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Abstract
The production of reactive oxygen species (ROS) in a highly regulated fashion is a hallmark of
members of the NADPH oxidase (Nox) family of enzymes. Nox enzymes are present in most
eukaryotic groups such as the amebozoid, fungi, algae and plants, and animals, where they are
involved in seemingly diverse biological processes. However, a comprehensive survey of Nox
functions throughout biology reveals common functional themes. Noxes are often activated in
response to stressful conditions such as nutrient starvation, physical damage or pathogen attack.
Although the end result varies depending on the organism and tissue, Nox-produced ROS
mediates the response to the adverse stimuli, such as innate immunity responses in plant and
animals or cell differentiation in Dictyostelium, fungi and plants. These responses involve ROS-
mediated signaling mechanisms occurring at intracellular or cell-to-cell levels, and sometimes
involve cell wall or extracellular matrix cross-linking. Indeed, Noxes are involved in local and
systemic signaling from plants to fish, and in cross-linking of the plant hair-cell wall, synthesis of
the nematode cuticle and formation the sea urchin fertilization envelope. The extensive use of Nox
enzymes in biology to regulate cell-to-cell signaling and morphogenesis suggest that additional
functions in mammalian signaling and development remain to be discovered.

Introduction
Nox and Duox enzymes are membrane flavocytochromes that catalyze the NADPH-
dependent reduction of molecular oxygen to generate superoxide and/or hydrogen peroxide.
For the first 25 years of the field, however, the only known mammalian NADPH-oxidase
was the phagocyte NADPH-oxidase. Also referred to as the respiratory burst oxidase, the
enzyme uses Nox2 (a.k.a. gp91phox) as its catalytic subunit. The enzyme is activated in
neutrophils and other inflammatory cells upon exposure to microbes or inflammatory
products, resulting in the generation of high levels of superoxide, with secondary production
of hydrogen peroxide, hydroxyl radical and, in the presence of myeloperoxidase, HOCl.
Together, this witches brew of radicals and oxidants function (along with other non-
oxidative mechanisms) to kill or damage invading microbes. The importance of the Nox2
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system in innate immunity is illustrated by the genetic condition Chronic Granulomatous
Disease, wherein affected patients suffer frequent and severe infections, often resulting from
normally innocuous microbes such as the common mold Aspergillus niger.

Around the turn of the 21st century, it was discovered that Nox enzymes in mammals
represent a family of homologous enzymes consisting in humans of 7 gene products (6 in
rodents) plus additional splice variants, indicated in Fig. 1. These can be organized into two
broad classes: the p22phox-requiring Nox enzymes (Nox1, Nox2, Nox3 and Nox4), and the
Ca2+-regulated Nox enzymes (Nox5, Duox1 and Duox2). In addition, they can be grouped
into three sub-families based on their domain structure. Nox1, Nox2, Nox3 and Nox4
consist solely of the catalytic subunit, which is made up of an N-terminal transmembrane
domain that binds two heme groups plus a C-terminal dehydrogenase domain that binds
FAD and NADPH. All four bind to the small membrane associated subunit p22phox, which
both stabilizes the flavocytochrome and provides a binding site for regulatory subunits in the
case of Nox1, Nox2 and Nox3 (but not Nox4). Nox5 is the sole representative of the second
group: this enzyme contains an EF-hand containing Ca2+-binding domain N-terminal to the
catalytic domain, and is regulated by Ca2+ and one protein kinase C. Duox1 and Duox2
build on the Nox5 structure in that they have an additional domain that is homologous to
heme-containing peroxidases at their extreme N-termini; this is then linked via an additional
transmembrane α-helix to the Nox5-like structure. Like Nox5, Duox enzymes are activated
by Ca2+.

The realization that the Nox enzymes in mammals represent a family members of which are
widely expressed in many tissues has raised important questions about their normal
biological roles. Although it has been tempting to try to assign immunity-based functions
based upon analogy to the phagocyte NADPH oxidase, their typically considerably lower
expression levels and lower output of ROS raises questions about whether they function in
an analogous manner. A growing literature focusing on signaling roles of ROS has
supported a role of Nox-derived ROS in various signaling processes. While gene-deleted or
mutant mice have in some cases been informative (for example, in demonstrating that Nox3
plays a key role in otolith formation in the inner ear), some knockout mice fail to
demonstrate an obvious phenotype, perhaps due to isoform redundancy or adaptation. In
addition, in most of the published animals, the knockout has been expressed in all tissues,
making it impossible to delineate tissue- or cell-specific phenotypes.

With this in mind, the present review explores Nox enzymes throughout biology, reviewing
biological functions in these simpler systems, and attempts to determine whether common
functional themes exist. Recently, we reviewed the occurrence of Nox enzymes in biology
[1], comparing 105 Nox sequences. These occur in plants and algae, fungi, amoeba,
nematode worms, echinoderms, urochordates, insects, fish, reptiles, birds and mammals, and
can be organized into seven distinct sub-families based on sequence similarities of the
catalytic domains. The enzymes have not been reported in prokaryotes, but rather evolved
more-or-less at the same time as single cell eukaryotes, predating multicellularity by some
1.4 billion years. Some of these non-mammalian systems ---- for example, C. elegans and
Drosophila ---, have experimental advantages in comparison with mammalian systems, in
that they express a small number of Nox enzymes thereby reducing the likelihood of
redundant functions. In addition, the use of these model organisms is extremely powerful
with regard to the availability of elegant genetic tools, allowing for example exploration of
the biological function of a given gene at a particular stage in development and in a specific
tissue. The following sections are organized phylogenetically, more-or-less according to the
evolutionary distance from mammals, starting with plants and ending with fish. The final
sections attempt to discern common themes or patterns that are present in many species.
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Plants
The first plant Nox gene was identified in rice as a homolog of mammalian gp91phox (Nox2)
and was named rbohA for respiratory burst oxidase homolog [2]. A single plant species
contains multiple rboh genes, as for example the 10 Atrboh genes seen in Arabidopsis
thaliana, suggesting multiple functions and/or localizations in the plant. Characterization of
rbohA in A. thaliana showed that RbohA was localized at the plasma membrane and
predicted two EF-hand Ca2+ binding domains within the RbohA N-terminal region [3], a
characteristic that is shared by all plant Noxes. Indeed, all members of the Rboh family
show a domain structure similar to that of mammalian Nox5 rather than Nox2. Like Nox5,
Rboh activity is regulated by Ca2+, and is independent of regulatory subunits, which are
missing in plants. Some plant Nox enzymes are synergistically activated by Ca2+ and
phosphorylation, as shown for AtrbohD in a heterologous expression system [4]. In addition,
Rbohs are regulated directly or indirectly by Rac GTPases. OsRac1 activates ROS
production in rice [5], and binding to the N-terminal Ca++-binding domain of OsRbohB was
demonstrated by yeast two-hybrid, pull-down experiments, NMR titration and in vivo FRET
microscopy [6]. The binding interface was recently identified using the crystal structure of
the EF-hand domain [7]. The relationship between binding and activation, to our knowledge,
has not been demonstrated. A role for Rac in the localization of a plant Nox has been shown
(see below) and might account at least in part for effects of Rac on activity. Diverse
mechanisms including binding of specific phospholipids [8] and binding of chaperone or
partner proteins [9,10] regulate the localization of mammalian Nox enzymes. Therefore,
binding alone is an insufficient criterion to prove direct activation, and additional studies
will be of interest to clarify whether Rac effects on Rboh activity are direct or indirect.

ROS in plants were at first viewed as constitutive by-products of both photosynthesis and
respiration. However, regulated production of ROS was seen during the early stages of the
plant defense response, which can be triggered by infection or physical damage [11]. This
“oxidative burst” has been studied in many plant species using mainly biochemical
approaches. A link between Nox enzymes and the oxidative burst became apparent when
Nox homologues were discovered in the plant genome [2]. Of the 10 Atrboh genes in A.
thaliana (AtrbohA-J), only four, AtrbohB, AtrbohC, AtrbohD and AtrbohF, have been
studied in detail. Using mutants carrying inactivating insertions at the AtrbohD and AtrbohF
genes, it was shown that AtrbohD is required for ROS production in response to pathogens,
while AtrbohF is important for the programmed cell death that occurs when a potential
pathogen is recognized during the “hypersensitive response”, a process during which rapid
plant cell death in and around the site of infection together with cross-linking of plant cell
wall proteins contains and encapsulates the invader, preventing the spread of an infection
[12]. Some of the AtrbohD and AtrbohF mutant phenotypes were enhanced in the double
AtrbohD AtrbohF mutant, suggesting a partial overlap in plant Nox functions [13].

Notably, AtrbohD and AtrbohF mediate the production of ROS, sometimes in different cell
types and with different outcomes. Both genes are expressed in the guard cells that form the
stomatal pores in the leaf epidermis. The plant hormone abscisic acid induces the closing of
the stomata, as a way to reduce water loss, using cytosolic Ca2+ as second messenger [14–
16]. AtrbohD AtrbohF double mutants were impaired in abscisic acid-dependent responses,
including stomatal closing, ROS production, cytosolic Ca2+ increases and activation of
plasma membrane Ca2+-permeable channels in guard cells. The fact that external H2O2
rescued Ca2+ channel activation and stomatal closing in AtrbohD AtrbohF mutants provided
further evidence for the function of ROS in abscisic acid signal transduction, and established
the critical role of AtrbohD and AtrbohF [17].
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AtrbohD (but not AtrbohF or AtrbohC) also plays a critical role in a systemic stress response
in plants involving ROS signaling over extended distances. Systemic acquired resistance
(SAR) is a process that involves the activation of adaptive mechanisms throughout the plant
in response to local environmental stresses such as wounding, heat, cold, high-intensity
light, and salinity. Taking advantage of the fact that the Zat12 gene [18] is rapidly induced
in response to stress signals, the Zat12 promoter fused to a luciferase reporter gene was used
[19] to monitor and image signal transmission in transgenic plants. The authors found that
mechanical wounding induced both local and systemic expression of luciferase, indicating
the transmission of a signal moving at a rate of 8.4 cm per minute in the up-and-down
directions. In contrast, the signal travelled at less than 6% of this rate in rbohD defective
plants. Signal propagation was interrupted by pre-treatment with catalase or diphenylene
iodonium (DPI) at locations distant from the initiation site, indicating that signal propagation
requires H2O2 along its path and that RbohD plays an essential role in this process. The
speed of this signaling mechanism suggests active propagation, rather than simple diffusion,
as diagrammed in Fig. 2, left panel.

Nox enzymes also play a role in plant growth and morphology. Root hairs are elaborated
from certain root epithelial cells, providing a large surface area for water absorption.
Elongation of roots and root hairs are often used as a model system for investigating plant
cell growth patterns. The analysis of a root hair defective mutant (rhd2) led to the
conclusion that the NADPH-oxidase AtrbohC is required for root elongation [20], a process
that requires establishment of a calcium gradient at the root tip. Using RHD2/AtrbohC
tagged with GFP, it was shown that this plasma membrane-localized Nox becomes restricted
to the cells that form root hairs, accumulating at the sites of hair growth [21]. The
localization depends on the GTPase ROP2 (a plant isolog of Rac) and the Rho GTP-
dissociation inhibitor SCN1. Mutation of AtrbohC in the first or second EF-hand motifs,
predicted to affect Ca2+ binding, decreased ROS production in heterologous expression
systems, and these alleles failed to complement the rhd2 mutant in vivo. Evidence for a
second level of Ca2+ regulation was obtained from experiments showing Ca2+-dependent
phosphorylation of RHD2/AtrbohC in vitro, and defective ROS production was seen when
the enzyme, mutated in two conserved putative phosphorylation sites, was expressed in
human cells. It was proposed that root shape is determined by the apical localization of
RHD2/AtrbohC, and that a positive feedback loop exists in which ROS produced by RHD2/
AtrbohC activates Ca2+ channels, as occurs in other cell-types [15,17], thereby sustaining
the activation of this calcium/phosphorylation-dependent Nox enzyme [21].

Regarding plant root hair growth, recent imaging studies [22] imply a more complicated
interplay among Rboh activity, ROS, Ca2+, and pH[22]. pH was previously shown to
regulate cell wall properties, weakening their structure and allowing polar growth in areas of
alkalinization [23,24]. In root hairs in A. thaliana, periods of growth were associated with
oscillations in localized extracellular ROS and pH (indicated in Fig. 3 lower right), with
decreased root tip ROS and increased pH corresponding to periods of growth. Under growth
conditions, ROS, although absent at the apex of the root tip, was produced abundantly in the
sheath immediately surrounding the tip. In contrast ROS was uniformly seen around the
entire root hair during periods of quiescence. The production of ROS required the NADPH
oxidase RHD2/AtrbohC. Application of exogenous ROS resulted in elongation arrest, while
the scavenging of ROS led to tip bursting, caused by non-localized or unregulated cell
expansion. The authors proposed that ROS functions to modulate the physical properties of
the cell wall, stabilizing the structure surrounding the growing root tip during the growth
phase, allowing directed growth exclusively at the apex of the root tip where the elevated pH
weakens the cell wall structure. In this context, it is of interest that Nox/Duox enzymes in
other systems support the peroxidase-dependent formation of tyrosine-tyrosine and other
cross-links, thereby stabilizing extracellular matrix structures. Similarly, plant cell walls
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contain similar cross-linked tyrosine and lysine residues, which stabilize the structure of
extensins, hydroxyproline-rich glycoproteins of the cell wall [25–28], and these provide a
likely target for AtrbohC-dependent reactions. Thus, at least one developmental role for Nox
enzymes root tip growth in plants involves the stabilization of the root hair structure,
probably via tyrosine cross-linking and/or similar cross-linking reactions as indicated in Fig.
3.

Algae
Algae represent a diverse group of photosynthetic unicellular and multicellular eukaryotic
organisms that include organisms ranging from phytoplankton to seaweed such as kelp, but
in modern classifications exclude cyanobacteria, which are considered to be prokaryotic. In
the red alga C. crispus, the Nox homolog Ccrboh was originally identified as a gene
encoding a Nox2-like respiratory burst oxidase homolog [29]. In contrast to other Nox
homologues, the predicted sequence of Ccrboh contains an insertion of ~300 amino acids
located between two subregions of the NADPH binding site. This large loop is predicted to
encode four additional transmembrane-spanning domains suggesting that the NADPH-
binding domain is anchored to the membrane via this region. The Ccrboh sequence also
allowed the identification of additional homologues in EST and genome databases from
unicellular red and diatom algae [29], which according to a molecular taxonomy analysis are
grouped within the NOXD family [1]. Investigation of these enzymes using biochemical
and/or genetic approaches has not been reported and will be of considerable interest.

The catalytic domains of algae NOXD are similar to fungal NOXC and to animal NOX5,
but in contrast to these, NOXD members lack EF-hand domains, suggesting that if they are
regulated by calcium, they must utilize an independent calcium-binding protein rather than a
fused calcium-binding domain. In addition, genes encoding homologs of the Nox regulatory
subunits p22phox, p47phox, p67phox and p40phox are absent in genomes from algae, and the
genome analysis of the diatom Thalassiosira pseudonana [30], a unicellular brown algae,
lacks members of the RHO subfamily of small GTPases. Thus, neither phox-like subunits
nor small GTPases regulate NOXD members.

Little is known about the function of alga Nox, although circumstantial evidence suggests a
role for some NOXD type enzymes in adaptation to stress and/or host defense. The red
macroalga Chondrous crispus produces an oxidative burst in response to extracts from a
pathogenic green alga, and inhibition by diphenylene iodonium suggested the participation
of a Nox-like enzyme [31]. In addition,Ccrboh was induced during infection by pathogenic
alga and in response to the stress signals methyl jasmonate and oxidized fatty acids,
consistent with a role in this process.

Amebozoa
Regulated production of superoxide is seen during early multicellular development in the
slime mold Dictyostelium discoideum [32]. The presence of three Nox genes (noxA, noxB
and noxC) as well as homologues of p22phox and p67phox in D. discoideum [32,33] [34]
suggested the involvement of Noxes in this process. [34] While NoxA and NoxB and
p22phox and p67phox homologues show similarities to the mammalian Nox2 system, no
homologs of p47phox and p40phox were detected in the D. discoideum genome [34].. Rac
likely participates, since Dictyostelium p67phox and Rac1A–C show conservation in the
amino acid residues that are important in mammals for the binding of p67phox to Rac2.
[34]NoxC contains 2 N-terminal EF-hand motifs and therefore its structure is similar to
Nox5.

Aguirre and Lambeth Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dictyostelium undergo a developmental process in response to the environmental stress of
an exhausted food supply in which ameboid free-living single cells aggregate, responding to
a c-AMP signal to form a multicellular stage, ultimately maturing to form a stalked fruiting
body and asexual spores. Nox-derived ROS participate in this process: the scavenging of
superoxide, either pharmacologically or by overexpressing superoxide dismutase, inhibited
aggregation and arrested development [32]. The inactivation of noxA, noxB, noxC or p22phox

also arrested development and prevented formation of asexual spores, but did not affect
viability, growth or phagocytosis of bacteria by the ameboid form [34]. NoxA-C are
sequentially expressed during development, suggesting a programmed sequence of ROS-
regulated events related to development.[34]

Fungi
The phylogenetic analysis of nox genes in fungi showed that unicellular and some dimorphic
fungi lack nox genes, while other fungi contain one, two or three genes (noxA-noxC),
depending on the species [33,35]. According to their structure, Nox encoded by these genes
have been grouped into the NoxA/NoxB and the NoxC/NoxD subfamilies of NADPH
oxidases [1]. Members of the NoxA/NoxB subfamily show structures related to the subunit-
regulated Nox enzymes such as mammalian Nox2, but NoxB members contain an additional
short N-terminal extension not present in the NoxA group. NoxC members contain an N-
terminal putative Ca2+-binding EF-hand-containing domain [33,35] and therefore are
structurally more related to D. discoideum NoxC, plant Rbohs and mammalian Nox5. NoxA
and NoxB are commonly present in different fungal species where they play roles in cell
differentiation, growth and pathogenicity. NoxC is less common and its function has only
been analyzed in Podospora anserina, where its mutation results in no detectable phenotype
[36].

Members of the NoxA/B family are regulated by the fungal ortholgs of p67phox and Rac, but
orthologs of p47phox, p40phox and p22phox are not present in the fungal genome. Fungal
homologs of p67phox (NoxR, NOR-1) and Rac (RacA, Rac1) have been related to Nox
function in different fungi using genetic approaches. Epichloë festucae noxR [37], racA [38]
and noxA [38] mutants show similar phenotypes. The deletion of nor-1 in Neurospora
crassa results in nox-1 plus nox-2 phenotypes, indicating that NOR-1 is required to activate
both NOX-1 and NOX-2 at different developmental stages [39]. Mutation of noxR in
Aspergillus nidulans [40] results in a phenotype like that seen with noxA inactivation [33].
Likewise, noxR mutant phenotypes indicate that NoxR regulates Nox activity in Botrytis
cinerea [41] and P. anserina [36]. As with binding of mammalian Rac1/2 to p67phox, a
physical interaction between E. festucae NoxR and RacA was observed using yeast two-
hybrid and heterologous immunoprecipitation experiments [37]. The significance of this
binding was tested in genetic experiments by showing that expression of a NoxR protein
with a point mutation in the predicted RacA binding site of NoxR failed to complement a
noxR null mutant [37]. Based on fungal NoxR structural analysis, Kawahara and Lambeth
[42] suggested that orthologs of the yeast Bem1 scaffold protein might interact with NoxR
and regulate fungal NoxA/B. However, in contrast to noxA mutants, bemA-deleted mutants
in A. nidulans are able to develop sexual fruiting bodies [43], suggesting that BemA is
dispensable for NoxA function. Other proposed candidates meeting criteria as a binding
partner for NoxR include a Cdc24 ortholog and CBSn [42]; to our knowledge, these have
not been investigated for their possible role in NoxA/B function. The above data suggest that
a somewhat simplified regulatory subunit system exists for NoxA/B proteins, and that the
p47phox-like organizer protein binding to a p22phox-docking protein was a later evolutionary
adaptation that functioned to increase the efficiency of binding among other subunits. This
idea is consistent with studies [44,45] showing that showed that human neutrophil p47phox is
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dispensable for catalytic activity in an in vitro Nox2 system when high concentrations of
p67phox are present.

In fungi, high levels of ROS have been related to ageing [46] and asexual differentiation
[47], the latter consistent with an earlier proposal that cell differentiation in fungi and other
eukaryotes is a response to a hyperoxidant state [35,48]. A direct link between Nox-derived
ROS and cell differentiation was first established by Lara-Ortiz [33], who demonstrated that
in A. nidulans NoxA was necessary for both the production of ROS and the differentiation
of fruiting bodies, while derepression of noxA resulted in premature and increased sexual
development. Indeed, the presence of nox genes in fungi correlates with the ability to
develop multicellular fruiting bodies [33,35]. The significance of this correlation was
strengthened by the fact that in P. anserina [49] and N. crassa [39], the disruption of nox1 (a
NoxA homolog) prevents sexual development and in both fungi, the inactivation of nox2 (a
NoxB homologue) results in production of sexual spores that are non-viable or unable to
germinate [39,49]. Interestingly, B. cinerea NoxA and NoxB are also required for the
formation of sclerotia, which are multicellular survival structures. In this fungus, sclerotia
formation is a prerequisite for sexual development [41].

In plant-interacting fungi, Nox enzymes are involved in regulating complex interactions
between the fungus and the plant that determine whether the fungus will be pathogenic or
will coexist with its host. In the endophytic fungus E. festucae, mutants in which the noxA
gene is deleted grow normally in culture but show increased hyphal branching in its plant
host, changing the interaction from mutualistic to antagonistic [38]. In the plant pathogen
Magnaporthe grisea Nox1 and Nox2 are independently required for plant penetration [50],
while in Botrytis cinerea NoxA and NoxB are both needed for pathogenicity, with the
double mutant showing additive effects [41]. In the plant pathogen Claviceps purpurea,
nox1 mutants show decreased germination and, while being able to penetrate the host
epidermis, are impaired in the colonization of the plant ovarian tissue [51]. These results
suggest that inhibitors directed at specific fungal Nox enzymes could be beneficial to
prevent certain fungal infections in plants. Recently, Nox function was related to cellulose
degradation in the saprophytic fungus P. anserina [36]. nox1-, nox2-, nox1, nox2- and noxR-
null mutants failed to develop cellular structures associated with the penetration of
cellophane membranes. In addition, PaNox1 mutants degraded cellulose more efficiently
than the wild type strain and showed increased expression of genes involved in cellulose
breakdown, suggesting that Nox1 functions to transcriptionally repress the production of
cellulolytic enzymes.

An additional role of Nox has been observed in N. crassa, where NOX-1 is not only
essential for fruiting body formation, but is also required for normal elongation of aerial and
vegetative hyphae [39]. This suggests that ROS is involved in hyphal growth and raises an
interesting parallel with the role of ROS-derived Nox in plant hair-cell growth [20–22] (see
Fig. 3).

C. elegans
The genome of the nematode worm C. elegans shows two Duox-like genes predicted to
encode hypothetical proteins known as Ce-Duox1 and Ce-Duox2 [52]. The chromosomal
location of Duox2 is immediately distal to Duox1 at the end of the chromosome, suggesting
a recent gene duplication. While both genes are predicted to encode a full-length homolog of
the human enzyme, several studies have failed to detect expression of Duox2 [52,53] and
animals expressing a deletion of the gene region encoding Duox2 show no phenotype [54].
[52,53][54] Together, these data may indicate that Ce-Duox2 is a pseudogene, and that C.
elegans expresses Ce-Duox1 as its sole functional Nox enzyme.
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Immunochemical staining revealed strong expression of Ce-Duox1 in hypodermal cells [52],
the outermost layer of cells that surround the worm. Hypodermal cells directly underlie the
cuticle, the hard exoskeletal-like structure that provides both protection and an osmotic
barrier for the animal. The hypodermal cells play a key role in secreting proteins including
collagen that form the cuticle. Although staining was not seen in other regions of the worm,
studies described below imply that Ce-Duox1 must also be expressed in the gut epithelium.
Therefore, from a topological point of view, Ce-Duox1 appears to be expressed in cells that
form the boundary between the worm and its external environment.

Studies of Ce-Duox1 in C. elegans provided the first example of the biological function of a
defined Nox enzyme in the modification of the extracellular matrix [52]. Ce-Duox1
functions in the biogenesis of cuticle, and more specifically, in the cross-linking of tyrosine
residues to join cuticle proteins, resulting in the hardening and stabilization of the cuticle
structure. The hallmark of this process is the generation of di- and tri-tyrosine residues that
can be identified upon hydrolysis of cuticle proteins. The role of Ce-Duox1 in this process
was defined by using RNA interference to knock down the expression of Ce-Duox1 [52].
This resulted in translucent worms often showing blistered or fragmented cuticle. The
cuticle from affected animals showed almost a complete absence of di- and tri-tyrosine
residues, and the expressed, purified peroxidase homology domain from Ce-Duox1
catalyzed the H2O2-dependent generation of di- and tri-tyrosine from tyrosine [52][55]. It
was later found that point mutations in the peroxidase domain, while they did not affect
H2O2 generation, caused cuticle defects in worms [54], and these same mutations
diminished both heme binding and tyrosine cross-linking activity by the expressed
peroxidase domain (Meitzler and Ortiz de Montellano, personal communication). These data
confirmed the previously proposed role for the Ce-Duox peroxidase domain in tyrosine
cross-linking [52]. C. elegans also secretes several peroxidases, and one of these, MoLT-7
also catalyzes tyrosine cross-linking of cuticle proteins [56]. Like Ce-Duox1, MoLT-7
mutants showed cuticle-defective phenotypes and the two enzymes appeared to cooperate in
proper extracellular matrix formation. Therefore, Ce-Duox1 functions in cuticle biogenesis
by providing a source of hydrogen peroxide which is then used by both its own peroxidase
domain and by Molt-7 for the formation of di- and tri-tyrosine cross-links of cuticle proteins
(see Fig. 3 and Fig. 4).

In addition to a role in cuticle biogenesis, Ce-Duox1 also plays an important role in host
defense. When exposed to pathogenic bacteria, C. elegans worms show increased
production of ROS [54]. When Ce-Duox1 expression was generally decreased using RNAi,
the increased production of ROS was blunted. Moreover, RNAi animals showed increased
lethality when exposed to a pathogenic bacterium. Point mutations in the peroxidase domain
failed to affect pathogen susceptibility, suggesting that the main function of Ce-Duox1 in
innate immunity relates to its generation of ROS and does not result solely from disruption
of the cuticle barrier. Consistent with this interpretation, antioxidants increased the
sensitivity of the nematode to infection. In addition, decreasing the expression of Ce-Duox1
in either the hypodermis or intestine resulted in a shortened lifespan in worms grown on E.
coli. The data imply that Duox1 functions as an important component of the worm’s innate
immune response. While it is tempting to speculate that Ce-Duox1-generated ROS functions
in a manner analogous to that in neutrophils (i.e., effecting direct damage to microbial
biomolecules), the actual role of ROS in this system is not yet clearly defined since the ROS
might also act as a signal to regulate other defense pathways involved in the innate immune
response to pathogens.

The functions of Ce-Duox1 in C. elegans echo those of some Nox enzymes in mammalian
systems. Nox enzymes provide H2O2 as a substrate for peroxidases that then carry out
various peroxidase-dependent enzymatic reactions. For example, the Nox2 system of
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phagocytes generates the weakly bactericidal H2O2 that is then used as a substrate by
myeloperoxidase to generate the more potently microbicidal HOCl [57]. Similarly, Duox in
the mammalian gastrointestinal system, bronchi, and salivary glands generate H2O2 that is
then used as a substrate by secreted lactoperoxidase, providing a host defense mechanism
for wet epithelium [58]. Duox enzymes in the thyroid generate H2O2 as a substrate for
thyroid peroxidase [59,60] which catalyzes the cross-linking of tyrosine residues in the
extracellular protein thyroglobulin and their iodination, part of the pathway to form thyroid
hormone; this series of reactions that can be considered to be modifications of extracellular
matrix analogous to the modification of cuticle by Ce-Duox1.

Insects
Insects encode several types of Nox enzymes. The genome of the fruit fly Drosophila
melanogaster encodes two calcium-regulated Nox enzymes: a Nox5 homolog termed d-Nox
(d for Drosophila) and a Duox known as d-Duox. In addition to Nox enzymes containing
calcium-binding domains, the malaria mosquito Anopheles gambiae as well as Aedes
aegypti, the principal vector of yellow and dengue fevers, also encode a unique Nox gene,
“Nox-mosquito” or NoxM [1], which has only the Nox domain and no calcium-binding
domain and is closely related to the Nox4 sub-group.

The function of d-Duox and d-Nox in Drosophila has been explored using double stranded
hairpin RNA, driven by a GAL4-UAS binary system. The widespread availability of various
GAL4 drivers allows knockdown of a given transcript in a variety of tissues and at many
stages in development, providing a great deal of experimental flexibility and allowing, for
example, bypass of early lethality. Using this system, a variety of interesting phenotypes
were generated [[61] and Ritsick and Lambeth, unpublished]. General suppression of d-
Duox resulted in arrest and death at the second instar stage, suggesting a role in molting. A
small percentage of animals survived but did not grow further, resulting in stunted adults
with defective wings. When d-Duox was selectively suppressed in wing imaginal discs,
there were defects in wing inflation as well as extreme fragility of wings. While the latter
phenotype was not explored, we speculate that it might have resulted in defective tyrosine
cross-linking of wing proteins, which might be expected to result in an easily damaged
wing. Suppression of d-Nox expression resulted in sterile females with massively enlarged
abdomens (see below). In addition, there were defects in head morphology, including an
enlarged head and defective structure of the mouthpart known as the clypeus.

The female sterility phenotype was explored in an in-depth study [61] and was found to
result from defective calcium signaling in ovarian smooth muscle, resulting in defective
smooth muscle contraction. The enlarged abdomen was a consequence of the accumulation
of viable mature eggs, which were not deposited outside of the female. Dysfunction of
smooth muscle was identified as the culprit, since selective expression of dsRNA in smooth
muscle fully recapitulated the phenotype. The dysfunction was traced specifically to a
dysfunction in agonist-stimulated muscle contraction that resulted from a markedly
diminished calcium flux in response to a hormone implicated in egg laying. The defective
calcium response was not restored by calcium or hormone alone, but the combination
resulted in full recovery of the response. Therefore, H2O2 derived from d-Duox functions as
a co-signal (along with a second signal such as IP3) activating a calcium channel and
resulting in smooth muscle contraction. Other morphological phenotypes may also arise
from the same mechanism; for example at hatching (eclosion), the fly head enlarges by
filling with fluid helping to rupture the egg case. Defective smooth muscle contraction may
result in a failure to pump fluids back out of the head after eclosion (Ritsick and Lambeth,
unpublished). The above study provides a clear example of a signaling role for Nox-
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generated ROS, and allows explanation of a morophological/functional phenotype that
results from defective signal transduction.

Distinct roles for d-Duox in gut immunity were defined recently in Drosophila [62] and in
the mosquito Anopheles gambiae [63]. d-Duox was identified as the major source of ROS in
the Drosophila intestine, and both ROS levels and d-Duox expression were stimulated
following exposure to bacteria. In addition to being induced, the calcium-dependent d-Duox
is also activated by pathogens using a pathway involving Gαq activation of phospholipase
Cβ, resulting in IP3 release and a calcium flux [64]. A complex signaling network composed
of both positive and negative elements control both the expression and activity of d-Duox,
resulting in elevated H2O2 in response to pathogenic bacteria, but suppressing H2O2 levels
when only commensal bacteria are present. Specific knockdown using RNAi in the gut but
not hemocytes resulted in an inability to produce ROS as well as a marked increase in
mortality upon exposure to pathogenic bacteria [62]. Both H2O2 levels and survival were
partially reversed by knocking down the expression of catalase, an enzyme that metabolizes
H2O2. The authors also showed that the peroxidase-like domain of d-Duox displayed
significant antimicrobial effects but only in the presence of H2O2 and chloride, suggesting
that like myeloperoxidase in higher organisms, the d-Duox peroxidase domain produces the
bactericidal HOCl. Markers of oxidative damage in the ingested bacteria supported the idea
that the bactericidal role of d-Duox is due to direct ROS-dependent oxidative damage rather
than to a signaling role for ROS in innate immunity (although this might have been
occurring also). Interestingly, the reintroduction of both fly and human d-Duox (but not d-
Duox lacking the peroxidase domain) attenuated infection-induced mortality. The
restoration of function by the human Duox1 is not easily explained, since this enzyme lacks
critical amino acid residues in the Px domain that are proposed to be important for high level
peroxidase activity [55]; in addition, the latter group failed to detect heme binding human
Duox1 peroxidase domain protein overexpressed in insect cells. However, in unpublished
studies, we found that expressed human Duox1 peroxidase domain binds heme and
possesses a modest peroxidase activity (Innoe, Smith and Lambeth, unpublished data).
These discrepancies will require additional investigation. Nevertheless, the above studies
strongly support a general role for d-Duox (including its peroxidase-like domain) in innate
immunity in the gut of Drosophila, similar to a proposed role for Duox enzymes that are
expressed in the GI tract of mammals [58,65].

In Anopheles gambiae, Duox plays an additional and possibly opposite role in innate
immunity [63] by cooperating with a secreted peroxidase to generate di-tyrosine cross-links
in the GI system; this process generates a cross-linked network of proteins that serve as a
permeability barrier to microbial immune elicitors that would otherwise trigger epithelial
immunity and microbicidal responses. While this prevents triggering of the immune
response by commensal microbes, the authors also suggest that this mechanism provides a
protected environment in the midgut in which malarial parasites can develop. Thus, roles of
Duox enzymes in gut immunity in insects appear to be complex.

Echinodermata
Sea urchins express at least two Nox enzymes: Nox-U1 [66] is an ancestor of Nox1, Nox2
and Nox3, while Udx1 (short for Urchin duox1) is a member of the Duox sub-family. In
addition, ancestors of both p47phox and p67phox are present, whereas an ancestor of
p22phox has not yet been identified [42]. While there appears to be no functional
information available for Nox-U1, Udx1 plays a dual role in both egg fertilization and
development of early stage embryos.
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During fertilization, Udx-1 functions to prevent polyspermy and to protect the fertilized egg.
Fusion of the sperm with the egg triggers the “cortical reaction”, wherein vesicles fuse with
the plasma membrane, adding to the membrane and releasing their contents into the
extracellular space. The increased membrane surface causes the glycocalyx or vitelline
membrane to detach and become elevated above the egg membrane surface, forming a
histologically distinct “fertilization envelope”. Contents of the cortical granules including
ovoperoxidase then combine with and alter the vitelline membrane in a “hardening” reaction
involving peroxidase-mediated tyrosine cross-linking between envelope proteins. The latter
utilizes hydrogen peroxide, generated from O2 in a respiratory burst [67,68]. The hardened
fertilization envelope provides a physical barrier that prevents polyspermy (i.e., the
fertilization of an egg by more than one sperm) and protects the developing fertilized egg/
embryo. In addition to the physical barrier, H2O2 itself is toxic to sperm and may guard
against polyspermy prior to hardening of the fertilization envelope.

The H2O2-generating enzyme responsible for the sea urchin respiratory burst was identified
as Udx-1. Early experiments showed that preparations of membranes from
Strongylocentrotus purpuratus eggs produced H2O2 (but not detectable superoxide) when
stimulated with calcium plus ATP [69], the latter suggestive of the participation of a kinase.
The kinase was later identified as protein kinase C [70]. Wessel and colleagues [71]
measured an increase in H2O2 production to around 60 nM following fertilization or calcium
ionophore. Subcellular fractionation showed that the activity was associated with the plasma
membrane. Udx-1 (a Duox) was later identified from the Sea Urchin Genome project, and
antibodies were used to localize it to the cell surface as well as to an internal pool associated
with yolk-enriched fractions. Antibodies to the extracellular domain of the enzyme inhibited
H2O2 generation, as did antibodies to the DH domain when injected into the egg.
Furthermore, inhibition of enzymatic activity prevented tyrosine cross-linking of the
fertilization envelope. In addition to perhaps functioning along with secreted peroxidases in
the cross-linking reaction, the authors suggested that the peroxidase domain might act as a
catalase to degrade H2O2 before it could enter and damage the oocyte; this concept, while
attractive, has not been tested.

An ovoperoxidase homolog is present in many invertebrates and peroxidase activity and
cortical granules are seen in species including fish and mammals, suggesting that some
aspects of a conserved mechanism are present in other species [71]. To our knowledge, the
occurrence of a respiratory burst or the expression of Nox/Duox enzymes in mammalian
eggs has not been reported, making the significance of this mechanism in mammalian
fertilization unclear.

Udx-1 also plays a role in development post fertilization. Unlike proteins like ovoperoxidase
that participate exclusively in the cortical reaction, Udx1 transcripts are expressed in all
stages of oogenesis and early development through at least the 60-cell stage [72]. Expression
was highest in apical membranes and occurred in epithelial cells following gastrulation.
When Udx1 is inhibited with diphenylene idodonium, all embryos were arrested at their
treated stage, resulting in abnormal embryos. Defective embryos were partially rescued with
added H2O2 pointing to this reactive oxygen species as a developmental signal [72].
Inhibition of Udx-1 with antibody resulted in delayed cleavage (cytokinesis), identifying
Udx-1 as the source of the signal. A role for Udx-1 in adult was not investigated, but its
localization in epithelial cells following gastrulation might suggest a role in host defense,
similar to that in C. elegans. This occurrence and function of Udx-1 in adult animals remains
an area for future investigation.
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Urochordates
The genome of the sea squirt Ciona intestinalis --- among the most primitive of chordates
---- encodes a Nox2-like common ancestor of Nox1, Nox2 and Nox3, along with the first
appearance in evolution of Nox4. In addition to the Nox2-like enzyme, Ciona also possesses
homologues of p22phox, p67phox, and p47phox, but not p40phox [42]. Based on expression
of Nox2 and its presumed regulatory subunits in blood cells, the system was proposed to
have a host defense function analogous to that in mammalian phagocytes [73], although this
was not tested. Nox4 was expressed in blood cells and in the endostyle, a ciliated, mucous-
secreting groove that aids in transporting food to the esophagus. The endostyle has iodine-
concentrating and peroxidase activities, is capable of iodination reactions, and is considered
to be homologous to the follicular thyroid of higher organisms [74]. This raises the
interesting possibility that Nox4 functions in a manner analogous to Duox in mammalian
thyroid, providing H2O2 substrate for secreted peroxidases that catalyze iodination reactions.
Its location guarding the entrance to the alimentary tract might also suggest an anti-
microbial function for Ciona Nox4. To our knowledge, these interesting possibilities have
not been investigated.

Fish
The genome of zebrafish encodes Nox1, Nox2, Nox4, Nox5 and a single Duox. In addition,
zebrafish have the gene for p22phox, those for the regulators of Nox1 (NOXO1 and
NOXA1), and those for Nox2 (p47phox, p67phox, and p40phox). While the functions of
most of these have not been investigated in fish, Duox has recently been found to play a
surprising role in wound healing and chemotaxis of neutrophils. When the epithelial layer is
disrupted by physical trauma in fish or man, polymorphonuclear leukocytes are rapidly
recruited to the wound. These cells prevent the entry of microorganisms into the damaged
site, remove cellular debris, and helps to coordinate wound closure. Niethammer et al. [75]
showed that in fish, the initial chemoattractant signal is H2O2. Using a larval zebrafish tail-
fin wound model the investigators visualized H2O2 production, using a genetically encoded,
fluorescent H2O2 sensor protein. This animal model has the experimental advantage of
being transparent, allowing visualization of both the fluorescent sensor protein and also
neutrophils expressing a transgenic fluorescent protein. The gradient of H2O2 was highest at
the wound margin and extended 200 micrometers from the wound, far enough to reach
nearby blood vessels. H2O2 levels at the wound margin reached concentrations of 0.5 – 50
uM, and the gradient was established by 10 min, resulting in recruitment of PMNs shortly
thereafter. This process is summarized in Fig. 2. This initial H2O2 may also serve a dual
function to sterilze the wound prior to the arrival of professional phagocytes. Duox was
identified as the source of the H2O2, based on antisense RNA experiments. Complete
suppression with antisense to Duox caused a developmental defect characterized by cell
death primarily in the head region. This was partly rescued by p53 knockdown, which
allowed survival and permitted observation of a significant decrease in wound-induced
H2O2 generation and subsequent leukocyte infiltration. Thus, Nox enzymes play a dual role
in innate immunity following wounding in fish. Duox responds immediately with the output
of H2O2, which may not only sterilize the wound site directly, but also serves as a
chemotactic signal to recruit neutrophils. Once these cells arrive (about 10 minutes), they
phagocytose invading microbes. Although to our knowledge it has not been tested in fish,
the Nox2 system presumably then functions to kill the engulfed microbes by classical
oxidative killing mechanisms.

This scenario provides a fascinating paradigm involving the cooperation of two or more
different Nox enzymes in the innate immune response in mammals: that is, Nox or Duox
enzymes residing in tissues may serve to generate primary (H2O2) and/or secondary (e.g.,
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H2O2-triggered cytokines) signals that then recruit phagocytes and repair cells to an area
where damage or infection has occurred. In support of this idea, H2O2 was previously shown
to be chemotactic towards both human PMNs and vascular smooth muscle cells, so it seems
reasonable to propose such a function. Duox and Nox enzymes are expressed in mammalian
gut and pulmonary epithelial cells, and might have a similar function in these tissues, both in
directly sterilizing affected areas, in recruiting Nox2-expressing inflammatory cells to fight
infection, and in recruiting nearby fibroblasts or epithelial cells to repair the damaged area.
Thus, studies in fish suggest that non-myeloid Nox enzymes may function in the earliest
stages of inflammation and repair, prior to the arrival of professional phagocytes.

Overarching biological themes and implications (and some speculations)
for the functions of Nox enzymes in mammals
Stress Response

Consideration of the above reveals that one of the most frequent and general processes in
which Nox enzyme participate can be considered to be a “stress response”, which can
include a response to noxious stimuli such as toxins or harsh physical conditions, physical
damage to tissue or cells, and invasion by foreign organisms. The end response of the cells
or tissues varies depending on the organism and tissue. In plants, AtrbohD and AtrbohF
mediate stomatal closure, helping tissues retain water in response to drought conditions.
AtrbohD also mediates a systemic response to a wound, helping to protect the plant against
additional injury. AtrbohF initiates a program of cell death and encapsulation in leaves
surrounding an invading pathogen, sacrificing part of itself to deprive the invader of viable
tissue in which to propagate and thereby preventing spread of the infection. In
Dictyostelium, the environmental stress is the depletion of the food supply, resulting in the
Nox-dependent differentiation to generate a spore-producing fruiting body. Sporulation then
allows the next generation to survive and prosper when the food supply returns. Similar
arguments can be made for the role of Nox enzymes in fruiting body development in fungi.
In addition, Nox enzymes in fungi may participate in generating a hyperoxidant state to
trigger cell differentiation. In fish, Nox enzymes participate in the response to wounding,
generating H2O2, which not only is likely to sterilize the wound site, but also serves as a
chemoattractant signal to recruit neutrophils to the breach. We suggest that many of the roles
of Nox enzymes in higher organisms can be interpreted in terms of a local or systemic stress
response, for example, to tissue damage, toxins and infection, and that much of the Nox-
dependent pathology [76–78] that is seen in higher organisms results from a persistently
activated stress response involving chronic Nox-dependent ROS production. For example,
the fibrotic response [77,79] that is associated with pulmonary fibrosis, cirrhosis of the liver,
and diabetic nephropathy might be interpreted in this context. Likewise, tissue destructive
chronic inflammatory conditions such as atherosclerosis and neurodegenerative diseases can
be considered in this light.

Innate Immunity
Invasion of tissue by microbes (and sometimes foreign substances such as asbestos) trigger a
series responses aimed at ridding the organism of these invaders. For historical reasons, the
archetype for a role for Nox enzymes in this process is the mammalian phagocyte NADPH
oxidase, which kills invading organisms by virtue of its robust generation of reactive oxygen
species. However, as described above, in addition to direct chemical damage, other Nox
enzyme–dependent processes that involve signal transduction, adaptive changes in cells or
tissues (e.g. involving apoptosis or differentiation), peroxidase-dependent cross-linking of
extracellular matrix, etc., can and do exert protective effects against invading microbes, and
it is not always easy to differentiate these protective effects from the more violent full-scale
assault on microbes that occurs in mammalian phagocytes. The extent to which the
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phagocyte model should be projected onto these other systems is therefore not clear, and it is
perhaps more informative to consider several roles for ROS when considering innate
immune mechanisms. As discussed above, plants utilize Nox enzymes to cross-link cell wall
proteins and to initiate a program of localized cell death, to wall off and isolate potential
pathogens. In C. elegans and insects, Duox enzymes participate in host defense in the
gastrointestinal system, and in the latter system, the presence of oxidative damage in the
ingested bacteria suggests a role analogous to that seen in phagocytes. In fish, Duox-derived
H2O2 initially serves as a chemoattractant signal to recruit circulating phagocytes to a
wound, where presumably the fish phagocyte Nox2 functions in a “conventional”
microbicidal oxidative burst. Hence, Nox enzymes cooperate in the fish innate immune
response both to generate ROS signals and to produce cytotoxic oxidants. Nox enzymes are
also activated and/or induced in wound sites in mammals, and this, coupled with the
observed ability of H2O2 to function as a chemoattractant for human neutrophils, suggests
that this mechanism will also function in mammals. In addition, dityrosine cross-links,
formed by H2O2-dependent cross-linking of extracellular matrix proteins, are observed in
inflamed mammalian tissues where they participate in wound repair and possibly
encapsulate certain organisms such as the tuberculosis bacterium. Thus, the multiple roles of
Nox/Duox enzymes in innate immune mechanisms throughout biology suggest that Nox/
Duox mechanisms in mammalian innate immunity should also be considered in this broader
context.

Development and Morphogenesis
Nox enzymes frequently participate in giving form to an organism, although the mechanisms
are not always clear. As discussed below, these mechanisms may include stabilization of
extracellular matrix or cell walls by cross-linking and/or signaling to trigger cell
differentiation, cell replication, apoptosis or combinations of these processes. Examples
include the differentiation of Dictyostelium from its single cell amoeboid form to its
multicellular fruiting body form, as well as differentiation of fungi resulting in fruiting body
development. In addition to cell division and differentiation, this process seems likely to
involve modification of extracellular matrix structures, as exemplified by plant root hair
growth (see Fig. 3) wherein Nox-dependent ROS participates in stabilizing the cell wall in
non-growing areas, while allowing directed growth in areas where ROS is low. Among more
complex animals, insect Duox permits development beyond the second larval instar stage
and also participates in wing development, although in neither case has the mechanism been
elucidated. The participation of Nox enzymes in mammalian development has not been
extensively investigated, and may be difficult to observe because the presence of multiple
isoenzymes which may have redundant or overlapping functions. However, one example in
mammals is provided by the differentiation of cardiac embryonic stem cells into
spontaneously beating cardiomyocytes, which is prevented by oxygen scavenging and by
down-regulation of Nox4 [80]. The widespread use of Nox enzymes in biology to regulate
development and morphogenesis suggests that additional functions in mammalian
development remain to be discovered.

Intracellular signaling
An important component of the mechanism of many of the above biological effects involves
ROS-mediated signal transduction within the cell. While H2O2 is usually considered as the
proximate signaling species, based on inhibition of a given process by catalase, the kinetics
of H2O2 reaction with various amino acid residues has been found to be too slow to account
for its signaling role [81]. It has therefore been suggested that the ultimate signaling species
is a non-enzymatic product of H2O2 (e.g., a lipid peroxide), or that H2O2 serves as a
substrate for a peroxidase resulting in the production a more powerful oxidant such as HOCl
or a protein oxidation product such as dityrosine. Alternatively, another H2O2-reactive
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enzyme such as a peroxiredoxin may mediate signaling. Regardless of the final signal, a
great deal of evidence indicates that Nox-derived ROS functions in signal transduction. One
of the clearest examples in which the causal chain of events has been established linking
Nox/ROS-mediated signal transduction and regulation of a physiological process is the
ROS-dependent regulation in fly smooth muscle of agonist-stimulated calcium signaling, a
process detailed above that triggers smooth muscle contraction and egg laying. A variety of
proteins in mammals have been demonstrated to be targets of Nox/ROS signal transduction.
These include ion transporters, enzymes (e.g., protein tyrosine phosphatases) and
transcription factors (e.g., NF kappa-B) [82]. For example, the reversible Nox/ROS-
dependent oxidation of a catalytic site cysteine in protein tyrosine phosphatase 1B and other
tyrosine phosphatases [83,84] inhibits catalytic activity, allowing protein tyrosine phosphate
to accumulate and activate signaling cascades. Through these targets, Nox/Duox enzymes
are thought to participate in regulating a variety of cellular processes.

Cell-to-cell and propagated signaling
Most reactive oxygen species have short lifetimes and do not readily penetrate the cell
membrane. The negatively charged superoxide, for example, fails to cross membranes and
readily dismutates, both spontaneously and, in the presence of superoxide dismutase, the
latter at a near diffusion limited rate. Hydroxyl radical reacts rapidly and indiscriminately
with most biomolecules, and hence does not survive diffusion past a very short distance.
These factors limit the effective radius of many reactive oxygen species. In contrast, H2O2
readily penetrates the cell membrane and can diffuse many cell radii, making it a candidate
for cell-to-cell signaling [81]. This extracellular signaling role has been directly
demonstrated in fish wounding, as diagrammed in Fig. 2, described in detail above. It seems
likely, given the physical and chemical properties of H2O2, that this cell-to-cell signaling
mechanism will have been retained in mammals during evolution. It is unlikely, however,
that H2O2 will survive long enough to function as an endocrine mediator, so its roles are
more likely to be local within a tissue or region, as in the case of wound healing.

In addition to a diffusion-limited role in local signaling, H2O2 in plants provides a paradigm
in which the signal can be propagated to distant cells without loss in signal strength, as in
Fig. 2. This can be considered analogous to nerve signal propagation through depolarization,
because the signal is re-initiated at various points as it passes through a structure. In plants,
this allows the organism to respond systemically to localized damage or microbial invasion.
Whether such propagated Nox signaling functions in the animal kingdom is unknown, but it
is instructive to ask whether positive feedback loops exist which might enable such
mechanisms in animals. For calcium regulated Nox enzymes, animal and plant models
provide several examples in which calcium activates a Nox enzyme, producing H2O2, which
then sensitizes calcium channels to other local signals such as proctolin in fly ovary. This
suggests a mechanism in which H2O2 acts not only locally, but also likely diffuses to
neighboring cells, triggering calcium fluxes and resulting in local cell-to-cell signal
propagation as in Fig. 2, left panel. Similarly, Clark and colleagues [85,86] have shown that
both human Nox2 and Nox5 are activated by H2O2 in a c-Abl tyrosine kinase-dependent
manner. Hence, the signaling machinery exists among animal Nox enzymes by which a
locally activated Nox should be able to propagate Nox activation locally or systemically in
such a way that the H2O2 signal spreads, exceeding what would be possible from H2O2
diffusion alone. To our knowledge, this concept has not been explored in mammalian
systems, but in our opinion, seems likely to be present, for example in lung or intestinal
epithelia, and might, for example, allow the spread to nearby cells of an innate immune
response, for example when localized damage or infection is encountered. Pathologically,
this sort of mechanism might propagate an inflammatory response, resulting in tissue
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damage out of proportion to the initial insult, as for example occurs during certain types of
infections such as the H5N1 and 1918 influenzas [87].

Modifications of the extracellular matrix
In addition to signaling, many of the Nox/Duox-dependent biological processes described
above modify extracellular proteins such as those of cell wall or extracellular matrix.
Although the most commonly described protein modification is tyrosine cross-linking, there
are many other types of oxidative cross-links as well as oxidative modifications of proteins
that have been observed, summarized in [52]. For example, a type of cross-link is formed
from the deamination of protein lysyl ε-amino groups to form lysyl aldehydes, which then
react with nearby amino groups [88]. Such reactions require not only H2O2 generated by the
Nox/Duox enzyme, but also the cooperation of a peroxidase, which is provided either by the
peroxidase domain of the Duox itself (as in C. elegans) or by an independent peroxidase,
which is secreted extracellularly. The Nox/Duox-dependent cross-linking of tyrosine
residues has been well characterized in C. elegans, plant, and sea urchin oocyte, as shown in
Fig. 3, and seems likely to function in a variety of other organisms, for example in fungi
during fruiting body development, Dictyostelium sporulation and structural stabilization of
the wings of fly.

The occurrence of di-tyrosine or other oxidatively generated cross-links in mammalian
tissues is less well documented. The best studied of these is an analogous process in
mammalian thyroid gland that results in the production of thyroid hormone. In a series of
Duox dependent reactions, certain tyrosine residues in the extracellular matrix protein
thyroglobulin are cross-linked and iodinated in reactions that requires Duox-generated H2O2
along with thyroid peroxidase. Proteolytic cleavage of this unusual iodinated di-tyrosine
residue from thyroglobulin then frees the active thyroid hormone. The occurrence of di-
tyrosine in mammal has been observed primarily in inflamed tissues including
atherosclerotic plaques, where it is produced by the combined action of phagocytic Nox2
and myeloperoxidase [89]. Outside of these two examples, there is little documentation of
the occurrence of dityrosine as a normal constituent of cells or tissues, possibly because in
organisms lacking cell walls or exoskeletons, dityrosine is produced in smaller amounts for
more specialized purposes. Consistent with this idea, dityrosine residues have been observed
in a transporter in synaptic vesicles, resulting in transporter oligomerization [90]. Formation
of the oligomer was found to affect both its localization and its function. Whether a Nox/
Duox system is responsible for this functionally important post-translational modification
has not, to our knowledge, been explored. Therefore, we suggest that Nox/Duox-supported
oxidative cross-linking and/or modification of specific functional proteins is likely to be
biologically important. Due to far smaller quantities of these modified amino acids than are
seen in plants, insects and nematodes, however, detection and functional investigation of
such modifications is likely to require the study of individual functional proteins in
genetically modified animals, for example, in which specific Nox enzymes are deleted.

Concluding Remarks
Noxes have been retained throughout eukaryotic evolution. Nox regulation and Nox
multiplicity allows for the choreographed production of ROS in time and space, allowing its
use for a variety of coordinated functions. In diverse biological systems and even within the
same organism, Nox enzymes play seemingly diverse roles, but several common themes can
be discerned. These include killing pathogens, triggering apoptotic processes, protein cross-
linking of the extracellular matrix, induction and maintenance of development and
morphogenesis, and intra- and inter-cellular signaling. ROS signaling roles can occur
through the specific oxidation of redox sensor proteins or lipids that include or are linked to
signaling pathways, ion channels, and transcription factors. The precise mechanisms by
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which Nox-derived ROS regulate these pathways provide an important area for future
investigation.

Abbreviations

Nox NADPH oxidase

Duox dual oxidase

NADPH nicotinamide adenine dinucleotide phosphate (reduced)

ROS reactive oxygen species

Px peroxidase

PRD proline-rich domain

Ce C. elegans

NOXO1 Nox organizer protein 1

NOXA1 Nox activator protein 1

PMN polymorphonuclear leukocytes
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Fig. 1.
Regulation and Defining Features of Human Nox/Duox Homologues

Aguirre and Lambeth Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Local and Systemic Cell-to-Cell Signaling by Nox Enzymes in Plant and Fish in Response
to Cell or Tissue Damage
The left panel depicts systemic signaling by RbohD-catalyzed production of ROS in plants.
According to this model, cell damage initiates activation of RbohD at the wound site, and
the signal is then propagated systemically by ROS-induced activation of RbohD (indicated
by white boxes) in neighboring cells, so that diffusion does not diminish the concentration of
ROS. The right-hand panel depicts H2O2 signaling in fish in response to wounding, which
activates the calcium-dependent Duox (indicated by small white boxes), resulting in a
gradient of H2O2 around the wound site. H2O2 then acts both directly to sterilize the area
around the wound, and as a chemotactic factor to recruit neutrophils to the region.
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Figure 3. Universality of tyrosine cross-linking among diverse phyla
Shown are examples of tyrosine cross-linking in diverse organisms including nematodes, sea
urchin eggs, and plants. The reaction requires H2O2 and a peroxidase, which may be either
part of a Duox enzyme or may be a separately encoded peroxidase (Px). Also shown in
plants is the distribution of ROS (reactive oxygen species) and protons in growing versus
quiescent root hairs.
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Fig. 4. Biological roles for ROS-generating and Peroxidase-like domains of C. elegans Duox1
Duox in nematode worms functions in both gastrointestinal immunity and in cuticle
stabilization, the latter via tyrosine cross-linking as shown in Fig. 3. Various domains and
prosthetic groups are indicated, including the peroxidase-homology domain, which contains
a heme group (square with dark center). A point mutation in the peroxidase domain
inactivates the cuticle stabilization (producing the blister phenotype), but does not affect GI
immunity, indicating that the immunity function does not require a functional peroxidase
domain.
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