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SUMMARY: The NOX family of ROS-generating NADPH oxidases consists of 7 members: NOX1 to NOXS, DUOX1 and
2. NOX1 is predominantly found in the colon, where it possibly plays a role in the host defense. NOX2 is the phagocyte
NADPH oxidase, a clearly established host defense enzyme. NOX3 is almost exclusively expressed in the inner ear, where it
is involved in otoconia morphogenesis, but based on its localization might also play a role in the auditory system. NOX4,
widely expressed in kidney, vascular cells, osteoclasts etc.; it might be a constitutively active enzyme, regulated on the level
of gene expression but its precise physiological function remains unknown. NOXS, a Ca*" activated enzyme is predomi-
nantly expressed in lymphoid tissues and testis, where it might be involved in signaling processes. DUOX1 is expressed in
the thyroid and in respiratory epithelia, and DUOX2 in the thyroid and in gastrointestinal glandular epithelia. Both DUOX
enzymes are involved in thyroid hormone synthesis, but possibly also in epithelial host defense.

The NOX family of NADPH oxidases is a unique family of
enzymes whose physiological function is the generation of reactive
oxygen species (ROS). Based on our present state of knowledge,
the family consists of 7 members: NOX1, NOX2, NOX3, NOX4,
NOXS, DUOXI1, and DUOX2. All NOX family members share a
core structure consisting of 6 transmembrane domains (which
include two heme binding regions), and a relatively long cytoplas-
mic C-terminus (which contains FAD and NADPH-binding regions).

While NOX1, NOX2, NOX3, and NOX4 consist only of the above
described NOX core structure, NOX5, DUOX1 and DUOX2 are
characterized by N-terminal extensions (4,5). In the case of NOXS5,
the N-terminal extension consists of 4 EF-hand domains, in the case
of DUOXI1 and DUOX2, of 2 EF hand domains, an additional
transmembrane domain, as well as a peroxidase homology domain.
Consistent with their Ca?*-binding EF hand domains, NOXS5,
DUOX1, and DUOX2 are Ca*"-activated enzymes (4,5).

NOX1 tissue distribution: Colon: NOX1 was originally also
referred to as mox1 or NOH-1. It shows by far the most abundant
expression in the colon (6,7). Yet, additional sites of NOX1 expres-
sion have been described.

Stomach: NOX1 has been described to be expressed in the guinea
pig stomach. Whether this also applies to other species remains
unclear. At least in human stomach no relevant expression has been
observed (6).

Uterus and prostate: NOX1 is expressed in uterus and prostate.
This expression is markedly lower than expression in the colon, yet
clearly detectable (6,7).

Inducible expression: Interestingly, NOX1 expression is found to
be induced in some cell types, for example in PDGF-induced
expression in aortic smooth muscle (7).

NOXI1 function: At this point, the physiological function of
NOX1 remains a matter of hypothesis. Basically two major sugges-
tions have been discussed: host defense function, through ROS-
dependent bacterial killing, and stimulation of cell division through
activation of redox-sensitive intracellular signaling mechanism. At
this point, it appears likely that NOX1 function depends on the cell
type where it is expressed. In the colon, the organ of our body most
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heavily exposed to bacteria, a host defense function appears likely,
and the upregulation through inflammatory mediators (see above)
favor such an interpretation. However, the inducible expression in
the vascular system most likely serves another purpose. Participa-
tion in blood pressure regulation appears a possibility. Angiotension-
dependent NOX1 elevations would lead to increased superoxide
generation in the vascular system; superoxide degrades NO and
thereby would lead to an increase in blood pressure. As a more long-
term effect, superoxide might also provide a stimulus for smooth
muscle proliferation and - under pathological conditions - participate
in the cascade leading to atherosclerosis.

NOX2 tissue distribution: Phagocytes: NOX2 is traditionally
referred to as the gp91°™* subunit of the “phagocyte NADPH
oxidase”. Clearly white blood cells of myeloid lineage are the
predominant site of expression of NOX2, in particular neutrophil
granulocytes, monocyte/macrophages, and eosinophils.

NOX2 function: NOX2 is beyond any doubt a enzyme of the
host defense, as witnessed by the clinical presentation of patients
with chronic granulomatous disease. Patients with this congenital
disease lack either NOX2 (= gp91°'*) or one of its subunits (p47°x
or p67°™) and suffer from severe infections. As ROS do have a
microbicidal action, the host defense function of NOX2 is in
general attributed to a direct killing of microorganisms by the ROS,
or the interaction of ROS with the myeloperoxidase system.

There is increasing evidence that NOX2 is involved in a variety
of pathological processes, including the development of cardio-
vascular disease; neurodegeneration (8), and HIV pathogenesis (9).

NOXa3 tissue distribution: NOX3 appears to be the NOX isoform
with the most restricted and specialized tissue dis-tribution. Indeed,
NOX3 is - at relevant amounts - found almost exclusively in the
inner ear (1,10). Within the inner ear, it appears to have a ubiquitous
tissue distribution, found within sensory epithelia and ganglia both
of the auditory and the vestibular system (1).

NOX3 function: In the NOX3-deficient ket (head-tilt) mouse,
lack of otoconia formation and subsequent troubles of equilibrium
are the most obvious phenotype (10). Yet, the abundant expression
of NOX3 in the auditory system (organ of Corti and spiral
ganglion) (1) raise the possibility that additional functions might
exist.

NOX4 tissues distribution: NOX4 was initially also referred to



as Renox, because of its abundant expression in the kidney cortex
(2,3). Yet, by now it appears to be probably the most widely
expressed among the various NOX isoforms. Besides its predomi-
nant distribution in the kidney, NOX4 expression has been described
- among others - in endothelial cells, smooth muscle cells, in the
heart, pancreas, placenta, skeletal muscle, ovary, testis, osteoclasts,
fibroblasts and astrocytes.

NOX4 function: NOX4 function remains elusive. The most popu-
lar working hypothesis is a role in oxygen sensing in the kidney
cortex (2). Yet, available data concerning this option are rather
contradictory and there is no convincing experimental proof. Other
options include a role in the regulation of cell proliferation; again
until now, there is no convincing evidence for this suggestion.

The most striking feature of NOX4 function in terms of bio-
chemistry is that fact that so far, no activation mechanism has been
found. Thus, it is conceivable (but net yet proven) that NOX4 is a
constitutively active enzyme, regulated on the level of gene expres-
sion rather than on the level of enzyme activity. It would thus be
comparable to iNOS (inducible nitric oxide synthetase). Obviously,
the physiological function of the enzyme cannot be derived from
such biochemical considerations, yet the possibility that NOX4 might
be a constitutively active, inducible enzyme should provide food
for thought.

NOXS tissue distribution: NOX5 is essentially found in
lymphoid tissues and in testis (5). Strikingly, NOX5 mRNA, while
abundant in tissue lymphocytes, is almost absent in circulation blood
lymphocytes . Within lymphoid tissues, NOXS is enriched in B cell-
rich regions surrounding germinal centers, but is also found in T-
cell rich regions; macrophages and dendritic cells however seem to
be NOX5-negative (5). In testis, NOX5 mRNA was mostly observed
in pachytene spermatocytes (5). I should however be noted that this
enrichment of mRNA in the early stages of spermatogenesis does
not exclude a function of NOXS5 in more mature sperm cells, as
mRNA is synthesized at early stages of spermatogenesis, even if the
protein is required at later stages.

NOXS function: Quite obviously, the full length form of NOXS,
as found in adult tissues, mediates Ca?-dependent ROS-generation
in tissue lymphocytes and in testis. Yet, the physiological function
of such a Ca**-dependent ROS generation in these tissues is poorly
understood. A host defense function appears rather unlikely, so does
a function in biosynthesis. Thus, ROS-dependent signaling and
regulation of transcription factors is the most likely explanation for
the function NOXS in testis. Indeed, a role of ROS in lymphocyte
differentiation, potentially through NFkappaB activation is conceiv-
able. In spermatogenesis, a role for ROS has been proposed at dif-
ferent stages, from induction of apoptosis in early spermatogenesis
to capacitation reaction and sperm oocyte fusion.

Tissue distribution of DUOX1 and DUOX2: DUOX1 and
DUOX2 are both expressed in the thyroid and have therefore been
also referred to as thyroid oxidases, ThOX (4). This is clearly a
misnomer, as already relatively primitive organisms such as C.
elegans express DUOX enzymes (11). Thus, from an evolutionary
point of view, the appearance of DUOX enzymes precedes the
appearance of the thyroid gland. But even in mammals, DUOX
enzymes are not restricted to the thyroid with a predominant
expression of DUOX1 in the respiratory epithelia and DUOX2 in
salivary and rectal gland epithelia (12).

DUOX1 and DUOX2 functions: In mammals, both DUOX1 and
DUOX2 are thought to be involved in thyroid hormone synthesis.
This is most convincingly demonstrated by hypothyroidism in rare
patients with DUOX2 mutations (13). DUOX mutants of C. elegant
have an abnormal extracellular matrix and a role of DUOX enzymes
in cross-linking of the extracellular matrix proteins has been
proposed (11). The extra-thyroid function in mammals remains
poorly understood, however based on their localization on respira-
tory and gastrointestinal epithelia, a host defense function is con-
ceivable (12).

CONCLUSION
At this point, two physiological functions of NOX enzymes can
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be considered as proven:

i) Host defense: This has been demonstrated beyond doubt for
the phagocyte NADPH oxidase. It has also been indirectly suggested
for NOX1, DUOXI1, and DUOX2. However, based on presently
available data, host defense is rather unlikely as a function of NOX3,
NOX4, and NOXS.

ii) Biosynthetic processes: This is best documented for DUOX
enzymes. In mammals, it involves biosynthesis of thyroid hormones
and in C. elegans the crosslinking of extracellular matrix. The lack of
otoconia in NOX3-deficient mice might also reflect a role of NOX3
in the biosynthesis of otoconia, although the direct biochemistry of
such an involvement is less understood. Note however, that at this
point it is not clear whether such an involvement of DUOX1, DUOX2
or NOX3 in biosynthetic processes is the predominant biological
function of these enzymes.

Signaling function of ROS, has been received wide attention over
that last years. It is therefore likely that certain, or possibly all, NOX
enzymes are involved in signaling. At this point, such a signaling
can been documented in in vitro situation, but the confirmation of
its physiologically relevant in vivo function requires further experi-
mental proof.
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