel inhibition because transfer of electrons across the
membrane where NADPH oxidase is fixed is electrogenic
and requires charge compensation through anion channels,
such as chloride-proton antiporter CIC-3.27727® Therefore,
specific inhibitors of CIC-3 or similarly relevant antiporters
may be an effective strategy to reduce NOX-mediated
cardiovascular disease.

Reaching the target

Due to the specific pattern of expression of each NOX
isoform in tissues and in each type of cell and because
of the specific subcellular location of each NOX isoform,
therapeutic targeting to the correct NADPH oxidase in its
appropriate localization is not a banal question. In this sense,
localization motifs in protein sequences provide an attractive
therapeutic target for new NADPH oxidase inhibitors.
However, additional studies identifying and characterizing
NOX trafficking motifs and the adaptor proteins interacting
with them are needed. A related question, which supposes an
important limitation of antioxidant therapy, is the potential
disruption of physiologic ROS-dependent cell signaling or
the intracellular redox state. Therefore, creating antioxidants
that target cellular microdomains containing NOX may be a
solution to this limitation.

Controversies

One important question arises from the recent findings about
the hypothetical beneficial role of NOX4. Mice deficient in
this isoform show reduced expression of endothelial nitric
oxide synthase and heme oxygenase-1 (the vascular source
of nitric oxide and carbon monoxide, respectively), both of
which are known for their protective vascular roles.?”” On the
contrary, overexpression of NOX4 enhances vasodilatation
induced by acetylcholine or histamine, which explains the
lower systemic blood pressure found in these animals.?*
Moreover, NOX4 seems to produce hydrogen peroxide
indirectly®* or directly, although the exact mechanism for
formation of hydrogen peroxide is not clear. Together, these
results confirm the need for further investigations of the role of
the specific contribution of each NADPH oxidase isoform in
physiologic and pathophysiologic cardiovascular signaling.

Conclusion
The role of NADPH oxidases in cardiovascular disease has
been confirmed. The combination of each NOX isoform and its
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particular cellular and subcellular locations may determine the
specific signaling pathway where NADPH oxidases participate.
However, further investigation is needed to clarify this issue in
order to define the ideal target for NADPH oxidase inhibition.
Regarding the method of inhibiting NADPH oxidase, NOX
specificity is the focus of current investigations. Some inhibitors
as well as direct and indirect approaches are available, as
discussed above. Studies of the chemical structure-activity
relationship for known inhibitors have provided pharmacophore
models to assist in the search for new molecules. Likewise,
some of the old and newer approaches include inhibition
of assembly of the NADPH oxidase complex, subcellular
translocation, post-transductional modifications, calcium entry/
release, and electron transfer. High-throughput screens for any
of these activities could provide new inhibitors. From a general
point of view, small-molecule inhibitors are preferred because
of their hydrosolubility and oral bioavailability. However,
other possibilities are not closed, with peptide inhibitors and
monoclonal antibodies against NOX isoforms continuing to be
under investigation, as well as a search for naturally occurring
compounds. We are confident that, in the next few years, all
this knowledge and research in progress will likely result
in the development of new drugs for inhibition of NADPH
oxidase and novel therapeutic approaches to the treatment of
cardiovascular disease.
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