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Abstract NADPH oxidases (Nox) are established as
major sources of reactive oxygen species (ROS). Over the
past two decades, Nox-derived ROS have emerged as
pivotal in the development of myriad diseases involving
oxidative stress. In contrast, Nox are also involved in sig-
naling mechanisms necessary for normal cell function. The
study of these enzymes in physiological and pathophysio-
logical conditions is made considerably more complex by
the discovery of 7 isoforms: Noxl through 5 as well as
Duox1 and 2, each with its own specific cytosolic
components, regulatory control mechanisms, subcellular
localization and/or tissue distribution. A clear understand-
ing of the role individual isoforms play in a given system is
hindered by the lack of isoform-specific inhibitors. In
animal models, knockdown or knockout methodologies are
providing definitive answers to perplexing questions of the
complex interplay of multiple Nox isoforms in cell and
tissue signaling. However, the complex structures and
interactions of these heteromeric isozymes predict pleio-
tropic actions of the Nox subunits and thus suppression of
these proteins is almost certain to have untoward effects.
Thus, as both therapies and pharmacological tools, mole-
cule-based inhibitors continue to prove extremely useful
and rational in design. Unfortunately, many of the available
inhibitors have proven non-specific, falling into the cate-
gory of scavengers or inhibitors of more than one source of
ROS. Here, we will review some of the efforts that have
been undertaken to develop specific inhibitors of NADPH

E. Cifuentes-Pagano - G. Csanyi - P. J. Pagano (<)
Department of Pharmacology and Chemical Biology,
Vascular Medicine Institute, University of Pittsburgh,
E-1247 Basic Science Tower, 200 Lothrop St.,
Pittsburgh, PA 15261, USA

e-mail: pagano@pitt.edu

oxidase over the past decade, from the peptidic inhibitor
Nox2ds-tat to more recent small molecule inhibitors that
have emerged from high-throughput screening campaigns.
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Introduction

Oxidative stress has clearly been implicated in a broad
range of pathophysiological conditions including hyper-
tension, diabetes, atherosclerosis, Parkinson’s disease,
Alzheimer’s disease, and cancer [1-4]. Oxidative stress
results from an imbalance between the production of ROS
and the antioxidant capabilities of a given system, culmi-
nating in a stimulation of degenerative signaling pathways
often leading to unfettered tissue growth and neoplasia,
inflammation, and dysfunctional innate immune reactions.
By the same token, it is becoming increasingly clear that
localized expression of Nox isozymes along with a fine
balance between production and metabolism of Nox-
derived ROS mediators effect cell functions ranging from
basic cell division, migration and differentiation to ves-
tibular balance, neuronal signaling, angiogenesis, and
thyroid hormone synthesis [2].

The NADPH oxidases or Nox enzymes are a family of
protein complexes that catalyze the transfer of electrons
from NADPH to molecular oxygen resulting in the gen-
eration of superoxide and/or hydrogen peroxide [5].
Members of this family include Nox1 through 5 as well as
Duox1 and 2, each with their own specific cytosolic com-
ponents, regulatory mechanisms, subcellular localizations,
and tissue distribution [1, 6]. In the cardiovascular system,
where the existence of various Nox isoforms sharing
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homology with the enzyme present in neutrophils were first
widely studied, the main isoforms present are Nox1, Nox2,
Nox4, and Nox5 (Fig. 1). The prototypical member of this
family of proteins, Nox2-based oxidase, is the isoform first
described in leukocytes (previously defined by its catalytic
subunit gp917"°* which is now generally referred to as
Nox2). Nox2 oxidase is comprised of two membrane-
bound subunits (Nox2 and p22”"**) and cytosolic compo-
nents necessary for its activity including the main
organizing and activating subunits, p47”"* and p67°"**,
respectively, as well as rac and p40”"*. Nox1-based oxi-
dase, on the other hand, requires p22”" for activity and
also NOXO1 and NOXALI cytosolic subunits which are
homologs of p477"* and p677"**, respectively. Nox4 is
constitutively actively active requiring only p22”"**, Nox5
is regulated by calcium through its N-terminal EF-hand
domains and does not require other subunits for catalytic
activity.

Given the plethora of diseases in which Nox-derived
ROS are implicated, the quest for specific inhibitors has
intensified in recent years. Despite considerable efforts
made in the field, however, the availability and utility of
these inhibitors has been limited, in part by the lack of

specificity and, more broadly, a lack of clear evidence of
the inhibitors’ mechanisms of action. Here, we review two
classes of inhibitors, peptide-based and small molecule
inhibitors, recently identified by high-throughput screening
campaigns.

Peptide-based inhibitors

The majority of chemical Nox inhibitors were identified
and characterized based on their abilities to block the
catalytic core of the phagocyte NADPH oxidase at a time
when only one isoform (gp91phox or Nox2) was known to
exist. Moreover, most of these experiments were carried
out in cell-free systems. A large number of these com-
pounds lack specificity, e.g., inhibit other flavoproteins
enzyme systems (mitochondrial electron-transport chain,
nitric oxide synthase, and cytochrome p450 enzymes,
among others). Since many, if not most, were not devel-
oped by “rational design” or screened for isoform
specificity, it should come as no surprise that several or all
Nox isoforms would be expected to be blocked. Peptide
sequences and peptidomimetics are, by their nature, likely
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Fig. 1 Representation of NADPH oxidase family. NoxI and Nox2 require p22”"°* and the indicated cytosolic regulatory subunits for activation.
Nox4 requires only p22°"*. Nox5, on the other hand, is regulated by calcium binding through its N-terminal EF motifs
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to render superior specificity as they more precisely mimic
and thereby disrupt intrinsic protein—protein interactions in
the membrane holoenzyme or cytosolic subunits. Indeed,
Nox1 shares ~60 % amino acid identity with Nox2, while
Nox4 shares only ~39% identity with it [1], allowing for
selective targeting of these isoforms with peptide sequen-
ces unique between them [7]. That said, the use of peptides
as “druggable” therapeutics is often challenged due to their
degradation in the gut and limited oral bioavailability. This
limitation, however, may be obviated by alternate routes of
systemic administration and the emergence of new nano-
technologies aimed at enhancing peptide stability and
delivery. Below, we consider briefly the currently available
Nox2-, p22” hox_ p47’ hox_ and Rac-derived inhibitory
peptides, and discuss their clinical usefulness, specificity,
and efficacy.

Nox2-targeted inhibitory peptides

Despite noted limitations, Nox2ds-tat (Nox2 docking
sequence-tat; Nox2ds-tat, previously gp91ds-tat) is gener-
ally regarded as the most specific and efficacious Nox
inhibitor available. Nox2ds-tat is a chimeric 18-amino acid
peptide  ([H]-R-K-K-R-R-Q-R-R-R-C-S-T-R-I-R-R-Q-L-
[NH2]) that has been shown to inhibit NADPH oxidase
activity in vivo and in vitro [8—11]. The Nox2ds portion of
the peptide is a 9 amino acid sequence from the cytosolic
B-loop of Nox2 (amino acids 86-94) designed to selec-
tively inhibit the interaction between Nox2 and p47”"** [9].
The tat portion of the peptide corresponds to a 9 amino acid
sequence of the HIV-tat transport region, which allows the
peptide to be internalized by cells [12]. The viability of
Nox2ds as an inhibitor was predicted by random-sequence
peptide phage display library analysis of the human Nox2
and was shown to inhibit NADPH oxidase activity in a
neutrophil cell-free system [13].

In vitro assays indicate that Nox2ds-tat inhibits super-
oxide anion production in endothelial cells in response to
various stimuli, including hypoxia [14], nutrient depriva-
tion [15], atrial natriuretic peptide [16], angiopoietin-1
[17], interleukin-4 [18], shear stress [19], and calcineurin
inhibitors [20]. Nox2ds-tat also blocked angiotensin II
(Angll)-induced superoxide production in human resis-
tance artery smooth muscle cells [10] and collagen-induced
NADPH oxidase activity in platelets [21].

These in vitro results are well reflected in vivo. For
example, Nox2ds-tat administered by osmotic minipump
for 5 days significantly improved acetylcholine-induced
endothelium-dependent relaxation in aortic rings from
mice with renovascular hypertension [22]. Subcutaneous
infusion of Nox2ds-tat attenuated vascular superoxide
production, vascular inflammation, and medial hypertrophy
in Angll-infused rat model of hypertension [8]. Moreover,

targeted delivery of Nox2ds to adventitial fibroblasts
attenuated Angll-induced medial hypertrophy and ROS
production of the carotid artery [23]. Nox2ds-tat, whether
administered subcutaneously or via perivascular delivery
by an adenoviral vector, prevented ROS production and
neointimal proliferation in response to balloon angioplasty
of the carotid artery in rats [11, 24, 25]. Although Nox2ds-
tat as a peptide has limited oral bioavailability, parenteral
delivery methods, such as subcutaneous infusion, direct
application to blood vessels using gene therapy, or intra-
venous administration are all effective at reducing vascular
pathologies associated with increased ROS production.

Nox2ds-tat was designed to specifically inhibit interac-
tions between Nox2 oxidase and p47”h”x. Nevertheless,
there was some concern that sequence homology between
Nox1 and Nox2, as well as the fact that Nox1 oxidase may
utilize p477"°* as its organizer subunit [26], might also
predict Nox2ds interference with the assembly of hybrid
Nox1 oxidase. Moreover, studies suggested that B-loop
peptides bind to the dehydrogenase (DH) domain in the
C-terminal tail of Nox4, raising concern for non-isoform-
specific inhibition of Nox4 by Nox2ds [27]. To test the
specificity of Nox2ds, the potential inhibitory activity in
COS cell-free preparations using reconstituted systems
expressing the canonical Nox2 (p227"%*, Nox2, p477"**,
and p677°*), Nox1 (p227"°*, Nox1, NOXA1, and NOXO1)
or Nox4 (p227"°* and Nox4) oxidases, as well as the hybrid
Nox1 (p22, Nox1, p47°"°*, and p677">) system [28]. The
data illustrate that Nox2ds is a potent and efficacious
inhibitor of Nox2 NADPH oxidase with an ICs, of
0.74 uM. Furthermore, Nox2ds does not inhibit ROS pro-
duction in either the COS-Nox1 (canonical or hybrid) or
the COS-Nox4 oxidase systems. These results demonstrate
that Nox2ds is a specific inhibitor of Nox2 oxidase, support
its utility to elucidate the role of Nox2 in organ patho-
physiology, and demonstrate its potential as a therapeutic
agent.

Several other Nox2-derived peptide sequences worth
discussing were shown to inhibit Nox2 oxidase in vitro
with varying efficacy. Rotrosen et al. [29] demonstrated
that a peptide sequence derived from the C-terminal
of Nox2 (SNSESGPRGVHFIFNKENF, amino acids
552-570) inhibited the phagocyte NADPH oxidase in cell-
free systems with an ICsy of 32 pM. Nakanishi et al. [30]
showed that the peptide sequence NSESGPRGVHFIFN-
KENF, mimicking amino acids 550-569 of the c-terminal
domain of Nox2, binds to p47”"** and inhibits superoxide
generation in the cell-free assay (ICsg = 4 uM). Leusen
et al. [31] reported that a point mutation in the C-terminal
of Nox2 (Asp — Gly substitution at residue 500) in a
patient with an X-linked chronic granulomatous disease
(CGD) is associated with decreased translocation of
p477"Ip677"* to the membrane and impaired oxidase
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activity. Consequently, a synthetic peptide containing this
mutation (FAVHHDEEKGVTIG; amino acids 491-504)
inhibited NADPH oxidase activity in the cell-free assay
(ICso = 10 pM) and the translocation of p47”"** and
p67°"°* in the cell-free translocation assay. It has also been
shown that peptides corresponding to residues 27-46,
87-100, 282-296, 304-321, 434-455, and 559-565 inhib-
ited superoxide production in a neutrophil cell-free system
with ICsy of 34, 40, 30, 35, 25, and 53 uM, respectively
[32]. Finally, another B-loop peptide of Nox2 (amino acids
86-102) that contains a putative p47”"°* binding site has
been shown to inhibit NADPH oxidase activity with an
ICsp of 2 uM [33]. In contrast to Nox2ds, the majority of
these inhibitors were not tested in experimental disease
models. Moreover, their specificity is not yet known.

p227"*_derived inhibitory peptides

Pick and colleagues [34] applied the “peptide walking”
strategy to identify peptide sequences in p22”"°* that bind
individual cytosolic NADPH oxidase components and
inhibit NADPH oxidase activation in the cell-free system.
Their study demonstrated that amino acids 9-23, 31-45,
47-61, 85-99, and 113-127 inhibited NADPH oxidase
activity with the ICsy value of 5.7, 3.0, 4.6, 2.0, and
3.0 uM, respectively. A synthetic peptide corresponding to
residues 82-95 in p22”"°* (PFTRNYYVRAVLHL) was
reported to dose-dependently inhibit superoxide production
(IC59 = 10 uM) in a cell-free system consisting of solu-
bilized membrane and cytosol [35]. Interestingly,
AGGPPGGPQVNPIPVTDEVYV (amino acids 175-194), a
peptide sequence close to the C-terminal end of p227"%,
also inhibited superoxide production in a cell-free system,
although with less efficacy (ICso = 36 uM) [30]. It is
important to note that p22”"** is required for the activation
of Nox1, Nox2, Nox3, and Nox4, but not of Nox5.
Therefore, it could be expected that p22”"**-derived
inhibitory peptides inhibit all Noxes except Nox5. Inter-
estingly, a recent study, showing that certain p227"*
mutations inhibiting Nox1, Nox2, and Nox3 function and/
or maturation did not alter Nox4 activity, suggests distinct
p22°"°*_Nox4 interaction, and thus might provide the basis
for the development of selective p22”"**-based Nox4
inhibitors [36].

p477"*_derived peptides

Nauseef et al. [37] reported that the p47”"* sequence
AYRRNSVRFL (amino acids 323-332) inhibited p47”"*
phosphorylation and translocation and, as a result, super-
oxide anion generation in a broken cell system
(ICso = 54 uM). A synthetic peptide derived from p477**
(RSRKRLSQDAYRRNSVREF, residues 314-331) inhibited
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NADPH oxidase in intact neutrophils and inhibited protein
kinase C-mediated phosphorylation of p47”"** [38].
Moreover, the p47” hox residues 315-328, (SRKRLSQDAY
RRNS), 323-332 (AYRRNSVRFL), and 334-347
(QRRRQARPGPQSPG) inhibited superoxide production
in the broken cell system with respective ICs, values of 18,
57, and 15 puM [39].

Peptidic inhibitors of Nox1 and 4 oxidase

Peptide sequences selectively inhibiting the Nox1- and
Nox4-oxidase activity have not yet been developed,
although this is an area of intense study. As Nox1 oxidase
in large vessel smooth muscle cells has been reported to
utilize p477"°* as its organizer subunit [10], it is possible
that p477"°*-derived inhibitory peptides will inhibit Nox1
oxidase in smooth muscle cells, which reportedly contain a
hybrid Nox1 system [10]. Interestingly, p47”"**-derived
peptidic inhibitors are expected to inhibit only the Nox1-
oxidase in these smooth muscle cells as they do not express
Nox2 [40] and thus may be deemed specific in this milieu.
Little or no information exists to our knowledge on pep-
tidic inhibitors of Nox4-oxidase. Functional studies
demonstrate that Nox4 requires only p22"°*, but not the
conventional subunits p477"** and p67”"** or their homo-
logues NOXO1 and NOXAI1, for ROS production [41].
Importantly, the same study showing unique interaction of
Nox4 with p22”"°* might serve as a basis for the devel-
opment of Nox4-specific inhibitor. Clearly, this is an area
ripe for study, and careful evaluation of these interactions
will be necessary to devise potentially selective inhibitors
of Nox4.

Peptide delivery

Peptide-based inhibitors by nature have the advantage of
being targeted to specific regions and interactions of the
protein of interest and, thus, have the potential to be more
specific and engender fewer off-target effects than other
inhibitory moieties. Peptide use as therapeutic agents,
however, is limited by diminished oral bioavailability,
since most peptides are rapidly inactivated by gastrointes-
tinal enzymes. In consideration of this limitation, intense
focus is now being placed on alternative routes of delivery.
The most viable of these appears to be by i.v. or patch
administration, but may also include aerosolization tech-
niques depending on the desired distribution of the drug.
With the help of recent technological developments, drug-
encapsulating polymeric microparticles (1-1,000 pm) or
nanoparticles (1-1,000 nm) are becoming a drug delivery
platform that can enhance the efficacy of active pharma-
ceutical ingredients, including poorly water soluble
compounds, ionic drugs, proteins, peptides, and siRNA and



NADPH oxidase inhibitors

2319

DNA therapeutics [42]. Among the advantages of these
formulations are that they may: (1) be adaptable to various
routes of administration; (2) protect the peptidic inhibitor
from enzymatic degradation; (3) allow cell internalization,
i.e., custom tailoring to a target cell by the size and surface
chemistry of the particles; and (4) target the peptide to the
site of action via interaction with a specific receptor or
marker or in response to a specific physico-chemical
stimulus [43]. In summary, it is expected that innovative
advances in the burgeoning field of nanotechnology will
continue to enhance prospects for peptide delivery and
promote their use in the design of novel therapies.

Small molecule inhibitors

Given the limitations of peptidic inhibitor strategies, the
search for specific Nox inhibitors has expanded to include
small molecule inhibitors. Historically, Nox inhibitors such
as diphenyl iodonium (DPI) and apocynin have proven to
lack Nox-specificity [44, 45]. Thus, these compounds as
well as AEBSF [46], S17834 [47], and others, will not be
discussed here as they have been extensively reviewed
elsewhere [48-51]. In the last few years, however, multiple
academic research laboratories and pharmaceutical entities
have invested substantial effort into high-throughput
screening of small molecule libraries in the hopes of
finding specific Nox inhibitors. The fruits of these efforts
are now coming into view. Here, we will focus on the most
recent compounds that have emerged in the literature as a
result of high-throughput screening (HTS) campaigns
(Table 1).

VAS2870 and VAS3947

In recent years, a novel Nox inhibitor VAS2870 (3-benzyl-
7-(2-benzoxazolyl)thio-1,2,3-triazolo[4,5-d]pyrimidine) has
received considerable attention. In a cell-free system con-
taining membranes and cytosolic fractions from human
neutrophils, VAS2870 was shown to inhibit superoxide
anion production with an ICsq of 10.6 pM. In whole-cell
assays of HL-60 cells, the ICs( observed was about fivefold
lower (2 uM). Incidentally, both human neutrophils and
HL-60 cells predominantly express Nox2. Importantly,
VAS2870 has been shown not to be a superoxide anion
scavenger or a xanthine oxidase inhibitor, as evidenced by
its inability to affect superoxide anion levels in the xan-
thine/xanthine oxidase assay. Moreover, it was found to be
non-cytotoxic [52]. The ability of VAS2870 to inhibit ROS
generation and PDGF-BB-mediated migration of vascular
smooth muscle cells from rat thoracic aorta has also been
demonstrated [52]. PDGF-BB’s pro-vasculogenic effects
on differentiating mouse embryonic stem cells, thought to

be a ROS-dependent process, are also blocked by the use of
VAS2870 [53]. VAS2870 has also been used to inhibit
ROS generation induced by oxidized low-density lipopro-
tein in human umbilical vein endothelial cells [54], in
which the predominant Nox isoform is reportedly Nox4.
Moreover, in aged spontaneously hypertensive rats (SHR),
a model of hypertension and endothelial dysfunction in
which there is an increased expression of Nox1 and Nox2
but not Nox4, VAS2870 inhibits ROS production and
restores endothelium-dependent aorta relaxation [55].
Furthermore, VAS2870 has been successfully used to
explore the role of Nox-dependent ROS generation in al-
adrenoreceptor-activated vasoconstriction [56], post-stroke
oxidative stress and neurodegeneration [57], where it was
as effective in attenuating ROS as was deleting Nox4, and
also in thalidomide-induced ROS generation [58]. VAS2870
impairs cell growth and enhances TGF-f-induced apoptosis
of FaO rat hepatoma cells via a Nox-dependent signaling
pathway, which in this case corresponds to Noxl, the
only Nox these cells express [59]. Taken together,
multiple studies prove the effectiveness of VAS2870 to
inhibit the development of Nox-dependent cell dysfunction.
However, the data are conflicting as to which Nox is being
targeted.

VAS3947, a triazolo pyrimidine derivative of VAS2870
has been shown to inhibit Nox activity in various cell
systems [60]. VAS3947 does not display antioxidant
scavenging effects and does not inhibit other flavoproteins,
as determined by its lack of effect on xanthine oxidase and
eNOS activities [60]. Comparative analysis of VAS3947
and other molecules commonly used to inhibit Nox activity
(apocynin, AEBSF, and DPI) demonstrate a more effective
and specific inhibition of Nox for this second generation
VAS compound. Three cell lines were used which jointly
express all Nox isoforms present in the vasculature (Nox1,
Nox2, Nox4, and Nox5) and also Nox3. The ICs, values of
VAS3947 varied depending on the cell model tested, with
values of 12 uM for CaCo-2 cells (mainly expressing Nox 1
and Nox2 but some Nox4 and Nox5), 2 uM for HL-60 cells
(mainly Nox2 and Nox5) and 13 uM for A7r5 cells (mainly
Nox4, but also Nox1 and Nox3) indicating that this com-
pound, although specific for the Nox class of enzymes,
does not appear to be an isoform-specific inhibitor. As
such, both VAS2870 and VAS3947 appear to hold signif-
icant promise to be excellent pan-Nox inhibitors until other
assays are performed to test Nox specificity.

Fulvene-5
As a consequence of their chemical similarity to DPI, and a
long history of animal and human exposure and approval

for human use by the Food and Drug Administration, tri-
phenylmethane dyes, such as brilliant green and gentian
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Table 1 Isoform specificity of small molecule inhibitors of NADPH oxidase

Name Structure IC50s (uM) References
Nox1 Nox2 Nox4 X0
VAS2870 Q 1 10.6 (Neutrophils) 2 (HL-60) ! ? [52-58]
o
Nik
N
E&%
[0} — - —
VAS3947 [N/>_ S Ny l 1-2 (HL-60 cells) ! [60]
N >N
N
Fulvene-5 D ? ! ! ? [63]
NS
N
gudns
a”
ML171 S 0.25 5.00 5.00 5.50 [70]
LI on,
H o
GKT 136901 o CHs N 0.160* 1.530* 0.165* 30° [64-66, 79, 80]
AN
O L0
Cl H
Celastrol 0.41 0.59 2.7 - [74]

| inhibits, — no effect, ? not determined
? K;in uM

violet, have recently been tested for Nox inhibition. Studies
show these compounds to be potent and efficacious inhib-
itors of Nox2 and Nox4 activity [61]. A structure-based
approach to develop more specificity led to the synthesis of
the fulvene derivatives class of inhibitors [62]. Fulvenes are
aromatic molecules that have the advantage of being highly
water soluble. One of these derivatives, Fulvene-5, which
was shown in vitro to be able to equally inhibit Nox2 and
Nox4, was successfully applied in vivo to block the growth
of endothelial tumors of mice [63]. There, fulvene-5’s
mechanism of action seems to involve its ability to inhibit
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Nox4 activity, since the effect of fulvene treatment is
consistent with the results obtained using shRNA for Nox4.
Further efforts appear necessary to test fulvene-5’s Nox
specificity, mechanism of action, and full pharmacological
profile for potency, efficacy, and cytotoxicity.

Gkt136901
A HTS campaign using a cell-free assay of ROS produc-

tion on human Nox4 recently led to the discovery of
several pyrazolopyridine dione inhibitors with nanomolar
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potency against Nox4 and Nox1. Further improvement of
the physical properties and pharmacological profiles led to
the identification of a potent, orally bioavailable, lead
compound, GKT136901. This molecule and some of its
derivatives proved highly potent in in vitro assays of
human fibroblast differentiation, epithelial cell apoptosis,
and epithelial-mesenchymal transition (EMT), as well as in
preventive and curative murine models of bleomycin-
induced pulmonary fibrosis [64]. The role that glucose-
induced upregulation of Nox4 plays in the molecular
mechanisms underlying oxidative stress and fibrosis in
type2 diabetic nephropathy has also been implicated with
the help of GKT136901. GKT136901 demonstrated rela-
tive non-specificity for Nox4 (K; = 165 £ 5 nM) versus
Nox1 (K; = 160 £+ 10 nM) [65].

Notably, however, its K; for Nox1/4 was tenfold higher
than for Nox2 (K; = 1,530 & 90 nM). A recent study by
Garrido-Urbani et al. [66] highlights the use of GKT13690
as an inhibitor of Nox1. In this case, the role of Nox1 in
tumor angiogenesis through a PARPo-mediated mecha-
nism was demonstrated using Nox1-deficient mice as well
as by treatment with GKT13690. Nox1-deficient mice, but
not Nox2- or Nox4-deficient, have impaired angiogenesis,
and Nox!1 silencing or treatment with GKT13690 decreased
endothelial cell migration and tube-like structure forma-
tion. Thus, the nanomolar ICs, for Nox1 and Nox4 and its
lack of inhibition of other sources of ROS makes
GKT13690 a promising dual Nox1/4 inhibitor. Demon-
strations that (1) Nox 1 and 4 are oppositely regulated by
agonists in rat VSMCs [67], (2) Nox4 enhances endothe-
lium-dependent relaxation and lowers blood pressure in
marked contrast to Nox1 and Nox2 [68], and (3) Nox4 is
protective in pressure-overload hypertrophy of the heart
[69], indicate that particular caution will likely be neces-
sary in considering the clinical outcome of therapeutic
treatment with GKT136901.

ML171

ML171 was identified by a cell-based HTS using the
human colon cancer cell line HT29, which only expresses
Nox1. Structure—activity relationship analysis led to the
modification of the primary hit, trifluoromethyl-phe-
nothiazine, into 2-acetylphenothiazine (ML171). ML171
demonstrated an ICso for Nox1 in the nanomolar range,
20-fold lower than those for Nox2, 3, 4, and xanthine
oxidase. Furthermore, ML171 did not inhibit mitochondrial
ROS production. This inhibitor was successfully used to
elucidate the relevance of Nox1 in mechanisms of cancer
invasion, where it specifically blocked the formation of
functional invadopodia in human colon cancer cells by
decreasing ROS-dependent ECM degradation [70]. These
effects were counteracted by overexpression of Noxl

protein, supporting the specificity and selectivity of ML171
to block Nox1 actions. Thus, ML171 is probably the best
example of a well-characterized isoform-specific Nox
inhibitor in the literature to date.

Celastrol

Celastrol is a triterpenoid antioxidant compound isolated
from the Chinese Thunder of God vine (7. wilfordii), which
has been used in traditional Chinese medicine for its ben-
eficial and curative effects on various inflammatory
diseases and cancer [71]. The mechanism of action of
celastrol is not completely understood, as many potential
targets have been implicated including NFxB, Hsp90, and
others [72]. In fact, Nox1 and iNOS seem to play a role in
the protective effects of celastrol on endothelial barrier
function [73]. More recently, Jaquet et al. [74] focused
their interest on the direct effect of celastrol on various Nox
isoforms. Their data show that celastrol is a potent inhibitor
of Nox isoforms in general. Close examination of tabulated
results show that celastrol is relatively non-specific when
comparing Nox1 versus Nox2 (ICsos = 0.41 + 0.20 and
0.59 £ 0.34 uM, respectively). Nevertheless, those ICsps
are approximately fivefold lower than for Nox 4 and Nox5
(ICsps = 2.79 £ 0.79 and 3.13 £ 0.85 pM, respectively),
indicating a higher potency for inhibition of Nox1 and 2
versus Nox4 and 5. Interestingly, analysis of non-
Michaelis—Menten kinetics of the Nox1 and Nox2 reactions
with celastrol shows Hill slopes higher than 1, suggesting
positive cooperativity in the inhibition of Nox1 and Nox2
by this drug, and gives insights into its mechanisms of
action. Celastrol purportedly binds directly to p477"*
without interfering with its phosphorylation-dependent
translocation to the membrane. Instead, it appears to block
interactions between the tandem SH3 domain of p47°"**, or
NOXOL, and the proline-rich region of p22°"**,

Taking together, celastrol demonstrates potential as a
pharmacological tool to test the involvement of the Nox
enzymes in given pathways; however, its therapeutic
potential will require extensive validation since celastrol
has been reported to have a broad range of actions that may
or may not involve Nox activity [75-77].

Other agents

In a recent study, Borbely et al. [78] showed the methodical
development of derivatives of primary hits obtained by a
HTS campaign searching for small molecule inhibitors of
Nox4. Primary screening consisted of a cell-based assay
using Nox4-transfected HEK293 cells and a small-mole-
cule library of approximately 1,000 compounds, from
which a total of 73 proved to be effective. The most potent
compounds belong to the following core structures: oxalyl
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hydrazides, flavonoids, oxindols, benzoquinolines, and
benzothiophenes. Within each group, modifications of
functional groups were made at different positions of the
core and their structure—activity relationships analyzed.
The best hit molecules shared a 3D structure consisting of
four pharmacophore points featuring hydrogen bond
donors, acceptors, and 2 aromatic rings independent of the
core structure. Although these studies shed light on the
structural requirements for inhibitors under the conditions
tested, there is no information to our knowledge on the
specificity of these compounds for Nox4 as compared to
other Noxes or other ROS-generating enzymes. Neverthe-
less, this work is an insightful demonstration of the power
of medicinal chemistry and rational drug design that will be
necessary for the development of isoform-specific Nox
inhibitors.

Conclusions and perspectives

Although considerable efforts are being invested in the
development of isoform-specific inhibitors of Nox
enzymes, only two compounds, one peptidic, Nox2ds, and
the other small molecule, ML171, have thus far proved
specific for one Nox isoform. Our laboratory has expanded
its scope to include small molecule inhibitors of Nox2, for
which no specific chemical inhibitors are, to our knowl-
edge, available. Using cell-based HTS of unique small
molecule libraries, a strategic and rigorous series of sec-
ondary screens and counterscreens are applied including
analysis of the effects of primary “hits” on mitochondrial
function. A set of lead chemotypes have been identified,
which are now being rigorously evaluated in collaboration
with medicinal chemists. New compounds are being
assessed in terms of functional group arrays and reactive
functionalities to eliminate potential redox active agents,
detergent-like and promiscuous binders, and synthetically
difficult to “tract” compounds.

The difficulty of isoform-specific Nox inhibitor discov-
ery is clear, given the high degree of homology among the
various Nox isoforms in terms of catalytic activity and
structure. Thus, NADPH oxidase remains an elusive yet
important target for the development of therapeutic agents
for the various pathologies in which this family of enzymes
is involved. Without a doubt, inhibitors described here,
despite not being isoform-specific, hold potential as phar-
macological tools for the understanding of the roles of Nox
enzymes, especially in pathways in which one Nox isoform
is expressed. Although these compounds are promising
candidates for the development of useful therapeutic
strategies, their clinical potential is yet to be demonstrated.
Nevertheless, the available Nox inhibitors and those being
developed are a much needed step forward in our

@ Springer

understanding of mechanisms of action and functions of
Noxes both in signal transduction and pathology. Finally,
although HTS provides the opportunity to rapidly assess
thousands of compounds, through multiple primary and
secondary screenings, the successful identification of iso-
form-specific inhibitors is in no way definite. Indeed,
peptides or peptidomimetics targeting specific protein—
protein interactions may hold the greatest promise in this
regard.
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