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Nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidases, NOX), were discovered in immune
cells, such as neutrophils and macrophages, in the 1970s. Upon phagocytosis of pathogens, the enzymatic
complex is activated and triggers O,~ production in an “oxidative burst” that acts to kill pathogens. Over time,
enzymes with a similar function located in various tissues have been identified and subsequently grouped into the
NOX family of enzymes. The mitochondrial electron transport chain was soon demonstrated as another source of

O, due to a “leaky” electron transport system, its O,~ scavenged by superoxide dismutase (SOD) into H,0,.

ROS NADPH oxidase NOX

| 1. Introduction

Release of reactive oxygen species (ROS), which are unstable oxygen-containing molecules that react easily with
other molecules, is central to the maintenance of vascular homeostasis. The enzymatic sources of ROS include
nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidases, NOX), mitochondria, endothelial nitric
oxide (NO) synthases, and xanthine oxidase (see Figure 1). ROS generation is regulated primarily by the NADPH
oxidase (NOX) enzymes, which predominantly release hydrogen peroxide (H,0,) and superoxide (O,7). Since
excessive superoxide production is implicated in numerous pathologies, such as vascular complications of
diabetes W, IPF [ and PBC B, NOX enzymes are of therapeutic interest as critical upstream inducers of H,0,

production.
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Figure 1. An illustration of the enzymes involved in ROS production and their common end-products.

| 2. NADPH Oxidase Description

Four NADPH oxidases (NOX1, NOX2, NOX4, and NOX5) are relevant to vascular homeostasis and pathology.
NOX1 is widely distributed in various cell types, but expression is particularly abundant in the colonic epithelium
and vascular smooth muscle cells ¥, It has been implicated in colon cancer progression & and vascular
complications in diabetes . The major ROS source in humans is NOX2 € that is highly expressed in phagocytes
7 1t is also the most widely expressed NOX isoform B NOX2 contributes to endothelial dysfunction in vascular
pathologies, such as insulin resistance in diabetes &, but may also mediate phenotypic conversion of
macrophages for tissue repair 22, NOX4 is abundant in non-phagocytic cells, and it has been detected in vascular
walls, fibroblasts, endothelial cells, and the kidney B 1t mediates proinflammatory TGFB-1 signaling in diseases
such as IPF & put is also necessary for the polarization of macrophages [ NOX5 expression has been detected
in lymphatic tissue, the testis, and blood vessels in humans 2. Some studies showed that NOX5 contributes to
vascular and kidney pathologies 121 put a recent study demonstrated a potential protective role of NOX5 against

atherosclerosis in rabbits 131,

| 3. ROS and NADPH Oxidase in Recent Experimental Studies
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Recent experimental data further highlight the role of NADPH oxidases and ROS in health and disease. Clinical
intervention in illnesses of vascular dysfunction is limited by phenomena such as neointimal hyperplasia which
drive further vascular damage. Palmitoylethanolamine (PEA) is a well- known anti-inflammatory agent and rutin
(RUT) has antioxidant and vasoprotective properties. In a recent study, significant structural change in vessel
morphology was observed following two weeks of carotid ligation, including ROS production and inflammatory cell
infiltration 24!, Samples treated with a 1:1 ratio of PEA/RUT exhibited reduced change in vascular morphology,
indicating that PEA/RUT administration was effective in attenuating inflammation, oxidative stress, vascular

damage and vascular remodeling.

Thompson et al. demonstrated that microvascular function was restored in diet-induced obese mice following
deletion of NOX1, independent of metabolic function @, suggesting inhibition of NOX1 may be effective in
preventing diabetic vascular complications. NOX1 is also highly expressed in colon cancer cells and supports their
proliferation . The 80-90% knockdown of NOX1 expression using shRNA increased tumor cell doubling time two-
to three-fold without increasing apoptosis in HT-29 human colon cancer cells. A decline in hypoxia-inducible factor
la (HIF-10) downstream of attenuated NOX1 expression was associated with downregulation of mediators of cell
proliferation and angiogenesis, including VEGF, c-MYC and c-MYB; the latter two are known oncogenes 131161
These data suggest that the proliferative phenotype in some colon cancers is supported by NOX1, and that NOX1

inhibition may be a therapeutic target for some colon cancers.

NADPH oxidases facilitate normal physiological processes by acting as signaling molecules. Recent studies have
demonstrated their role in promoting macrophage polarization and subsequent tissue repair. The phenotypic
conversion of pro-inflammatory Ly6ChiCX3CR1lo monocytes/macrophages to pro-resolving Ly6CIoCX3CRL1hi
macrophages for liver repair is promoted by neutrophil signaling 9. ROS, which are released by neutrophils via
NOX2, are important mediators in this phenotypic conversion. Additionally, conversion was prevented in NOX2
deficient mice, indicating their role in tissue repair 4. NOX4 has also recently been shown to be expressed in
macrophages and to control their polarization in an NFkB-dependent manner 111, NOX4 deficiency reduced the
wound-healing M(IL4+1L13) macrophage population while forcing the polarization of proinflammatory M(LPS+IFNy)
macrophages. Decreased expression of NOX4 reduces STAT6 activation and promotes NFKB activity, resulting in
increased NOX2 expression and associated O, production. Thus, NOX4 also has an anti-inflammatory role in

macrophages Z.

Previous work demonstrated that NOX4-derived H,O, contributes to endothelium-dependent-vasodilation in mouse
mesenteric arteries and rat intrarenal arteries L1[8l and that bradykinin (BK)-induced dilation in human arterioles
depends on Nox-derived H,0, 19 A recent study demonstrated that NOX4 regulates the activity of TRPV4
endothelium-dependent dilation in human adipose and coronary arterioles via phosphorylation of Ser824 [29,
GKT137831, a NOX1/NOX4 inhibitor, reduced Ach-induced dilation as did the TRPV4 inhibitor HC067047, but
GKT137831 did not further reduce vasodilation following application of HC067047, indicating a similar signaling
pathway. These data support the authors’ novel hypothesis that NOX4-generated H,O, stimulates phosphorylation,

activating TRPV4 to cause Ca?" influx and subsequent relaxation of the endothelium by factors such as NO.
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NOX5 has been largely unstudied due to its absence in rodents. However, it is known to have functions in both
homeostasis and pathogenesis. NOX5 contributes to coronary artery smooth muscle cell contraction, angiogenesis
and atherosclerosis progression 21221 A recent study demonstrated a novel role for NOX5 in protecting against
the progression of atherosclerosis 3. NOX5-deficient young male rabbits consuming an atherogenic, high-fat feed
developed significantly more plaques in the thoracic aorta compared to wild-type controls. These findings are in
contradiction to previous work demonstrating that NOX5 drives atherosclerosis progression, highlighting its ill-
studied nature. The mechanistic details of NOX5's potentially protective role are unknown at this time and warrant

further investigation.

| 4. NADPH Oxidases and ROS in Disease

NADPH oxidases have been implicated in numerous pathologies and pathology-driving pathways. Pulmonary
epithelial cells express NOX isoforms including NOX1, NOX2, and NOX4 [23l, |PF is characterized by increased
levels of mitochondrial and NADPH oxidase ROS. The condition is exacerbated by dysfunctional mitochondria
which produce excess O, and H,O,, increasing expression of NOX4 and TGFpB-1 signaling @24 TGFp-1
signaling promotes proinflammatory damage and collagen accumulation in the lungs 22, which in turn drives
apoptosis and the formation of fibrotic tissue in IPF 281, NOX4 additionally mediates the activity of TGFpB-1-induced
cell differentiation, cardiac differentiation and transcriptional regulation . Hepatocytes also express NOX isoforms,
including NOX1, NOX2 and NOX4, which have been implicated in critical steps in initiating liver fibrosis, including
hepatic stellate cell activation and hepatocyte apoptosis 8. TGFf-1 has also been demonstrated to contribute to
the progression of PBC by enhancing fibrogenesis 24, Together, these data suggest NADPH oxidases, particularly
NOX4, may play a role in the progression of fibrotic pathologies, such as IPF and PBC, implicating selective

NADPH oxidase inhibitors as promising therapeutic agents.

Gastroesophageal reflux disease (GERD) is a chronic digestive disease in which refluxate fluid frequently flows
into the lower esophagus, causing esophagitis. GERD is the strongest known risk factor for esophageal
adenocarcinoma [28, Additionally, GERD has been implicated in the pathogenesis of IPF due to its high prevalence
in IPF patients and the discovery of gastric acid components in bronchoalveolar lavage fluid of IPF patients [25129],
Recent evidence suggests GERD pathogenesis is driven by an inflammatory environment constituted by increased
production of cytokines, chemokines, ROS and a disturbed endogenous antioxidant defense system [23. ROS
generated by mitochondria and NOX1 and NOX2 have been demonstrated to contribute to the genotoxic effects of
acidic bile reflux (BA/A). Elevated ROS production and associated DNA damage were attenuated with apocynin,
NADPH oxidase-inhibiting gp91ds peptide, and siRNA targeting NOX1 and NOX2 [28], These data suggest NOX1

and NOX2 inhibitors may be among promising treatments for esophageal adenocarcinomas.

The hallmarks of type 2 diabetes include hyperglycemia and insulin resistance. Insulin resistance is known to
impair endothelium vasodilation and thus contributes to endothelial dysfunction B9, ROS formation can be directly
increased in tissues with hyperglycemia. Advanced glycation end-products that form in hyperglycemic tissues
enhance the production of mitochondrial ROS and stimulate NADPH oxidases 2. NADPH oxidases are further

stimulated by the activation of protein kinase C and increased diacylglycerol synthesis in hyperglycemia B1. NOX1
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contributes to diabetic retinopathy B2, and NOX2 function has been demonstrated to be crucial in insulin
resistance. The deletion of NOX2 in mice fed a high-fat diet significantly reduced insulin resistance 23, and O,~
production in pulmonary endothelium in mutant insulin resistant mice was significantly reduced in NOX2-deficient
subjects B9, These data demonstrate the vital role of NOX2-produced ROS in insulin resistance, and further

support the role of NADPH oxidases in driving endothelial dysfunction observed in type 2 diabetes.

Oxidative stress and endothelial dysfunction are additionally driven by angiotensin Il (Ang II) signaling. Ang I
contributes to atherosclerosis and, in hypertension, a major risk factor for cardiovascular and cerebrovascular
disease, mediates functional and structural changes in vasculature 2435 NADPH oxidases are activated by Ang
II, playing a role in the increase in ROS in vascular cells induced by Ang Il. NOX2, in particular, may be a
prominent mediator of Ang ll-induced oxidative stress and its harmful effects in cerebral circulation during

hypertension &,

Regulated cell death plays an important role in the pathogenesis of conditions such as neurodegenerative diseases
and cancer. Various regulated cell death pathways (ferroptosis, pyroptosis, necroptosis, alkilaptosis) may share
common signals, such as redox signaling. Ferroptosis is a regulated necrosis resulting in the damage and rupture
of the cell membrane driven by the accumulation of iron and subsequent lipid peroxidation by lipoxygenase (ALOX)
or cytochrome P450 (POR). ALOX- and POR-mediated lipid peroxidation is promoted by NADPH oxidase,
particularly NOX1, NOX2, and NOX4 and mitochondrial ROS B8, Thus, NADPH oxidase inhibition for the purpose
of attenuating regulated cell death pathways involved in cancer and neurodegenerative pathogenesis warrants

further investigation.

5. NADPH Oxidase-Produced H,0, Mediates Vascular Tone
in Healthy Subjects during Exercise

A novel transition from an NO- to ROS-mediated mechanism of vasodilation has been described in human
microcirculation. Nitric oxide synthases (NOS) produce NO, the regulator of vascular tone in healthy adults. During
exercise, a switch to NADPH oxidase-produced H,0O, to mediate vasodilation occurs BZ. This is transient in
healthy subjects but permanent in patients with coronary artery disease (CAD), a condition in which coronary
arteries send insufficient blood to the heart, typically due to atherosclerosis and inflammation. The switch to H,O,-
mediated vasodilation, in turn, perpetuates the chronic inflammatory condition in CAD. The mechanisms
responsible for the transition in endothelial factors are not fully understood. NOS produces NO in healthy adults
through the catalysis of L-arginine, O, and NADPH-derived electrons. Tetrahydrobiopterin (BH4) is necessary for
electron transfer during this process, and, if limited, NOS will instead catalyze the formation of O,~. Superoxide
reduces the availability of BH4, thus perpetuating the loop of O, production . The formation of ONOO™ from O,~
reacting with NO further reduces the presence of NO and can both directly and indirectly drive oxidative stress [38],

This self-perpetuating cycle may, in turn, create a reliance on NADPH oxidase-produced H,0, to preserve vascular
tone 321,
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| 6. RIRR, Endothelial Dysfunction and Angiogenesis

Endothelial dysfunction can also originate from several self-perpetuating ROS-producing loops. The formation of
H,0, and O,™ is primarily modulated by NADPH oxidases, the mitochondrial electron transport chain, and xanthine
oxidase [, NOX4-produced H,0, stimulates NOX2 to produce O,~, which in turn stimulates mitochondria to
produce O, and H,0, via the electron transport chain, a process termed ROS-induced ROS release (RIRR) 42,
ROS produced by mitochondria then activate NADPH oxidases 4% perpetuating this loop. ROS are also generated
when hypoxanthine is oxidized to xanthine by xanthine oxidase, which is then converted to uric acid, forming H,O,

and O, by transferring electrons to O, [2l. These mechanisms ultimately perpetuate the inflammatory environment.

ROS-induced ROS release orchestrated by NOX4, NOX2, and mitochondria converts endothelial cells (EC) from a
quiescent to an angiogenic phenotype by enhancing ROS-dependent VEGF signaling 4. Either NOX4 or NOX2
knockdown or overexpression of mito-catalase (a scavenger of mitochondria-derived H,O,) inhibited EC migration
and proliferation, thus providing evidence of a feed-forward mechanism responsible for driving the angiogenic
process [l Elucidation of this signaling pathway would enable the development of promising therapeutic

strategies aiming to modulate angiogenesis to alleviate various pathologies.

Peripheral arterial disease (PAD) is a circulatory condition in which occlusion of arteries supplying lower extremities
depletes blood supply and may lead to amputation. Enhancing ROS-dependent VEGF-signaling may be used as
an important therapeutic approach to promote neovascularization and tissue repair in PAD patients. On the other
hand, inhibiting this signaling pathway may prevent excessive angiogenesis contributing to cancer, diabetic

retinopathy, and atherosclerosis 42!,
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