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Reactive oxygen species (ROS) have profound influences on cellular
homeostasis. In excess, they can potentiate the oxidation of num-
erous molecules, including proteins, lipids, and nucleic acids, affect-
ing function. Furthermore, ROS-mediated oxidation of proteins can
directly or indirectly modulate gene expression via effects on redox-
sensitive transcription factors or via effects on phospho-relay-
mediated signal transduction. In doing so, ROS impact numerous
fundamental cellular processes, and have thus been implicated as
critical mediators of both homeostasis and disease pathogenesis.
Vascular reduced nicotinamide adenine dinucleotide phosphate ox-
idase (NOX) is a major contributor of ROS within the lung. The gen-
eration of ROS in the pulmonary vasculature has a pivotal role in
endothelial cell (EC) activation and function. Alterations in EC phe-
notype contribute to vascular tone, permeability, and inflammatory
responses and, thus, have been implicated in numerous diseases of
the lung, including pulmonary hypertension, ischemic-reperfusion
injury, and adult respiratory distress syndrome. Thus, although a de-
tailed understanding of NOX-derived ROS in pulmonary EC biology
in the context of health and disease is nascent, there is mounting
evidence implicating these enzymes as critical modifiers of diseases
of the lung and pulmonary circulation. The purpose of this review is
to focus specifically on known as well as putative roles for pulmonary
EC NOX, with attention to studies on the intact lung.
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THE REDUCED NICOTINAMIDE ADENINE
DINUCLEOTIDE PHOSPHATE OXIDASE FAMILY

A Source of Reactive Oxygen Species

Reactive oxygen species (ROS) are chemically reactive, oxygen-
derived molecules that are generated during normal cellular me-
tabolism via incomplete reduction of molecular oxygen. They
consist of molecules with unpaired electrons, such as superoxide
anions (O, ) and hydroxyl radical (OH), and molecules that
have oxidizing propensity, but do not possess free electrons (e.g.,
hydrogen peroxide [H,O;] and hypochlorous acid [HOCI]). Su-
peroxide anion is generally viewed as the primary ROS in cells,
and is rapidly converted into other forms of ROS, including
H,0; and OH (1). In addition, O, can react with other radicals,
such as nitric oxide, (NO) to form the powerful oxidant, perox-
ynitrite (2). ROS are involved in the regulation of fundamental
cellular activities, such as cell growth and differentiation (3).
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CLINICAL RELEVANCE

NOX family members participate in a broad range of cell
biological processes, including fibrosis, cytoskeletal rear-
rangements, cell migration, differentiation, growth, prolifer-
ation, and apoptosis. Their capacity to modify redox-sensitive
signaling pathways and gene expression, as well as contribute
to oxidative stress and injury, in part accounts for their diverse
biological properties and their contribution to both health and
disease.

However, their overproduction and/or the presence of impaired
antioxidant ability result(s) in “oxidative” stress, which can in-
duce and propagate significant injury (4).

There are multiple enzymatic sources of ROS, including
the enzymes of the respiratory chain (5, 6), xanthine oxidase
(7, 8), cytochrome P450 (9), cyclo-oxygenase (10, 11), myelo-
peroxidase (12), uncoupled endothelial NO synthase (eNOS)
(13-16), and reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (NOX) (17, 18). Of these, NOX fam-
ily members are the only enzymes with the primary function of
ROS generation: specifically, O, . The effects of these enzymes
are counterbalanced by endogenous antioxidant systems, which
include the antioxidant enzymes catalase (19, 20), superoxide
dismutases (21, 22), heme oxygenases (23, 24), thioredoxin (25,
26), and glutathione peroxidase (27). Under physiological con-
ditions, ROS may have beneficial effects, playing a critical role
in both signal transduction (28) and redox-sensitive gene ex-
pression (29, 30). The balance between the extent of ROS pro-
duction and antioxidant processes determines the oxidative
state of the cell. If there is disequilibrium shifted toward unop-
posed ROS, either from excess ROS production or insufficient
antioxidant capacity, oxidative stress can occur. Oxidative stress
can promote protein oxidation, lipid peroxidation, and DNA
damage/mutations, leading to injury.

The NOX family of ROS-producing enzymes is increasingly
recognized as a critical source of ROS in both physiologic
and pathologic settings. The regulated production of ROS by
NOX in phagocytic cells has been established as a critical deter-
minant of efficient pathogen elimination (31-33). Inborn defects
in this enzyme system are responsible for the development of
chronic granulomatous disease (CGD), characterized by recur-
rent infections secondary to ineffective defense against bacterial
and fungal pathogens (34, 35). The phagocytic oxidase, NOX2
(gp91phox), expressed predominantly in neutrophils and mac-
rophages, is responsible for the respiratory burst necessary for
microbicidal activity (36). The enzyme is inactive in resting leu-
kocytes, but can be activated in response to microbes, such as
bacterial and fungal pathogens. Activation is regulated in part
by the assembly of the catalytic gp91phox subunit with the reg-
ulatory subunits (p22phox, p47phox, p40phox, and small GTPase
Ras-related C3 botulinum toxin substrate [Rac]) (37-39). The
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enzyme catalyzes the transfer of electrons from NADPH to mo-
lecular oxygen, generating O, and other forms of ROS second-
arily (40) (Figure 1).

Signaling through ROS

ROS can modify signaling via the oxidation of reactive cysteines
within certain target molecules, including phosphatases, kinases,
and transcription factors, and thus NOX-derived ROS can influ-
ence both physiologic and pathophysiologic processes (41, 42).
Post-translational modification of proteins by tyrosine phos-
phorylation is a major mechanism in the regulation of protein
function, and thus is a critical determinant of many cell biological
processes (43). Phosphorylation is dynamically regulated by the
relative activities of specific protein tyrosine kinases and protein
tyrosine phosphatases (44). The capacity of NOX-derived ROS
to modify diverse redox-sensitive kinases and inhibit phospha-
tases accounts, in part, for the critical influence of NOX on a great
number of cellular processes under homeostatic and pathologic
conditions (45-47). In addition to these effects of NOX-derived
ROS on signal transduction, NOX, via oxidation, can modify the
activity of transcription factors containing cysteine residues, thus
influencing redox-sensitive gene expression (48). Although con-
temporary cell and molecular biological techniques have rapidly
expanded our understanding of the structure—function relation-
ship, molecular regulations, and contribution of individual NOX
isoforms in cell biologic processes, many critical questions
on the roles of these enzymes in the intact lung remain to be
determined.

Structure and Molecular Regulators

The NOX members (49-52) can be divided into three main
groups based on domain organization (Figure 1). All NOX
family members have transmembrane helices, which regulate
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Figure 1. Schematic of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX)-mediated free radical production,
domain structure, and putative molecular functions. Akt, protein kinase
B; AP-1, activated protein-1; Et1, endothelin-1; HIF-1a, hypoxia-induc-
ible factor 1-a; MAPK, mitogen-activated protein kinase; PTK, protein
tyrosine kinase; Rac, Ras-related C3 botulinum toxin substrate; ROS, re-
active oxygen species; RTK, receptor tyrosine kinase.

electron transport across the membrane to generate O, in
the process of reducing oxygen. Within the six membrane-
spanning domains of the molecule are two heme-binding sites
(heme domain). NADPH and FAD binding sites are located
within the cytoplasmic tail known as the flavin domain (53).
This is the structural organization of NOX1, NOX3, NOX4,
and the classic NOX2. In addition to this basic organization,
NOXS has a calcium-binding, calmodulin-like domain resulting
in a calcium-regulated enzyme (54, 55). More recent studies
point to phosphorylation of NOXS5 as a key event in regulation
of this enzyme, acting to sensitize it to lower levels of intracel-
lular calcium (56). It is noteworthy that NOXS5 is absent in the
rodent genome, leading some investigators to speculate that it
is a vestigial NOX isoform (57). An alternative interpretation is
that this isoform has evolved for a highly specialized yet unde-
fined function(s) (58). Because traditional loss-of-function stud-
ies in classic murine models of pulmonary disease are not
possible for this isoform, the significance of NOXS in the intact
organism remains to be defined. The final group within the
NOX family contains the dual oxygenase (DUOX) enzymes.
These also share the NOXS5-like calmodulin-like domain, in
addition to peroxidase-homology domain, on the extracellular
face of the membrane. This initially led to the suggestion that
this domain may act as its own peroxidase (52). The exact func-
tion of the extracellular DUOX domain remains controversial
(59), with additional studies suggesting that it may in fact func-
tion as a dismutase (60). For further details on the DUOX iso-
forms and their potential roles in airway biology, the reader is
referred to the review by Fischer (61).

Multiple mechanisms regulate the generation of NOX-
dependent ROS. The activity of NOX2 is regulated via its inter-
actions with several regulatory subunits, including p22phox,
p47phox, p67phox, p40phox, and the small GTPase Rac (62).
Under resting conditions, the complex between NOX2 and
p22phox at the membrane is inactive, and a second complex
containing p47phox, p40phox, and p67phox is located within
the cytosol. Upon stimulation, there is translocation of the
cytosolic components to the membrane (63). The activation
requires multiple molecular events, including protein phosphor-
ylation, lipid metabolism, and guanine exchange by Rac. Pro-
tein kinase (PK) C isoforms are believed to be instrumental for
p47phox phosphorylation; however, multiple other kinases have
been implicated as upstream regulators of NOX activity in
a context-specific manner, including mitogen-activated protein
kinase (MAPKs; e.g., extracellular signal-regulated kinase 1/2
and p38 MAPK) (64). Thus, the enzyme can be activated both
rapidly and with tight, multifaceted control.

Like NOX2, NOX1 activity also requires regulatory subunits.
NOXI1 also complexes with p22phox (65), as well as NOXO1
and NOXA1, homologs of p47phox and p67phox, respectively
(66). Unlike p47phox, NOXO1 binds to the membrane under
unstimulated conditions, indicating that activation is not regu-
lated by translocation (66). NOX3 requires p22phox (67) and
appears to require NOXO1 binding (68), as demonstrated by
the phenotypic similarities between NOXO1 inactivation and
NOX3 deficiency (69). The role of cytosolic subunits in the ac-
tivity of NOX3 remains unclear and data remain conflicting (67,
68). Importantly, unlike NOXO1-deficient mice, p47phox '~ mice
do not share phenotypic similarities with NOX3-deficient ani-
mals, providing genetic evidence that p47phox is not obligatory
for NOX3 function. The activity of the other NOX enzymes
(NOX4, NOXS, and DUOX) does not appear to be modulated
by regulatory subunits. NOX4 is constitutively active, and ap-
pears to be regulated both by expression and/or post-translational
modifications (70, 71). The three NOX enzymes with calmodulin-
like domains, NOXS5, DUOX1, and DUOX?2, are presumably
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regulated, in part, by calcium signaling (72, 73). Furthermore,
phosphorylation has been demonstrated to sensitize NOXS5 to
the modulatory effects of calcium (56). Similarly, in vitro studies
suggest that DUOX1 and DUOX?2 activities are modified by the
activity of kinases: specifically, PKA and PKC, respectively (74).

Recently, additional binding proteins that enhance the activ-
ity of NOX homologs have been identified. One such protein
is polymerase (DNA-directed) delta interacting protein 2
(Poldip2), which associates with p22phox, NOX1, and NOX4,
and has been shown to colocalize with p22phox at sites of
NOX4 localization (75). Poldip2 increases NOX4 enzymatic
activity (without effect on NOX1) in aortic vascular smooth
muscle (VSM) cells, resulting in increased production of ROS.
Furthermore, overexpression of Poldip2 results in Rho activa-
tion, enhancement of focal adhesions, and an increase in stress
fiber formation. Poldip2 colocalizes with NOX4 and p22phox in
focal adhesions and along stress fibers, and appears to be respon-
sible for this specific arrangement, as NOX4 and p22phox local-
ization and stress fiber formation are impaired when Poldip2
is depleted with small interfering RNA. These findings could
have great implications on cell migration, growth, and vascular
remodeling in large vessels, as well as in the lung, where Podip2
is also expressed (75). Further studies are required to under-
stand the functional relevance of this regulator in the intact
lung.

NONPHAGOCYTIC NOX

NOX isoforms represent a major source of ROS within the res-
piratory system. Because the lung functions to exchange molec-
ular gases, specifically, oxygen and carbon dioxide, between the
atmosphere and the circulation, it is exposed to various environ-
mental insults, including pathogenic, gaseous, and particulate
agents. Both the insults themselves and the host responses can
contribute to tissue dysfunction and injury characteristic of
pulmonary disease processes. The NOX/DUOX isoforms are
expressed in multiple resident cells within the lung, and their ex-
pression and/or activity is dynamically regulated by diverse phys-
iologic stimuli. Beyond the classic role of phagocytic NOX2 in
the innate immune response, mounting evidence indicates that
other NOX isoforms play a role in normal lung physiology as well
as pathologic states. The existence of nonphagocytic NOX enzy-
matic activity and enzymes became recognized in the 1990s.
Although it was well appreciated that neutrophils were the pro-
totypical source of ROS, the production of ROS from other cell
types, including vascular endothelial cells (ECs), became in-
creasingly recognized. ROS play a role in the genesis of both
EC vasodilatory dysfunction and EC activation. Work done in
isolated pulmonary ECs initially provided evidence that ROS
generated in the context of hypoxia-reoxygenation was derived
from an NOX-like enzyme (76). Similar studies using pharma-
cologic inhibition of NOX-like enzyme activity provided evi-
dence that an NOX enzyme(s) influenced EC activation and
phenotype in vitro (77).

Distribution in Nonphagocytic Cells

All seven NOX family members have been identified to date
(NOX1-NOX5 and DUOX1 and DUOX2) in select non-
phagocytic cells (78). Our understanding of the cellular and
tissue distribution of NOX family members under physiologic
and pathologic states is in evolution. At baseline, messenger
RNA (mRNA) for NOX2 (51), DUOX1 (79), and NOX4 (51)
are detected in the intact lung. Although phagocytic cells, such
as alveolar macrophages, likely contribute significantly to lung-
associated NOX2, nonphagocytic cells, including pulmonary
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ECs, express NOX2 (80). NOX4 is expressed in pulmonary
ECs (80, 81), smooth muscle cells (82), and pulmonary fibro-
blasts (83). In airway epithelial cells, DUOX1 and DUOX2
appear to dominate (84). NOXI1 is expressed mainly within
the colonic epithelium (85) but has been described in pulmo-
nary ECs and type II airway epithelial cells (86). The tissue
distribution of NOX3 under baseline conditions is restricted
to the inner ear (87), but has been described in the lung in
the context of a murine emphysema model. Specifically, loss
of the Toll-like receptor (TLR) 4 in transgenic mice has been
linked to increased expression of NOX3 in the intact lung and in
pulmonary ECs in vitro (88). NOX5 mRNA expression is de-
scribed in the testis and lymphoid tissues (54); however, this
isoform is expressed in isolated ECs (89), and may be seen at
lower levels in pulmonary ECs than NOX4 (81). It is clear that
the expression of NOX isoforms within a cell or tissue can be
modified by stimuli. Thus, in the context of disease, NOX iso-
form expression patterns may change. Similarly, relatively low
mRNA expression of any given NOX isoform does not preclude
a critical role in a particular cell type or organ system.

NOX AND ENDOTHELIAL FUNCTION

Due to its strategic location, the vascular endothelium plays
a critical role in maintaining vascular homeostasis. ECs form a
semipermeable barrier between the blood and interstitium,
and dynamically regulate numerous biologic processes, both in
the maintenance of homeostasis and during disease. Through
the synthesis and secretion of paracrine factors, cytoskeleton
dynamics, and alterations in expression of adhesion molecules,
ECs regulate vascular tone, vascular permeability, blood fluidity,
smooth muscle phenotype, inflammatory cytokine production,
and chemotactic responses. As a consequence, perturbations
of EC function contribute to the pathophysiology of vascular
disease.

ROS-Dependent Signaling in ECs

Vascular ECs express the classic phagocytic NOX (NOX2), as
well as NOX1, NOX4, and NOX5. NOX3 may be induced within
pulmonary ECs (88). Mounting evidence points to a critical role
for NOX-derived ROS in EC biology (90, 91) (Figure 2). The
effects of NOX on EC function and phenotype appear to be
both direct and indirect in nature. Many of the critical signaling
molecules involved in modulation of EC activation and function
are redox sensitive. These notably include transcription factors,
such as NF-«B, activated protein-1 (AP-1), hypoxia-inducible
factor (HIF)-1a, and p53 (92). Thus, NOX-derived ROS can
influence gene expression in ECs via redox-sensitive transcrip-
tional effects. Furthermore, kinases, such as the MAPK (p38
and c-Jun N-terminal kinase), protein kinase B (Akt), and
Src, and protein phosphatases, including protein tyrosine phos-
phatase (PTP-PEST), are components of redox-sensitive signal-
ing pathways (41, 93-98) and may be targets of NOX-derived
ROS. Because stimuli contributing to EC dysfunction are also
associated with increased NOX enzyme activity, and this class
of enzymes is the major source of EC ROS, it follows that
NOX-derived ROS are critical determinants of both physiologic
and pathologic EC responses.

Endothelial Cell Activation

ROS signaling shapes numerous critical aspects of EC phenotype
that have been implicated in pulmonary disease states. Hall-
marks of EC activation are the surface expression of adhesion
molecules (e.g., intercellular adhesion molecule-1, vascular cell
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adhesion molecule-1, and E-selectin), and secretion of monocyte
chemoattractants. EC activation is also characterized by altera-
tions in EC permeability. ROS signaling promotes EC perme-
ability changes, which are associated with reversible rounding
of the cells and development of paracellular gaps. Regulation
of EC permeability is mediated through dynamic changes in
the actin cytoskeleton that generate centripetal tension, and alter-
ations in adhesive junctional proteins, which tether the cells (110).
In addition, EC activation is an essential component of the in-
flammatory response through critical recruitment of leukocytes
to the affected tissue compartment, which, when present in ex-
cess, can contribute to tissue injury. Thus, EC activation and as-
sociated barrier disruption are characteristic events in injurious
inflammatory states, such as ischemia-reperfusion (IR) injury,
sepsis, atherosclerosis, hypertension, hyperoxia, and acute lung
injury.

An expanding body of evidence supports the role of ROS
in EC activation in response to a number of stimuli, including
oscillatory shear stress, endotoxin, cytokines, such as TNF-a,
cigarette smoke, and hypercholesterolemia (111-113). NOX

Figure 2. Schematic of NOX/dual oxygenase (DUOX)
family member distribution within the alveolar and vascu-
lar compartments, and putative role of NOX in physiology
and disease. ECM, extracellular matrix; NO, nitric oxide.
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enzyme activity is sensitive to regulation by numerous stimuli
implicated in a wide variety of pathophysiologic conditions, in-
cluding agonists associated with EC activation. NOX2, for ex-
ample, is activated by several such agonists, including cytokines
(e.g., TNF-a), circulating factors (e.g., vascular endothelial growth
factor [VEGF] and thrombin), metabolic factors, such as glu-
cose, and environmental and mechanical stressors, including
hypoxia-reoxygenation and shear stress (114-117). In contrast,
NOX4 appears to be constitutively active in ECs, although
NOX4-dependent ROS production can increase in response to
the bacterial endotoxin LPS (101). This isoform appears to di-
rectly interact with the LPS receptor, TLR4, upon ligand bind-
ing (100, 101).

Vasomotor Effects

NOX-mediated oxidative stress affects vascular function via
the capacity of superoxide anion to rapidly react with NO to pro-
duce peroxynitrite, and thus decrease NO bioavailablity (103).
In addition, NOX-mediated ROS can potentiate the ROS-
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generating capacity of other enzymes, including xanthine oxi-
doreductase and eNOS (104). The vasocontrictive agonists of G
protein—coupled receptors, angiotensin II and endothelin I, both
activate EC NOX (105, 106). Furthermore, NOX can potentiate
eNOS uncoupling through its capacity to mediate oxidative deg-
radation of the eNOS cofactor, tetrahydrobiopterin, resulting in
an enzyme that generates O, and not NO (107). In a similar
vein, xanthine dehydrogenase can be converted to xanthine ox-
idase with the capacity to generate O,  via NOX-derived oxi-
dation (108). Because eNOS-generated NO is a major mediator
of endothelium-dependent vasorelaxation, NOX-derived O,~
can negatively influence vasodilation through direct and indirect
effects on both NO and eNOS, respectively.

IR

In vivo human data on the role of NOX in vascular function is
limited. Recent studies support a critical role for NOX in EC
responses to IR injury in humans. Specifically, Loukogeorgakis
and colleagues (109) characterized EC-dependent, flow-mediated
vasodilation after IR in vivo in healthy volunteers compared
with patients with NOX2 or p47phox-dependent CGD. Patients
with both forms of CGD fail to demonstrate decreases
in flow-mediated dilation after IR, a process mediated by
endothelial-derived NO. This provides the first evidence that
NOX-derived ROS contribute to EC dysfunction in humans in
response to IR. There are insufficient clinical data to deter-
mine if patients with CGD are protected from other forms of
IR injury, such as myocardial infarction or cerebrovascular
stroke.

Proliferation and Angiogenesis

NOX-dependent signaling has been implicated in other critical
EC phenotypic responses. EC responses to proliferative agonists
and angiogenic factors, such as angiotensin II, hypoxia, and
VEGF, require NOX-derived ROS (115, 118-120). NOX2 and
NOX4 both contribute to EC proliferation under basal condi-
tions (70). NOX4 plays a critical role in angiogenic responses
in human microvascular ECs in culture (121). In vivo, the ca-
pacity of VEGF to stimulate angiogenesis is impaired in NOX2-
deficient mice (122). NOX-derived ROS may also play a role
in the mobilization and differentiation of stem/progenitor cells
during neovascularization through ROS-mediated signaling and
angiogenic gene expression (123).

Compartmentalization in ECs

Many ROS are diffusible, frequently short-lived, and reactive,
and thus the site of generation is critical for determining the spec-
ificity of signaling. The temporal and spatial coupling of ROS
production and activation of redox-sensitive signaling pathways
requires localization of NOX with redox-modulated protein tar-
gets. Thus, specific spatial compartmentalization of NOX may
influence both its capacity to be activated and, moreover, target
NOX-derived ROS to select effectors. Although evidence sup-
ports a critical role of NOX-derived ROS in response to receptor
signaling, the mechanisms underlying receptor-mediated activa-
tion of NOX are incompletely defined. NOX localization is piv-
otal in EC migration, a cellular function necessary for wound
repair, angiogenesis, and injury resolution. Racl, p47phox,
and NOX?2 are critical for EC migration, and are localized to
the focal complexes at the cytoplasmic projections and leading
edge of migrating cells known as lamellipodia. During migration,
p47phox is targeted to the scaffolding protein, tumor necrosis
factor receptor—associated factor 4 (TRAF4), that binds the
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scaffold protein, hydrogen peroxide-inducible gene 5 (Hic-5),
at the focal contact. Thus, localized ROS signaling at lamelli-
podia is mediated by a complex of p47phox-TRAF4-Hic5 (124).
Such localization at focal complexes also appears to occur at
membrane ruffles generated during migration. Here, p47phox
interacts with the cytoskeletal protein, Wiskott-Aldrich syn-
drome protein family member 1, along with Racl and p21 pro-
tein (Cdc42/Rac)-activated kinase 1 (PAK1) (125). In response
to VEGF, PAKI1 phosphorylates p47phox, resulting in localized
ROS at the site of membrane ruffling (125). Additional actin-
binding proteins, such as Ras GTPase-activating-like protein,
have also been shown to link the cytoskeleton to Racl and
NOX?2, and appear to be required for EC migration (126).

Caveolae and lipid rafts are microdomains within the cyto-
plasmic membranes enriched for signaling molecules, including
G protein—coupled receptors and receptor tyrosine kinases,
among others (127). Therefore, caveolae and lipid rafts function
as signaling platforms by compartmentalizing components of
the signaling apparatus. NOX family members have been iden-
tified within lipid rafts and caveolae, and thus these localized
interactions can target NOX-dependent ROS to these signaling
platforms (128). In addition to the contribution of NOX local-
ization in EC migration, NOX recruitment to lipid rafts has
been implicated in death receptor signaling in ECs. Engage-
ment of multiple death receptors by ligands, including Fas li-
gand, TNF-a, and endostatin, results in receptor clustering
within lipid rafts in ECs (129). For example, Fas ligand recruits
Racl, NOX2, and p47phox to these lipid microdomains in ECs,
leading to increased NOX activity, increased ROS, and, ulti-
mately, EC dysfunction. Thus, localization of NOX components
and death receptors results in formation of a redox-signaling
platform.

NOX-dependent ROS have been implicated in other subcel-
lular compartments, including endosomes and the nucleus. In the
case of IL-1p receptor, ligand binding triggers receptor endocy-
tosis (130). Racl and NOX2 are recruited to the early endo-
some, where NOX-dependent ROS production leads to TRAF6
recruitment and, ultimately, NF-kB activation (131). In human
ECs, NOX4 is predominantly nuclear, and appears to contrib-
ute to nuclear ROS production under basal and stimulated con-
ditions (81). Compartmentalization of NOX within the nucleus
could thus facilitate effects on redox-sensitive transcription fac-
tors, such as p5S3, AP-1, NF-«kB, and HIF-1a. Thus, the specific-
ity of NOX-dependent events and their capacity to contribute
to redox-sensitive signaling platforms may result from compart-
mentalization of the enzymes and their targets into subcellular
organelles, such as endosomes and the nucleus. Alternatively,
interactions between NOX family members with scaffolding
proteins or lipid microdomains, such as caveolae or lipid rafts,
can account for temporal and spatial compartmentalization.

LESSONS FROM THE INTACT LUNG

Hypoxic Pulmonary Vasoconstriction

In addition to pulmonary EC-derived NOX2, VSM expresses
NOXI1, NOX2, and NOX4 (135, 136). NOX4 has been proposed
by some to be the predominant VSM NOX isoform (82). These
NOX isoforms are determinants of systemic VSM hypertrophic
and phenotypic responses (137), and are unregulated in vascular
disease, playing pivotal roles in systemic hypertension and ath-
erosclerosis (91, 138). Early studies implicated pulmonary
smooth muscle NOX activity in oxygen sensing, and a potential
molecular determinant of hypoxic pulmonary vasoconstric-
tion (HPV) (139, 140). Studies in NOX2 (gp91phox) knock-
outs revealed normal HPV (141), arguing against the role of
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NOX?2 in oxygen sensing. More recent ex vivo studies of pul-
monary vascular rings implicate NOX4 as a key regulator of
basal pulmonary vascular tone and antagonist of HPV (142).
The contribution of NOX as an oxygen sensor in the pulmo-
nary circulation remains a topic of debate and investigation,
and the reader is directed to Wolin and colleagues (143) for
further review.

Pulmonary Hypertension

Growing evidence implicates NOX-derived ROS in the patho-
genesis of pulmonary hypertension (PH). Hypoxia, a known in-
ducer of PH, increases O, production in ECs in culture via a
NOX-dependent pathway (76). The capacity of intact vessels to
respond to the vasoconstrictor, endothelin-I (Et-I), is dependent
on NOX2 expression and lost in vessels derived from NOX2 ™/~
mice (132). In intact animals, NOX2~'~ mice are protected from
hypoxia-induced endothelial dysfunction, indicating that NOX-
derived ROS is upstream of impaired NO-dependent relaxation
in the pulmonary circulation (133). Furthermore, deletion of
NOX2 in mice is protective from the effects of chronic hypoxia,
indicating that NOX2-derived ROS is a critical determinant in
the pathogenesis of vascular dysfunction in response to chronic
hypoxia (134). Importantly, NOX4 expression has been demon-
strated to be significantly elevated in the pulmonary vascular
media in patients with idiopathic pulmonary arterial hypertension
(144). These same studies provide evidence that NOX4 is in-
creased in isolated pulmonary artery smooth muscle cells in
response to hypoxia and is a critical determinant of both pulmo-
nary artery smooth muscle cell ROS and proliferation in vitro.
Interestingly, NOX4 is a transcriptional target of HIF-1a, and
hypoxia-induced proliferation of VSM cells is NOX4 dependent
(145). Thus, evidence continues to mount supporting the role of
NOX isoforms in pathologic vascular remodeling in PH and as
potential modulators in HPV.

Pulmonary Inflammation and Lung Injury

The recognition that human CGD was attributable to dysfunc-
tional NOX (gp91phox/NOX2 in the X-linked form and p47phox
in the recessive form) clearly highlights the critical role of NOX
family members in host responses to pathogens (146). Pulmo-
nary infectious complications are hallmarks of this disease and
a major cause of morbidity and mortality. Although it is clear
that NOX2 contributes to immune responses in humans, the
characterization of gp91phox- and p47phox-deficient animals
has provided evidence that NOX2-derived ROS may also sup-
press neutrophilic inflammation, thus playing an apparently par-
adoxical anti-inflammatory role. Mice deficient in NOX2 are
more susceptible to Staphylococcus and Aspergillus infections,
and develop elevated and persistent infection, with inflam-
matory responses to these organisms consistent with the role
of NOX2 in organism clearance (147). Intriguingly, these mice
(gp91phox~'") demonstrate improved outcomes when chal-
lenged with other bacterial pathogens, such as Streptococcus
pneumoniae (148), suggesting that NOX-derived ROS are
not necessarily required for antimicrobial defense with these
specific pathogens. Furthermore, despite the fact that pneumo-
coccal pneumonia in gp91phox '~ animals is associated with
increased inflammatory cytokine production, increased neutro-
philic infiltrates, and lower rates of neutrophilic apoptosis, de-
creased NOX-derived ROS is associated with improved disease
outcomes. Taken together, these results suggest that, in addition
to bacterial clearance, NOX-generated ROS play a role in sup-
pression of neutrophilic infiltrates within the lung, and thus have
a potential anti-inflammatory role.

Further evidence supporting the capacity of NOX2-
dependent ROS to influence the magnitude of inflammatory
responses within the lung derives from studies of influenza virus
in gp91phox '~ mice (149). These animals demonstrate a height-
ened inflammatory response, with increased macrophage and
neutrophil numbers and reduced evidence of apoptosis. Again,
in the face of a more robust inflammatory response, gp91phox
deficiency results in improved resolution of the virus as well as
lung function (149). Both pulmonary and systemic inflammatory
responses to systemic infectious insults have been characterized
in gp9lphox ™'~ and p47phox ™'~ mice with the gram-negative
bacteria, Escherichia coli, or its bacterial toxin, LPS (150, 151).
Again, loss of NOX-derived ROS results in increased neu-
trophilic infiltration into the lung and alveolar space with as-
sociated increases in the chemoattractant chemokines and
decreased bacterial clearance. Importantly, gp91phox/~ and
p47phox '~ mice were protected from sepsis-induced microvas-
cular permeability changes, indicating that NOX-derived ROS
is necessary for microvascular injury in vivo (150).

NF-kB is a critical component of the endothelial inflamma-
tory response and an essential component of the innate immune
response (99). EC expression of adhesion molecules and inflam-
matory cytokines elaborated during lung injury are, in part,
NF-kB dependent. ROS is a known trigger for the activation
of NF-kB transcription factor complex (92). Recent studies
have identified an obligatory role of NOX family members in
efficient activation of NF-kB in response to engagement of
pathogen recognition receptors: specifically, TLR4 (100). In
particular, Park and colleagues (101) have demonstrated that
LPS signaling via TLR4 requires NOX4 for both ROS produc-
tion and NF-kB activation. Moreover, they provide evidence
of a physical association between NOX4 and TLR4. Loss of
NOX4 via RNA interference in human ECs blocks both LPS-
induced adhesion molecule expression (specifically, intercellular
adhesion molecule-1) and generation of proinflammatory cyto-
kines, including IL-8 and monocyte chemotactic protein-1 (101).
In addition to its role in pathogen recognition, TLR4 also par-
ticipates in recognition of noninfectious ligands, such as the free
fatty acids (102). Recently, NOX4 has been implicated in the
capacity of free fatty acids to activate NF-kB and generate in-
flammatory responses in human ECs via a TLR4-dependent
pathway (102). Thus, NF-kB-dependent vascular inflammation
triggered by both infectious and noninfectious insults requires
NOX4-dependent ROS.

Noninfectious models of lung injury and inflammation have
also incriminated NOX family members as critical in vivo de-
terminants of both lung inflammation and tissue remodeling.
NOX?2 has been implicated as a determinant of acid aspiration—
induced lung injury (152). Here, p47phox ™/~ animals demon-
strate enhanced neutrophilic infiltrates and proinflammatory
cytokines/chemokines after acid installation into the lung, as well
as enhanced bronchoalveolar albumin, suggestive of alveolar—
capillary leak. In a more chronic injury model of cigarette ex-
posure, NOX-derived ROS again play a role in regulating the
magnitude of inflammatory response (153). Surprisingly, loss of
gp91phox or p47phox results in enhanced sensitivity to cigarette
smoke—-induced alveolar damage, and correlates with increased
signaling via the TLR4-NFk-B pathway. It is noteworthy that
the deletion of gp91phox and p47phox is associated with en-
hanced expression of NOX4 after cigarette smoke exposure in
these animals, suggesting the potential for a compensatory path-
way and identifying a potential confounder. p47phox deficiency
is also protective in the face of IR injury, with decreased neu-
trophilic infiltration and permeability changes (154). Analysis of
NOX1-deficient transgenic mice indicate that NOXI1, and not
NOX2, is critical for hyperoxia-induced lung injury in vivo (86).
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NOX1 is predominantly expressed within ECs and type II
epithelial cells within the lung, and its deficiency is associated
with decreased hyperoxia-induced ROS, both in vivo and in
isolated epithelial and endothelial cells in vitro. Furthermore,
NOXI1 deficiency results in blunting of stress kinase activation/
phosphorylation (e.g., extracellular signal-regulated kinase 1/2
and Jun N-terminal kinase) and alveolar epithelial and endo-
thelial cell apoptosis, implicating NOX1-derived ROS in signal-
ing in this model of lung injury. Intriguingly, NOX2 deficiency is
not found to be protective in this noninfectious model (86).

Pulmonary Fibrosis

In addition to the role of NOX family members in these early
stages of lung injury (e.g., inflammatory cell infiltration, micro-
vascular permeability, and alveolar cell apoptosis), recent evi-
dence supports the role of NOX4 in the later fibrogenic
response to lung injury. Hecker and colleagues (155) recently
demonstrated that NOX4 is up-regulated in noninfectious mod-
els of lung injury and in humans with the fibrotic lung disease,
idiopathic pulmonary fibrosis. NOX4 mRNA is expressed at
increased levels in fibroblasts isolated from patients with idio-
pathic pulmonary fibrosis (156). Loss-of-function analysis in vitro
suggests that NOX4 plays an obligatory role in fibroblast prolif-
eration, migration, and production of both collagen and profibrotic
cytokines (156). Furthermore, using genetic and pharmacologic
antagonism of NOX4 in vivo, this group provides evidence that
NOX4 is required for pulmonary fibrosis contributing to myofi-
broblast differentiation and extracellular matrix production.

Thus, evidence from cell culture data implicating the con-
tribution of NOX-dependent ROS in the activation of ECs
in response to various agonists arises from a combination of
approaches. These have included the use of antioxidants, phar-
macologic inhibitors of the enzymes, dominant negative Racl,
RNA interference, and cells derived from transgenic animals.
In vivo studies with genetic deletion of gp91phox or p47phox
also implicate NOX-derived ROS in endothelial activation
in vivo, but interpretation of such studies is currently limited
since cell/tissue-restricted knockout animals are not yet avail-
able. In vivo data indicate that NOX family members play piv-
otal roles in both early and late events in infectious and
noninfectious modes of lung injury, vascular tone/remodeling,
and pulmonary fibrosis. Development and characterization
of cell type-restricted and conditional transgenics will be critical
to define the relevant NOX isoforms and relevant cell types
responsible for these phenotypes in vivo and ultimately define
the role of these family members in distinct stages of injury,
remodeling, and resolution within the lung.

FUTURE DIRECTIONS

Our current knowledge of the functional role of NOX isoforms
in vivo generally, and in the lung specifically, has been shaped
predominantly by our understanding of the localization of the
isoforms in situ and functional analysis of global knockout mice.
The limitations of both types of analysis should be recognized.
Prudent interpretation of isoform localization studies is neces-
sary in light of the potential for nonspecific antibody cross-
reactivity. In addition, transgenic animals with global loss of
function cannot address the role of isoforms within defined cells
or compartments. Furthermore, in vitro studies suggest that loss
of one isoform may modify expression of alternative isoforms,
confounding interpretation of such results. Thus, although evi-
dence continues to mount regarding the importance of NOX
family members in redox signaling and oxidative stress, both
in health and disease, critical questions remain unanswered.
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At the molecular and cellular levels, a greater knowledge of
function of individual family members and tissue distribution
is needed. Furthermore, better understanding of the physiologic
stimuli and regulators of their expression and activity is critical,
as is the need to characterize and define the role of subcellular
compartmentalization in regulation of effects. Currently, one
major obstacle in NOX research is the lack of available specific
inhibitors. A greater understanding of both the function and reg-
ulation of the different NOX family members will be valuable to
developing selective and specific inhibitors. Tissue-restricted gene
deletion and selective pharmacologic and/or molecular inhibi-
tors will be necessary to more clearly define the contribution of
individual NOX family members to pulmonary injury and repair
processes. Ultimately, selective pharmacologic or molecular in-
hibitors will be required to move the field into an in-depth un-
derstanding of the role of these enzymes in human physiology
and disease states.

CONCLUSIONS

NOX family members participate in a broad range of cell biolog-
ical processes, including fibrosis, cytoskeletal rearrangements,
cell migration, differentiation, growth, proliferation, and apopto-
sis. Their capacity to modify redox-sensitive signaling pathways
and gene expression, as well as contribute to oxidative stress and
injury, in part accounts for their diverse biological properties and
their contribution to both health and disease. During the last de-
cade and a half, our understanding of the role and regulation of
these enzymes has grown exponentially. Recent in vivo animal
studies and limited human studies have generated greater in-
sight into the contribution of NOX family members in develop-
ment and resolution of diverse forms of vascular and lung
pathology. The development of selective and specific inhibitors
will allow for a greater understanding of the contribution of
these ROS-generating enzymes, both in human health and dis-
ease states.

Author disclosures are available with the text of this article at www.atsjournals.org.
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