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Nox5 and the Regulation of Cellular Function

David J.R. Fulton

Abstract

The NADPH oxidase (Nox) family of enzymes is comprised of seven members, Noxes 1–5 and the Duoxes 1 and
2. Nox5 was the last of the conventional Nox enzymes to be identified, and in comparison to its siblings, much
less is known about its molecular regulation and even less regarding its functional significance. The loss of Nox5
from rodent genomes has contributed significantly to this deficit in knowledge, but recent discoveries have
narrowed the gap. There are many differences between Nox5 and the other Nox isoforms including alternative
splicing, transcriptional regulation, enzymatic control mechanisms, tissue distribution, and intracellular traf-
ficking. The goal of this review is to outline recent advances in our knowledge of the genetic regulation, the
molecular mechanisms governing its activity, and the functional significance of Nox5 in human physiology and
pathophysiology. Antioxid. Redox Signal. 11, 2443–2452.

Introduction

It is well established that gp91phox (NADPH oxidase2
or Nox2) plays an important role in the function of

phagocytic immune cells by generating large concentrations
of superoxide and derivative reactive oxygen species (ROS)
that participate in the killing of invading pathogens (4, 10).
The discovery of distinct, yet closely related, Nox isoforms
(Noxes 1, 3, and 4) and their expression in cells outside of the
immune system has led to the pursuit of novel functional roles
for these proteins (6–8, 18, 45, 68). Indeed, Noxes1, 2, and 4
have been shown to have important roles in both the physi-
ological and pathophysiological function of the cardiovascu-
lar, pulmonary, and renal systems, and may also regulate the
neoplastic potential of cells (10, 44). Nox3 plays a key role in
the morphogenesis of inner ear otoconia and is vital for proper
functioning of the vestibular system (53, 54). The molecular
steps controlling the activity of Noxes1–4 have been inten-
sively investigated over the past decade and have recently
been summarized in a number of comprehensive review ar-
ticles (10, 46, 60, 69). In comparison, the functional sig-
nificance of Nox5 is poorly understood. However, this is
changing rapidly, and recent studies have provided exciting
new data that the regulation of Nox5 goes beyond the simple
elevation of intracellular calcium and that in human cells,
Nox5 is important for physiological and pathophysiological
processes. This review will address the molecular regulation
of Nox5 and highlight its participation in the regulation of
cellular function.

Discovery and Genetic Regulation

NADPH oxidase 5 or Nox5 was the fifth member of the Nox
family of enzymes (excluding the Duoxes) to be identified and
is genetically the most distinct. It was first reported in 2001 by
two independent groups who discovered mRNA transcripts
of a novel protein in human spleen, testis, and kidney that had
significant homology to Nox2 and Nox1(8, 18). Currently
there are five known splice variants of Nox5, Nox5a, b, d, and
g, and a truncated variant (Nox5-S or e). The Nox5 gene is
located on chromosome 15 and is comprised of at least 18
exons with alternative use of exon 3 to generate the novel
N-terminus of Nox5a and g. Exons 4 and 5 are common to all
isoforms, except for the short variant that does not possess the
regulatory N-terminal EF-hand regions. Exon 6 is subject to
intraexon splicing that yields three distinct protein regions,
Nox5a=b, Nox5d=g, and the truncated Nox5-S. The remaining
exons 7–18 are common to all isoforms (Fig. 1). Alternative
splicing also leads to differences in the length of the 50 un-
translated region (8) and may be indicative of the presence of
multiple promoter regions. In general, Nox5a and b are the
most abundant isoforms expressed in cells. In some cell types,
such as endothelial and vascular smooth muscle cells, all 5
isoforms are expressed together in varying proportions (11,
34). Alternatively, expression of individual isoforms can show
a restricted pattern of distribution with Nox5a being the
predominant Nox5 isoform in the spleen and Nox5b, the
predominant isoform in the testis (8). In esophageal cancer
cells, Nox5-S is the dominant isoform (24).
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Orthologs of Nox5 are present in the genomes of a number of
other species ranging from mammals such as monkey, bovine,
and canine, to fish such as zebrafish, and invertebrates such as
sea urchins (39). However, Nox5 is absent from the rodent (rat,
mouse) genomes. The functional significance of this is not yet
clear, and it remains to be determined if rodents have devel-
oped mechanisms to compensate for the loss of Nox5 or whe-
ther the presence of Nox5 in the human genome is purposeful
or simply vestigial. Given the high level of expression of Nox5
in the testis, particularly in pachytene spermatocytes, it might
simply be a very good example of what has been described as
antagonistic pleiotropy (44). This hypothesis posits that genes
providing an early reproductive advantage, which may very
well be the case with Nox5 and spermatogenesis, also con-
tribute to chronic disease later in life. A major caveat to this
hypothesis is that the functional significance of Nox5 is poorly
understood. While we can assume, based on the literature, that
increased expression of Nox5 and ROS production in cardio-
vascular disease (30) and cancer (15, 24, 35, 66) is detrimental,
the possibility remains that Nox5 may be have important
physiological roles that are yet be discovered. Regardless of the
reasons, our dependence on rodents as models of human dis-
ease and the absence of Nox5 in rodent genomes have both
contributed to our relatively poor understanding of the func-
tional significance of Nox5 in humans.

Molecular Regulation

With the exception of Nox5-S, little is known about the
functional significance of the various Nox5 splice variants.
There is considerable controversy over whether Nox5-S,
which lacks the N-terminal EF hand, can even produce su-
peroxide. A number of studies have shown that Nox5-S is
active basally in cells but does not respond to ionomycin (11,
24, 67), whereas others have reported that it is devoid of ac-
tivity (8). It is possible that there are other cytosolic factors that

could enable Nox5-S to function in select cell types, but these
have not been reported. Although Nox5 is genetically the most
distinct Nox isoform (27% identity versus Nox2), it retains
significant structural similarity when compared to the other
isoforms and is predicted to be an integral membrane protein
with six membrane spanning a-helices (Fig. 2). The trans-
membrane domains 3 and 5 contain four highly conserved
histidine residues (H268, H282, H356, and H369 of Nox5b)
that coordinate the binding of two distinct heme molecules
(Fig. 2). Equivalent histidines residues are highly conserved
in other Nox isoforms. While these residues on Nox5 have not
yet been proven to bind heme, it is very likely, given the
conservation between isoforms. The C-terminus of Nox5 con-
tains highly conserved binding sites for FAD and NADPH,
which is also in agreement with that reported for other Nox
isoforms (8, 38) (Fig. 2). The core function of Nox5 is based on
a conformational change induced by calcium or other stimuli
that enables electron flow from NADPH through the flavin
FAD to the di-hemes for insertion into molecular oxygen and
ultimately the release of superoxide.

The activity level of Noxes 1–3 is tightly regulated by the
coordinated assembly of a number of distinct cytoplasmic
proteins that coalesce into a functional enzymatic unit (10, 69).
The regulation of Nox5 activity diverges from this theme and
is not at all dependent on the presence of cytosolic factors that
are known to activate Noxes1–3 (8). In addition, Noxes 1–4
have an absolute requirement for the transmembrane protein
p22phox which they bind tightly. The p22phox:Nox hetero-
dimer improves protein stability and coordinates the assem-
bly of the activation complex (21). Nox5 has also been shown
to bind p22phox, but the significance of this is unclear, as
changes in the expression level of p22phox or dominant
negative constructs of p22phox do not affect Nox5 activity
(11, 40). Instead, the activity of Nox5 is governed by a unique
intramolecular mode of regulation that is encoded within a
single gene. As a result, the mRNA for Nox5 encodes a larger
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FIG. 1. Representation of the genomic organization of Nox5 isoforms (based on homo sapiens chromosome 15, refer-
ence assembly NC_000015 region: 67009918..67136127). Numbers represent amino acids in each isoform. Accession numbers
for Nox5a AF353088, Nox5b AF325189, Nox5d AF325190, Nox5g AF353089, Nox5-S AF317889.
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protein which is primarily distinguished from the other Nox
isoforms by an N-terminal extension that contains four cal-
cium binding EF hands.

The elevation of intracellular calcium promotes the occu-
pation of the calcium-binding EF hand domains of Nox5. This
triggers a conformational change between them to expose a
hydrophobic motif that binds to a yet to be identified region in
the C-terminus that enables electron flow to the heme moieties
and consequently drives superoxide production (8). Therefore
it is expected that extracellular stimuli that mobilize intra-
cellular calcium would robustly increase superoxide in cells
expressing Nox5. However, in a cell-free activity assay, the
concentration of calcium required to maximally activate Nox5
was shown to be unusually high and unlikely to be achieved
inside most cells (8). This raised the important question of
how do cells adequately activate Nox5 in order to coordinate
the appropriate response to extracellular stimuli. One possible
explanation for this was shown recently by the ability of the
phorbol ester=DAG mimetic (PMA) to robustly activate Nox5
without elevating intracellular calcium (33, 62). This indicated
a new mode of regulation that was later determined to be due
to the PKC-dependent phosphorylation of Nox5b on threonine
494 and serine 498 (Fig. 2). These modifications increase the
calcium sensitivity of the enzyme and permit a higher level of
enzyme activity at resting levels of intracellular calcium. In

addition to being able to activate Nox5 without elevating cal-
cium, PMA was shown to greatly potentiate the ability of Nox5
to produce superoxide in response to low concentrations of
ionomycin, an effect dependent on the phosphorylation of
these residues (33). Thus, simultaneous activation of both PMA-
dependent and calcium-dependent pathways produces a much
greater increase in superoxide production at lower levels of
calcium. The ability of phosphorylation to modulate the re-
sponse to calcium-dependent signals adds an additional level
of control and thus diversifies the ability of Nox5 to produce
ROS in response to appropriate stimuli.

Another mode of calcium sensitization that has been re-
ported is via the direct binding of calcium-activated calmod-
ulin. The C-terminus of Nox5 contains a calmodulin binding
site that is situated between the two terminal NADPH bind-
ing sites (Fig. 2) and is well conserved among Nox isoforms.
This binding of calcium-bound calmodulin to Nox5, but not to
other Nox isoforms, was shown to increase its sensitivity to
calcium (74). Given the location of the calmodulin-binding
motif, it is reasonable to speculate that calmodulin binding
promotes electron transfer, but the precise mechanism by
which this occurs in Nox5 is not yet known. Adding to the
intrigue, other Nox isoforms such as Nox4 also posses a
calmodulin-binding site in the C-terminal end of the enzyme,
but calmodulin does not increase ROS production (74).
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FIG. 2. Predicted transmembrane topology of Nox5 and functional motifs. The N-terminus contains four calcium-binding
EF hands and a polybasic domain PBR-N. Six well-conserved regions span the membrane six times and coordinate the
binding of two heme moieties via four histidine residues present on transmembrane domains III and V. The C-terminus
contains a polybasic domain (PBR-C), conserved binding sites for NADPH and FAD, phosphorylation sites Thr494 and
Ser498, and a calmodulin (CAM) binding site. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www.liebertonline.com=ars).
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Recently, another element of regulatory control over Nox5 ac-
tivity has been reported. The proto-oncogenic tyrosine kinase,
c-abl, can bind to and increase Nox5 activity via a calcium-
sensitive, hydrogen peroxide-dependent signaling pathway
(22). The functional significance of this with regard to cancer,
in particularly chronic myelogenous leukemia, is not well
understood.

Subcellular Location

The intracellular location of NADPH oxidases can have a
profound impact on the range of target molecules that can be
modified by superoxide or secondary ROS (17, 73, 75). Indeed,
spatial restriction is an important strategy used by other en-
zymes that generate highly reactive free radical gases such as
the endothelial nitric oxide synthase (eNOS) (32, 79). Most
studies to date have reported that Nox5 is expressed primarily
within intracellular membranes. In transfected COS-7 and
HEK293 cells and also in cultured human endothelial cells
and prostate cancer cells, Nox5 can be found predominantly
in perinuclear organelles that overlap with markers for the
endoplasmic reticulum (11, 15, 33, 38, 62). Equivalent findings
were achieved using the distinct approaches of both GFP fu-
sion proteins in live cells and immunofluorescence of native
proteins in fixed cells. The intracellular location of Nox5 also
closely resembles that reported for other Nox isoforms in a
variety of cell types (2, 9, 17, 77). Consistent with a location on
intracellular membranes, the ability of Nox5 to produce su-
peroxide inside the cell has also been reported (8, 15, 61).
However, as depicted in Fig. 3, the location of Nox5 on in-

tracellular membranes presents a logistical problem, as the su-
peroxide generated inside the cell would be expected to be
accumulate within these intracellular organelles. Superoxide
is a charged molecule that is very reactive and it is widely
assumed that it cannot traverse biological membranes unas-
sisted (49, 52). Nox5 has been reported to produce both su-
peroxide and hydrogen peroxide (8, 62) and hydrogen
peroxide can readily pass through lipid membranes and be
measured in the extracellular space. However, SOD-sensitive
superoxide generated by Nox5 can be readily detected outside
of the cell (8, 33). How this occurs remains poorly understood.
It is known that a reduction in pH can promote the formation
of hydroperoxyl radicals which can then traverse biological
membranes. However, the pH of the endoplasmic reticulum is
near neutral and is effectively connected to pH changes in the
cytoplasmic environment (41), and thus the vast majority of
superoxide formed is likely to remain in the charged water-
soluble and membrane-impermeant state. An alternative
pathway has recently been revealed by studies showing that
endosomal and plasma membrane chloride channels rapidly
conduct superoxide from intracellular organelles to the ex-
tracellular space (31, 52) (Fig. 3). It is suggested that super-
oxide rapidly traverses these channels to gain access to the
cytosol or extracellular space.

In addition to these pathways, the possibility remains that
extracellular superoxide may be generated by a compara-
tively smaller pool of highly active Nox5 that is present at the
plasma membrane (38, 62). Indeed, it has been recently
demonstrated that polybasic domains within the N-terminus
of Nox5 (PBR-N, Fig. 2), bind phosphatidylinositol 4,5-
bisphosphate, a phospholipid enriched at the plasma mem-
brane, which promotes the trafficking and cell surface
expression of Nox5 and accordingly enhances the release of
superoxide into the extracellular space (38). The PBR-N is a
highly conserved domain that is present in most orthologs of
Nox5 and may account for the presence of Nox5 at the plasma
membrane that has been reported in a number of cell types
(38, 62). The C-terminus of Nox5, between the first two pre-
dicted NADPH binding sites (Fig. 2), contains another con-
served polybasic domain that has been called the PBR-C.
Mutation of this region reduces catalytic activity but does not
affect intracellular location. The significance of this region is
pending further investigation (38).

The functional relevance of intra- versus extracellular su-
peroxide derived from Nox5 remains to be established. Based
on studies investigating the interaction between Nox5 and
eNOS, the production of intracellular superoxide is much more
important for modifying eNOS activity compared to the ex-
tracellular release (80). Presumably this is due to the inability of
extracellular superoxide to gain access the same intracellular
environment at effective concentrations. It is also likely that
other signaling events such as inhibition of protein tyrosine
phosphatases are dependent on the intracellular release of su-
peroxide and local formation of hydrogen peroxide (17, 73, 75).

The next section will focus on the relative expression of
Nox5 in various tissues and highlight its potentials roles in
cellular function.

Tissue Distribution of Nox5

Nox5 is highly abundant in the spleen and testis (8) and to a
lesser extent it is expressed in vascular tissue, cells of the
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FIG. 3. Schematic depicting the pathways by which Nox5
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gastrointestinal tract, reproductive systems, fetal organs, and
various cancers (8, 18, 44). The transcriptional regulation of
Nox5, which dictates its tissue- or cell-specific expression, is
poorly understood. Acid treatment of esophageal adenocar-
cinoma cells and thrombin-treatment of endothelial cells have
both been shown to increase Nox5 expression (11, 24). Both of
these interventions elevate intracellular calcium, and Fu et al.
reported that the calcium-sensitive transcription factor CREB
can modulate expression levels of Nox5-S (24). Knockdown of
CREB prevents acid-induced upregulation of Nox5, and
chromatin immunoprecipitation (ChIP) assays in lysates of
esophageal adenocarcinoma cells using CREB antibodies con-
firm the binding of CREB to a putative Nox5 promoter region
(24). Two cAMP response elements are found in this promoter
region (�6 to�1396 of ATG for Nox5-S). Another study by the
same group reported that STAT5 could also modulate Nox5
expression, and one STAT5 binding site was found in the
promoter for Nox5-S (�2249 to �2240) (66) (Fig. 4). It is im-
portant to note that this promoter region is significantly
downstream to the transcriptional start site for the other iso-
forms of Nox5 and indicates the strong likelihood that other
regions of the Nox5 gene and possibly other transcription
factors are important for transcriptional regulation of Nox5.
The promoter region(s) and transcription factors that govern
the expression of the EF-hand containing Nox5 isoforms (a, b,
d, g) are not yet described.

The Cardiovascular System

NADPH oxidases have been shown to participate in vir-
tually all aspects of cardiovascular function, including cell
signaling, proliferation, apoptosis, permeability, migration,
angiogenesis, hypertension, diabetes, atherosclerosis, and
vasomotion. The primary Noxes described in blood vessels
are Nox1, Nox2, and Nox4 (14, 28, 60). More recently, the
mRNA and protein for Nox5 have been detected in human
blood vessels (8, 11, 30, 34). To date, expression of Nox5 has
been detected within blood vessels of the spleen and lung (11)
and also in coronary blood vessels that perfuse the myocar-
dium (30). Within these blood vessels, Nox5 has been detected
in both the endothelial cell layer and in the underlying smooth
muscle cells of the tunica media (11, 30). In cultured cells,
expression of Nox5 has been documented in both endothelial
and vascular smooth muscle cells (8, 11, 34). Fibroblasts do not
appear to express Nox5 ( Jagnandan and Fulton, unpublished
observation).

The expression level of Nox5 is altered in cardiovascular
disease. In particular, coronary artery disease is associated with
increased expression of Nox5. These findings suggest that it
may participate in the chronic dysfunction of vascular cells that
is intimately connected with development of atherosclerosis.
In blood vessels from individuals without coronary artery
disease, Nox5 expression is very low, but is substantially in-
creased in blood vessels with disease. At the cellular level,
endothelial staining was evident in healthy vessels but was lost
in those with more advanced lesions. In blood vessels with
moderate lesions, robust staining was observed in the prolif-
erating cells of the neointima. Staining was most intense in cells
underlying advanced plaques. The cell types expressing Nox5
co-stained with smooth muscle markers and did not overlap
with T-cell or macrophage specific markers (30), indicating that
expression of Nox5 was confined to the vascular cell types.

Endothelial Cells

All five isoforms of Nox5 are expressed in endothelial cells
and generate ROS in response to thrombin and ionomycin
(11). The increased expression of Nox5 in endothelial cells
encourages cellular proliferation and promotes the organiza-
tion of endothelial cells into three-dimensional structures that
resemble capillary networks. Knockdown of endogenous
Nox5 expression with siRNA attenuates these effects and
suggests that Nox5 is necessary for the normal function of
endothelial cells. Increased expression of Nox5 transgenes in
endothelial cells directly inhibits the extracellular actions of
nitric oxide and prevents both cGMP accumulation and
endothelium-dependent relaxation. Presumably these effects
occur through the extremely avid interaction between nitric
oxide and superoxide that yields peroxynitrite, as they are
readily reversed by scavenging superoxide with extracellular
superoxide dismutase (80). The direct scavenging of NO is
unlikely to account for the increased proliferation and pro-
angiogenic properties of Nox5 in the endothelium as NO itself
is pro-proliferative and pro-angiogenic (57). Therefore, it is
likely that ROS derived from Nox5 have other signaling ac-
tions within the cell.

Investigation into the effects of Nox5-derived ROS on en-
dothelial function also revealed a paradoxical relationship.
Instead of inhibiting eNOS activity as would have been pre-
dicted from the many studies showing that elevated ROS
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FIG. 4. Mechanisms by which acid exposure increases the
expression of Nox5-S in SEG1-EA cells.

NOX5 AND REGULATION OF CELLULAR FUNCTION 2447



compromises BH4 levels and promotes the degradation of the
active NOS dimer into inactive monomeric subunits (1, 16,
47), eNOS enzymatic activity was robustly increased. This
ability of Nox5 to activate eNOS was shown in a heterologous
expression system in COS cells, in cultured endothelial cells,
and also in intact blood vessels. This effect was independent
of changes in the phosphorylation of key sites on eNOS and
was associated with an increase in eNOS:hsp90 binding (80).
Hsp90 is a molecular chaperone that is important for overall
eNOS enzymatic activity and also for the fidelity of NO syn-
thesis (25, 55). Decreased eNOS:hsp90 binding is associated
with the loss of NO production and a corresponding increase
in superoxide production, a term coined NOS uncoupling (55,
56). In contrast, the increased hsp90 binding induced by Nox5
may actually prevent eNOS uncoupling and provide in-
creased NO output to compensate for the reduced ability to
activate NO-sensitive pathways. Another possible mecha-
nism for the increase in eNOS activity could be due to the
ROS-stimulated elevation of intracellular calcium (58), and
calcium-activated calmodulin is the primary mechanism
for eNOS activation (25) (Fig. 3). The depletion of tetra-
hydrobiopterin (BH4), a key NOS co-factor is widely reported
to be a consequence of increased peroxynitrite production in
the endothelium (42). Thus, another surprising observation
was that the relatively short-term overproduction of ROS in
endothelial cells via Nox5 was not sufficient to reduce BH4
levels to amounts that would constrain NO production. One
possibility is that the ratio of hydrogen peroxide produced by
Nox5, which stimulates BH4 synthesis (65), versus perox-
ynitrite which oxidizes BH4 (42) favors hydrogen peroxide, or
alternatively that peroxynitrite is formed outside the cell.

Smooth Muscle

It is well established that platelet-derived growth factor
(PDGF) is a potent mitogen for vascular smooth muscle cells
(VSMC) and that its ability to increase cellular proliferation
is sensitive to modulation of ROS levels (13, 64, 70). The
importance of Nox5 to these events in human VSMC was un-
appreciated until recently. Nox5 expression has been docu-
mented in VSMC from human coronary arteries, aorta, and
blood vessels of the spleen and lung (8, 11, 30, 34).The first
indication that endogenously expressed Nox5 could con-
tribute to VSMC function was the observation that PDGF-
stimulated ROS production is dependent on changes in the
level of intracellular calcium. This stimulus-driven elevation
in ROS is primarily derived from Nox5 as it was reduced in
VSMC in which Nox expression levels were suppressed by
siRNA to Nox5, but not to Nox4. Furthermore, the ability of
PDGF to phosphorylate Jak2 and activate the Jak2=stat3 sig-
naling pathway and increase VSMC proliferation was blunted
by depletion of Nox5 with siRNA (34). The precise mechanism
by which Nox5 increases Jak2 phosphorylation and cellular
proliferation is not yet known, but given the sensitivity of
protein tyrosine phosphatases to ROS it seems likely that
Nox5 inactivates specific PTPs (17, 36, 73, 75) (Fig. 5). In dis-
eased coronary arteries, increased expression of Nox5 is seen
in the proliferating smooth muscle cells of the neointima and
staining is strongest in advanced lesions (30). While currently
there is no evidence to suggest that Nox5 can modify the
contractile responses of vascular smooth muscle, there is
substantial indirect evidence to suggest that this is possible.

Endothelial expression of Nox5 can potentiate contractile re-
sponses to phenylephrine (80), but this is more likely to be due
to the direct scavenging of nitric oxide that is released from
the endothelium to counterbalance changes in vascular tone
(27, 29). A prominent cardiovascular effect of Nox1, which is
primarily expressed in vascular smooth muscle, is to poten-
tiate the pressor response to angiotensin II (20, 26). Orthologs
of Nox5 in Drosophila have been shown to increase smooth
muscle contraction through the formation of hydrogen per-
oxide (58). Collectively these findings suggest that Nox5 is
expressed in vascular tissue and may contribute to a number
of physiological functions, as well as diseases of the cardio-
vascular system.

The Immune System

Nox5 was initially characterized as a gene that is highly
expressed in the spleen and other lymphoid tissue such as the
lymph nodes (8). While the expression of Nox5 is abundant in
areas rich in mature B- and T-lymphocytes, it is not expressed
in circulating lymphocytes. The significance of this is not well
understood and it has been speculated that Nox5 in lym-
phocytes might participate in calcium signaling, proliferation,
differentiation, and apoptosis (8). In rodents, Nox1 and 2 are
the primary isoforms expressed in the spleen (50), whereas in
humans it is Nox2 and Nox5 (18). ROS may contribute to
aspects of lymphocyte signaling that are dependent on tyro-
sine phosphorylation by modifying the activity of protein
tyrosine phosphatases such as SHP-2 (43). In addition, the
absence of Nox5 in immune cells that are present in advanced
atherosclerotic lesions (30) also suggests that Nox5 may be
important in the development of the immune system but does
not play an active role in cells in the periphery.

NOX 5

ROS

JAK 2

STATS

SHP-2

Tyrosine
PO4

NF - kB

COX 2

PGE2Proliferation

Proliferation Proliferation

HCLVSMC
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FIG. 5. Nox5-dependent signaling pathways that stimulate
cellular proliferation. EA, esophageal adenocarcinoma; HCL,
hairy cell leukemia; VSMC, vascular smooth muscle cells.
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The Reproduction System

The presence or increased expression of genes that are
detrimental to normal physiology represent an evolutionary
enigma as they make little sense in the survival of the fittest.
However, some of these genes may confer an early survival
advantage by being expressed and having important func-
tions in reproductive tissues. Indeed, this may be the case for
Nox5. The mRNA for Nox5 is highly expressed in the testes
and in particular is found in pachytene spermatocytes and to a
lesser extent in round spermatids (8). Immunolocalization
shows abundant staining near the lumen of the seminiferous
tubules, associated with maturing spermatids, and in ejacu-
lated spermatozoa Nox5 was detected in the rostral sperm
head (59). Given the lack of direct functional studies, it is not
yet clear whether Nox5 has a meaningful role in male repro-
ductive function. Despite that limitation, considerable evi-
dence exists to support the importance of ROS generation to a
number of vital male reproductive functions including sperm
maturation, capacitation, regulation of intracellular pH, hy-
peractivation, and acrosomal exocytosis (5, 19, 23). These
events are associated with increased tyrosine phosphoryla-
tion and nitrosative modification of various signaling pro-
teins. Collectively, the high level of expression of Nox5 and
the importance of ROS in general to testicular function makes
it difficult to envisage that Nox5 does not contribute signifi-
cantly to reproductive function.

Nox5 is also expressed in female reproductive organs, in-
cluding the uterus, ovaries, and placenta (8, 18). As with male
reproductive function, a lack of direct evidence limits our
understanding of what specifically Nox5 contributes to the
function of the female reproductive system. This is further
complicated by a lack of general knowledge of what ROS
contribute to these functions in general. Orthologs of Nox5 in
Drosophila (dNox) are important for muscular contractions of
the ovaries and egg laying. It is proposed that in response to a
calcium stimulus, dNox5 generates hydrogen peroxide which
promotes additional calcium entry and this positive feedback
loop is responsible for a significantly greater muscular con-
traction. Loss of dNox reduces intracellular calcium levels,
weakens ovarian contraction, and renders the insects sterile.
The mechanism by which dNox promotes calcium influx is
not known, but hydrogen peroxide is known to significantly
elevate calcium in smooth muscle cells (3, 72). By analogy, it is
possible that in humans Nox5 contributes to smooth muscle
contraction in female reproductive organs. Other possible
functions include angiogenesis during the menstrual cycle,
NF-kB activation, apoptosis, and cellular proliferation (10).

Cancer

For many years ROS have been promoted as causative
factors in the uncontrolled growth of neoplastic cells. Can-
cerous cells generate large quantities of ROS and have been
shown to overexpress Nox enzymes and underexpress anti-
oxidant defense enzyme (44, 71). However, much like car-
diovascular disease, the ineffectiveness of antioxidants in vivo
to prevent or treat cancer has been a major obstacle to the
broad acceptance of this hypothesis (48, 63). There may be
several reasons for this, as ROS can participate in opposing
intracellular signaling pathways that not only promote
growth but also stimulate apoptosis (10, 12, 60). In vitro, where
variables can be more rigorously controlled, increased ex-

pression of Nox enzymes (Nox1) can in itself promote the
transformation and uncontrolled growth of cells (68). This
observation provided some of the first evidence that Nox-
derived ROS in itself could directly modulate cellular growth
and metastatic potential. Depending on the cell type of origin,
cancer cells can differentially express individual Nox iso-
forms. However, the genomes of these cells are highly plastic
and the level of expression of specific isoforms can vary sig-
nificantly. The expression of Nox5 has been documented in a
number of cancers or cancer cell lines including prostate (15),
pancreatic (51), hairy cell leukemia (35), and esophageal
cancer (24).

Consumption of antioxidants such as lycopene has been
associated with reduced prostate cancer risk (76), and scav-
enging of ROS with antioxidants increases prostate cancer
survival in mice (78). However, the role of ROS and lycopene
in prostate cancer is not without controversy (37). The source
of ROS in prostate cancer is poorly understood, but Nox5
protein and mRNA have been detected in human prostate
cancer and the prostate cancer cell lines LNCaP and DU 145
(15). In DU145 cells, ROS production is calcium dependent,
and antisense knockdown of Nox5, but not p22phox or Nox2,
inhibits both ROS production and cellular proliferation. In-
hibition of Nox activity with diphenyleneiodonium (DPI) or
antioxidants increased apoptosis of DU145 cells. The pro-
posed mechanism by which Nox5-derived ROS promotes the
proliferation of prostate cells is through the reduced ability of
the CREB=ATF transcription factors to bind DNA and de-
creased apoptosis(15). MAPK and NF-kB pathways were not
involved. Of note, Nox5 was also strongly expressed in nor-
mal prostate tissue and this indicates that ROS production as
an independent variable in these cells is unlikely to be suffi-
cient to induce transformation. Thus, it is more likely that
Nox5 acts in concert with other factors or cellular events to
promote the proliferation of prostate cancer cells.

Repeated exposure of the esophagus to stomach acids, as in
the case of gastroesophageal reflux disease (GERD), damages
the squamous epithelium lining and promotes intestinal
metaplasia. This condition, called Barrett’s esophagus (BE),
can lead to esophageal adenocarcinoma (EA) that has a par-
ticularly poor prognosis. The mechanism by which acid drives
this process was unknown until recently when it was discov-
ered that acid regulates the expression of Nox5 in esophageal
adenocarcinoma cells (24). In this study, the authors found that
acid treatment specifically increased the expression of the
Nox5-S isoform and that this occurred in a calcium-dependent
manner and was mediated by the calcium-sensitive transcrip-
tion factor, CREB. Knockdown of Nox5-S with siRNA de-
creased ROS production in esophageal adenocarcinoma cells,
dramatically inhibited cellular proliferation, and promoted
apoptosis. Nox5-derived ROS also increases the expression of
cyclooxygenase 2 which increases the proliferation of adeno-
carcinoma cells via the synthesis of prostaglandin E2 (67).
Further studies by the same group have shown that PAF par-
ticipates in the acid-induced upregulation of Nox5 and in-
creases Nox5 expression via activation of the transcription
factor STAT5 (66) (Fig. 4).

Another type of cancer expressing Nox5 is hairy cell leu-
kemia (HCL). This cancer is characterized by the chronic
overproduction of malignant B lymphocytes that contain thin
membranous projections (hairy). ROS production in hairy
cell (HCL) clones is sensitive to the nonselective flavoprotein
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inhibitor DPI and calcium modulation. While DPI, which in-
hibits all of the Nox enzymes, does not provide direct evi-
dence for the involvement of Nox5, ROS production correlates
linearly with the expression level of Nox5 protein. Inhibition
of Nox5 with DPI also increases the activity of Src homology
region 2 domain-containing phosphatase 1 (SHP-1). This ef-
fect was specific for SHP-1 as other tyrosine phosphatases,
PTP-1B, and SHP-2 were not affected. The loss of SHP-1 in-
creased total protein tyrosine phosphorylation(35), but the
functional effects of this are not yet known (Fig. 5). The ability
of the proto-oncogenic kinase C-able to increase Nox5 activity
also suggests that it may play an important role in cancers
such as leukemia (22). From these findings, it is clear that
Nox5 is expressed in certain types of cancers and can con-
tribute to the increased proliferation seen in these cells.
However, given our comparatively poor understanding of
Nox5, it is likely that the number of cancer cells expressing
Nox5 will continue to grow.

Concluding Remarks

In the 8 years following the initial reports that described a
new member of the NADPH oxidase family, we have gained
considerable insights into the molecular regulation of Nox5.
We now know where Nox5 resides within the cell and that
calcium is far from the only mechanism governing its activity.
We also know that Nox5 is expressed in a variety of cells
outside the testis and lymphoid tissue, and that it participates
in both physiological and pathophysiological functions. The
lack of Nox5 in rodent genomes has hindered research into
the functional significance of Nox5 and has also brought forth
the proposition that it is not an essential gene and is the most
dispensable of the Nox isoforms. The challenge ahead will be
to identify whether Nox5 is necessary and sufficient for cel-
lular function (or dysfunction) in the cell types in which it is
expressed. To date, there are no selective inhibitors of Nox5
and the development of pharmacological tools to suppress
Nox5 activity would be an invaluable resource to aid in this
endeavor.
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