
INTRODUCTION

IN ADDITION TO functions in digestion, nutrient transport,
water and mineral absorption, and endocrine and

paracrine hormone production, the gastrointestinal epithe-
lium serves a primary protective role against irritants derived
from foods and commensal or pathogenic microbes. Physical
barrier and innate immune barrier functions regulate the den-
sity of luminal microorganisms. At the same time, the intesti-
nal epithelium takes an active part in the induction of adap-
tive immune surveillance at the mucosal surface. Thus,
homeostasis of the epithelium is maintained by a finely tuned
balance between response and tolerance to the luminal mi-
crobes. Disruption of innate and/or adaptive responses results
in chronic, persistent inflammation. Epidemiologic data show
a clear association between chronic inflammatory conditions

and subsequent malignant transformation in the inflamed tis-
sue (17).

The gastrointestinal tract is the site of a significant propor-
tion of the inflammation-associated tumor development. A
well-known example is gastric cancer that is associated with
chronic inflammation caused by infection of a spiral-shaped,
gram-negative bacterium, Helicobacter pylori (H. pylori)
(39, 63, 75). H. pylori colonizes in mucous layer of the stom-
ach. H. pylori attaches selectively to surface mucous epithe-
lial cells (pit cells) and triggers inflammation of gastric mu-
cosa, leading to the development of gastritis and ulcer
diseases. Chronic, persistent infection with H. pylori causes a
temporal sequence of pathologic changes: superficial gastri-
tis, chronic atrophic gastritis, intestinal metaplasia, and dys-
plasia, and eventual development of gastric cancer (39). The
strong association is also observed in colon carcinogenesis
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ABSTRACT

The gastrointestinal epithelium functions as physical and innate immune barriers against commensal or path-
ogenic microbes. NADPH oxidase 1 (Nox1) and dual oxidase 2 (Duox2), highly expressed in the colon, are sug-
gested to play a potential role in host defense. Guinea-pig gastric pit cells and human colonic epithelial cells
(T84 cells) express Nox1. With regard to activation of Nox1, the gastric epithelial cells are primed with Heli-
cobacter pylori lipopolysaccharide, whereas T84 cells preferentially use the Toll-like receptor (TLR) 5, rather
than TLR4, against Salmonella enteritidis infection. Thus, gastric and colonic epithelial cells may use different
TLR members to discern pathogenicities among bacteria, depending on their environments and to activate
Nox1 appropriately for host defense. Nox1-derived reactive oxygen species (ROS) have been implicated in the
pathogenesis of inflammation-associated tumor development. The human stomach does not express Nox1. He-
licobacter pylori infection alone does not induce it, whereas Nox1 is specifically expressed in gastric adenocar-
cinomas. In the human colon, Nox1 is differentiation-dependently expressed, and its expression is upregulated
in adenomas and well-differentiated adenocarcinomas. Although Nox1 expression may not be directly linked
to mitogenic activity, Nox1-derived ROS may exert a cancer-promoting effect by increasing resistance to pro-
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arising in individuals with inflammatory bowel diseases, par-
ticularly chronic ulcerative colitis (41).

Recent evidence has now tied nuclear factor (NF)-�B ac-
tivity into cancer-promoting action (34, 40, 64). Abnormally
active NF-�B inhibits apoptosis that eliminates defective
cells, thus contributing to cancer development and resistance
to drug and radiation therapies (34, 40, 64). Reactive oxygen
species (ROS) overproduced in inflamed tissues may cause
carcinogenic mutations and activate NF-�B and other crucial
components for mitogen signaling (21, 35). Thus, ROS-medi-
ated alterations in DNA and imbalance between epithelial cell
proliferation and apoptosis may play a pivotal role in the de-
velopment of inflammation-associated cancer (13, 39). Trans-
migrated phagocytes are a primary source of ROS in the in-
flamed tissue. However, several lines of evidence suggest that
NADPH oxidase 1 (Nox1) and probably dual oxidase 2
(Duox2) may play a crucial role in the initiation of local in-
nate immune response and inflammation of the large intes-
tine. It is also suggested that dysregulated expression of Nox1
may be associated with inflammation- and oxygen radical–
dependent cancer development. Although the study on the
function of the Nox/Duox family has just gotten under way, in
this review, we focus mainly on roles of Nox1 in innate im-
mune response and in the development of cancer in the gas-
trointestinal tract.

NADPH OXIDASE (Nox)/DUAL OXIDASE
(DUOX) FAMILY IN THE

GASTROINTESTINAL TRACT

Over the last several years, six homologues of gp91phox

have been identified and named systematically as the
NADPH oxidase (Nox)/dual oxidase (Duox) family (31, 53,
54). These novel enzymes are proposed to serve a variety of
functions, including regulation of cell growth (5, 69, 73),
blood pressure (20, 57), atherosclerosis (36, 55, 68), thyroid
hormone synthesis (59), host defense (32, 46, 48), and oto-
conia morphogenesis (8, 61). In the gastrointestinal tract,
two Nox/Duox members (Nox1 and Duox2) are highly ex-
pressed. Nox1 is often called as colon NADPH oxidase, and
its message is low in the ileum, intermediate in the right
colon, and high in the left colon (71). Duox1 and Duox2,
previously known as Thox1 and Thox2, respectively, were
cloned from human and porcine thyroid glands (18, 22). The
Duox-based hydrogen peroxide (H2O2)-generation system is
essential for thyroid hormone synthesis, which has been con-
firmed by the recent report on congenital hypothyroidism in
a patient with a biallelic inactivating mutation in the Duox2
gene (59). Duox2 expression is not restricted to the thyroid.
Geiszt et al. (32) reported high expression in the salivary
glands and rectum, and low expression in the cecum and as-
cending colon. Recently, El Hassani et al. (25) showed that
Duox2 protein is expressed in all segments of the porcine di-
gestive tract and in the human colon, small intestine, and
duodenum (25). Duox2 has an intrinsic Ca2+-, NADPH-
dependent H2O2-generating activity (3) that may play a po-
tential role in inflammation and host defense, particularly in
the cecum and colon. In addition to the phagocyte NADPH

oxidase (gp91phox/Nox2), lymphoid cell–specific Nox5 is
also found in the small intestine (9).

Several Nox family NADPH oxidases are now recog-
nized as multicomponent enzyme systems. Novel homo-
logues of p47phox and p67phox, designated NOXO1 (Nox or-
ganizer 1) and NOXA1 (Nox activator 1), respectively,
were identified as essential cofactors for Nox1 activity (7,
14, 30, 72).

As shown in Fig. 1, the Nox1 mRNA is constitutively ex-
pressed in the entire colon tissues and in the ileocecum at a
lower level, whereas it is not detected in the other tissues ex-
amined (Fig. 1, upper panel). The expression of NOXO1
mRNA coincides with that of the Nox1 transcript in the
human gastrointestinal tract (Fig. 1, lower panel), similarly as
previously reported (30, 72). The NOXA1 mRNA is also
highly expressed in the colon. However, compared with
NOXO1, the NOXA1 transcript is more widely distributed in
the gastrointestinal tissues, including the stomach and small
intestine, and in other organs (30, 72).

Nox1 EXPRESSED IN GUINEA-PIG
GASTRIC EPITHLIUM

Before the discovery of a novel homologues of gp91phox,
mitogen oxidase 1 (Mox1, now renamed as Nox1) (69), we
had reported that primary cultures of guinea-pig gastric pit
cells (surface mucous epithelial cells) possessed a potent
NADPH oxidase–like activity (74). This oxidase was then
molecularly identified as guinea-pig Nox1 (GenBank acces-
sion number AB099629) (45, 73). The membrane-bound
Nox1 required undefined cytosolic factors that were partially
replaced by the cytoplasm from neutrophils (74). Subse-
quently, the cytosolic factors were identified as guinea pig
NOXO1 (GenBank, AB105906) and NOXA1 (GenBank,
AB105907) (45). Some disadvantages occur with the use of
the primary cultures. Guinea-pig gastric pit cells in primary
culture cannot be maintained for longer periods (>4 days), re-
flecting the rapid cell-turnover rate in vivo (66). Furthermore,

FIG. 1. Expression of Nox1 and NOXO1 mRNAs in human
tissues. A multiple-tissue Northern blot membrane for the
human digestive system (MTN; Clontech, Palo Alto, CA) was
hybridized using the 32P-labeled cDNA probe for human Nox1
or NOXO1.
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this short-term culture is not applicable for specific knock-
down experiments using short interfering RNAs.

Despite the limitations, the gastric pit cell Nox1 displays
several important features characteristic of this enzyme. First,
this enzyme has a potent superoxide anion (O2

�)-producing
capability easily detectable by the cytochrome c method. Sec-
ond, the Nox1 can be primed by treatment with lipopolysac-
charide (LPS) from Helicobacter pylori as well as Escherichia
coli (E. coli), which makes it possible to study the underlying
mechanism for Nox1 activation. Finally, this system is poten-
tially useful to investigate functions of this enzyme.

ACTIVATION OF Nox1 IN GUINEA-PIG
GASTRIC PIT CELLS

Primary cultures of guinea-pig gastric mucosal cells are
extremely sensitive to LPS from H. pylori as well as E. coli.
Under LPS-free conditions, these cells respond to LPS from
type I H. pylori (2.1 endotoxin units/ml or higher), but not to
less-virulent type II strains, and upregulate O2

� generation
10-fold (48). Lipid A is a bioactive component for the prim-
ing (48). The guinea-pig cells constitutively express Nox1,
p22phox, p67phox, its homolog NOXA1, and Rac1. The LPS
treatment not only increases the Nox1 mRNA to a greater ex-

tent but also newly induces expression of the transcript en-
coding NOXO1, required for the Nox1 activity (45). Because
mRNAs for Nox2, Nox3, and Nox4 were not detected in
guinea pig gastric mucosal cells, even after treatment with H.
pylori LPS, as well as in the quiescent cells (45 and unpub-
lished observations), it is likely that Nox1 is responsible for
the enhanced ROS generation by gastric pit cells primed with
LPS. In addition, H. pylori LPS activates Rac1 (i.e., conver-
sion of Rac1 to the GTP-bound state). A phosphoinositide 3-
kinase (PI3K) inhibitor LY294002 blocked the H. pylori
LPS-induced Rac1 activation and O2

� generation without af-
fecting the expression of Nox1 and NOXO1 mRNAs. This
inhibition was completely restored by transfection of an ade-
noviral vector encoding a constitutively active Rac1 (G12V)
(45) (Fig. 2).

As shown in Fig. 2A, for activation of the phagocyte
NADPH oxidase containing gp91phox (Nox2) as the catalytic
center, two switches are required to be turned on at the same
time: conformational change of p47phox and activation of Rac.
The conformational change of p47phox allows its SH3 domains
to bind to p22phox, which interaction is crucial for the oxidase
activation; the SH3 domains are normally masked via in-
tramolecular interaction with the autoinhibitory region.

A hypothetical model for activation of Nox1 in guinea-pig
gastric pit cells is shown in Fig. 2B. In guinea-pig gastric pit
cells, the H. pylori LPS-stimulated upregulation of O2

� pro-

FIG. 2. A hypothetical model for Nox1 activation.
(A) In response to appropriate stimuli, cytosolic
components (p67phox, p47phox, and p40phox) assemble
with p22phox and Nox2 in association with activation
of Rac2, leading to stimulation of the respiratory-
burst response. (B) Guinea-pig gastric pit cells re-
spond to H. pylori LPS and markedly increase O2

�

generation. In this case, the LPS not only increases
the Nox1 mRNA to a greater extent but also newly
induces expression of the message encoding Nox
organizer 1 (NOXO1), a novel p47phox homologue,
required for the Nox1 activity. In addition, H. pylori
LPS activates Rac1, probably in a PI3K-dependent
manner. The activation of gastric Nox1 requires two
distinct events: transcriptional upregulation of Nox1
and NOXO1, and activation of Rac1.
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duction may require two distinct events: transcriptional acti-
vation of Nox1 and NOXO1, and activation of Rac1. Because
NOXO1 lacks the autoinhibitory region (7, 30, 72), NOXO1
is capable of binding via its SH3 domains to p22phox without
any conformational changes (72). Once Noxo1 is synthesized
together with Nox1 as in the LPS-treated gastric mucosal
cells, Nox1 complexed with p22phox is expected to interact
constitutively with NOXO1, thereby being in a quasi-acti-
vated state. Because coexpression of Nox1 and p22phox results
in enhanced O2

� generation and increased stabilization of
both components (2, 47, 72), Nox1 and p22phox are likely to
function as a heterodimeric complex. Although each compo-
nent is not yet proven to be part of the complex in the gastric
pit cells, the mechanism for the regulation of Nox1 may be in
some respects similar to that already well known for Nox2
(Fig. 2). In a previous study (48), we reported that the amount
of a 67-kDa protein that cross-reacted with an antibody
against human p67phox increased in parallel with elevation of
O2

� generation after treatment with H. pylori LPS. Using a
new antibody against recombinant human p67phox, it was sub-
sequently confirmed that the guinea-pig p67phox with a molec-
ular mass of 63 kDa was not affected by H. pylori LPS (45).

The activation of Rac may serve as a switch for activation
of Nox1 as well as for that of gp91phox. In agreement with
this, the Nox activators p67phox (49) and NOXA1 (72) are ca-
pable of binding to GTP-bound Rac but not to GTP-bound
Cdc42. At present, the mechanism for Toll-like receptor
(TLR) 4–mediated activation of Rac1 is still unknown. The
kinetics of activation of Rac2 in fMLP-stimulated neutrophils
coincides with rapid and transient generation of O2

� (1). Ac-
tivation of the small GTPase is regulated by guanine-
nucleotide exchange factor (GEF) (for a review, see ref. 77)
and GTPase-activating protein (GAP) (for a review, see ref.
58). In neutrophils, Nox2 may be regulated by GAPs includ-
ing breakpoint cluster region protein, p50RhoGAP, and
p190RhoGAP (28). Recently, it has been shown that ROS
production in growth factor–stimulated cells is mediated by
the sequential activation of PI3K, a Rac-GEF (�Pix), and
Rac1 (62). More recently, using Rac1 mutants or Noxa1 mu-
tants defective in Rac binding or short interfering RNA-medi-
ated Rac1 silencing, Ueyama et al. (76) have also shown that
the assembling and activation of multicomponent oxidase
Nox1 are regulated by Rac1 as well as by NOXO1 and
NOXA1 (76), also supporting an important role of Rac1 in
the regulation of Nox1 activity in gastric pit cells. In contrast
to the transient activation of Rac2 in neutrophils, the LPS-
stimulated activation of Rac1 lasts for up to 16 h in parallel
with persistent elevation of spontaneous O2

� generation (45),
suggesting that the gastric epithelium may have a unique reg-
ulatory system for Rac1. However, the system remains to be
elucidated.

FUNCTIONS OF Nox1 IN THE STOMACH

The phagocyte NADPH oxidase is dormant in resting
cells. Phagocytosis or stimulation by phorbol diesters initi-
ates release of large amounts of O2

�. This respiratory burst
activity is essential for killing ingested microbes. Once
phagocytosis has been completed, the respiratory burst de-
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clines and eventually ceases. In contrast, kinetics of O2
� gen-

eration by Nox1 in guinea-pig gastric pit cells is strikingly
different from that by phagocyte NADPH oxidase (Nox2).
Gastric pit cells continue to produce O2

� spontaneously for
48 h or longer, suggesting that Nox1 may regulate more-
fundamental cell functions. After starting cultivation, the
magnitude of O2

�-producing capability of guinea-pig gastric
pit cells coincides with their mitogenic activity (73). Scav-
enging of ROS, particularly H2O2, suppresses their growth
and accelerates the apoptosis of aged cells. Thus, ROS proba-
bly derived from Nox1 play an essential role in the cell
growth and the maintenance of matured cells, at least in vitro
(73). NF-�B activated by the ROS is an important survival
signal in these cells (73).

Quiescent guinea-pig gastric pit cells in primary culture
produce small amounts of O2

� (<10 nmol/mg protein/h),
but once primed with H. pylori LPS, they increased O2

�

generation 10-fold in association with the induction of
Nox1 and NOXO1, and probably with activation of Rac1
(45). It takes about 8 h for this priming. The rate of O2

�

production by the LPS-primed cells (100 nmol/mg pro-
tein/h) is nearly equivalent to that of mouse peritoneal mac-
rophages, although this amount was not enough to kill H.
pylori directly in vitro (48, 74). Surface mucous epithelial
cells serve a primary protective role against irritants by
providing a mucus coat. They also play an important role in
host defense as well, producing proinflammatory mediators
after the interaction with the pathogenic microbe. Stimula-
tion of TLR4 by H. pylori LPS activated NF-�B within 30
min, followed by upregulation of O2

� production within 8 h
(45, 48). Enhanced production of ROS further augmented
NF-�B activation, leading to prolonged expression of the
tumor necrosis factor (TNF)-� and cyclooxygenase II
mRNAs (45, 73), suggesting that Nox1 may be one of the
key molecules representing the initial trigger for host in-
nate and immune response against H. pylori.

It should be noted that the Nox1-mediated cellular events
may be peculiar to guinea-pig gastric epithelial cells, be-
cause the Nox1 has never been documented in the human
stomach (Fig. 1 and ref. 30). According to the studies with
guinea-pig gastric pit cells, we expected that H. pylori infec-
tion induced abundant Nox1 and NOXO1 proteins in the
human gastric mucosa. However, Nox1 and NOXO1 could
not be detected in superficial gastritis and chronic atrophic
gastritis with intestinal metaplasia (unpublished observa-
tions). This is also supported by a recent report that the Nox1
transcript is absent in gastric biopsy specimens from elderly
patients, even with chronic active gastritis (67). Thus, H. py-
lori infection alone does not induce Nox1 in the human
stomach. Conversely, the mRNAs for Nox1 and NOXO1
were specifically coexpressed in both intestinal- and diffuse-
type adenocarcinomas (Fig. 3).

We also confirmed that Nox1 and NOXO1 proteins were
coexpressed in gastric adenocarcinomas, whereas they were
absent in accompanying normal or chronic atrophic tissues
(unpublished observations). These results raise the possibil-
ity that the dysregulated expression of Nox1 and NOXO1
may be associated with oxygen radical–related carcinogene-
sis in the stomach. Further studies are required to prove this
hypothesis.

14312c14.pgs  8/30/06  8:24 AM  Page 1576



Nox1 IN LARGE INTESTINAL EPITHELIAL
CELLS

In contrast to the guinea pig and human stomachs, Nox1
protein is constitutively expressed in surface mucous epithe-
lial cells of the guinea pig and human colons. We have estab-
lished primary cultures of guinea-pig large intestinal epithe-
lial cells (LIECs), and found that freshly isolated and cultured
guinea-pig LIECs constitutively express Nox1, NOXO1,
p67phox, NOXA1, p22phox, and Rac1 (46). This Nox1 is fully
activated and spontaneously secretes O2

� at a higher rate
(~160 nmol/mg protein/h) than guinea-pig gastric Nox1
primed with H. pylori LPS (~100 nmol/mg protein/h). The
amount is again not enough to suppress the growth of Salmo-
nella enteritidis or kill the bacterium in vitro (46).

In contrast, human colon cancer cell lines (T84 and Caco2
cells) produce only small amounts of O2

� (<2 nmol/mg pro-
tein/h). In this case, NOXO1 and NOXA1 are absent or
poorly expressed, respectively. T84 cells can be used for
studying the mechanism for activation of Nox1 in LIECs.
When the NOXO1 cDNA was transfected, T84 cells aug-
mented O2

� production in response to phorbol 12-myristate
13-acetate (PMA). Overproduction of NOXA1 additionally
increased the O2

�-generating capability, whereas transfection
of the p67phox was not effective. NOXA1 lacks putative do-
mains to interact with p40phox, and colonic epithelial cells did
not have p40phox. Thus, NOXA1, rather than p67phox, is likely
to be a physiologic partner with Nox1 and NOXO1 in catalyz-
ing an electron transfer from NADPH to molecular oxygen
(46).

At present, physiologic roles of colonic Nox1 are not fully
understood. Nox1 protein is expressed in the terminally dif-
ferentiated cells in the colon, suggesting that Nox1 may have
other roles besides mitogenic properties. Nox1 expression in
Caco2 and T84 cells increases along with differentiation (29).
Nox1 in LIECs appears to participate in the local innate im-
mune response. When T84 cells overexpressing NOXO1 and
NOXA1 were exposed to bacterial components, they re-
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sponded to a recombinant structural protein of flagella fila-
ment (rFliC) from S. enteritidis and upregulated O2

� genera-
tion fourfold. However, none of LPS from H. pylori or E. coli,
peptidoglycan from S. aureus, and CpG DNA increased the
O2

� production (46). Intestinal epithelial cells, including T84
and Caco2 cells, express TLR5, and bacterial flagellin stimu-
lates the TLR5 signaling, leading to the activation of proin-
flammatory signals, particularly NF-�B pathway (33, 37).
T84 cells show highly polarized expression of TLR5 on the
basolateral surface (33, 38). Certain flagellated bacteria are
capable of translocating flagellin and stimulating TLR5 (38).
Guinea-pig gastric pit cells are sensitive to LPS (48, 74),
whereas large intestinal epithelial cells preferentially use
TLR5 for augmentation of Nox1-mediated O2

� production
(46). This difference in the sensitivity may reflect luminal en-
vironments: LIECs are always exposed to gram-negative bac-
teria. Thus, surface mucous epithelial cells of the stomach
and colon may use different TLR members in recognizing re-
spective pathogenic microbes, activate Nox1, and finally pro-
duce defensive mediators. These results strongly suggest that
the Nox1 activation constitutes early responses in epithelial
cells against pathogens for the host defense. The evidence
that interferon (IFN)-� can stimulate induction of Nox1 in
large intestinal epithelial cells further supports an important
role in mucosal host defense (29, 46). At the same time, it is
probable that Nox1-derived ROS are involved in the initiation
and/or potentiation of mucosal inflammation and inflamma-
tory bowel diseases. Studies of patients and mouse models
have revealed that Crohn disease is driven by overproduction
of interleukin (IL)-12, IFN-�, and TNF-� (10). ROS derived
from IFN-�–activated Nox1 may be involved in the pathogen-
esis of TH1-mediated inflammatory diseases such as Crohn
disease. At present, we do not know whether the IFN-�–de-
pendent activation of the Nox1 expression actually partici-
pates in mucosal host defense or inflammation. Additional
experiments are required to test the hypothesis.

REGULATION OF Nox1 EXPRESSION

The human Nox1 gene consists of 13 exons spanning ap-
proximately 31.49 kbp of genomic DNA. Nox1 shows tissue-
specific distribution and has been recognized as an inducible
O2

�-producing enzyme: IFN-� (29, 46), 1�,25-dihydroxyvit-
amin D3 (29), or TLR ligand (46) induces Nox1 in large in-
testinal epithelial cells, and angiotensin II (78), prostaglandin
F2� (44), or platelet-derived growth factor (44) stimulates
the induction in vascular smooth muscle cells. To the best of
our knowledge, the upregulation of Nox1 transcript expres-
sion is accompanied by increase in its protein level. To under-
stand the functions of Nox1, it is particularly important to
elucidate the mechanism for transcription of this gene. How-
ever, the underlying mechanisms are not fully documented.

Recently, we have found that IFN-� stimulates the tran-
scription of the human Nox1 gene as well as the Nox2 gene
(52). The regulatory mechanism for the transcription of the
Nox1 gene expressed in a wide variety of nonphagocytic cells
should be distinct from that of the Nox2 gene dominantly ex-
pressed in myeloid cells. IFN-� has been proposed positively
to regulate transcription of the Nox2 gene through at least

FIG. 3. Expression of Nox1 and NOXO1 mRNAs in human
gastric cancer. (A) A multiple tissue Northern blot mem-
brane (MTN; Clontech) was subjected to Northern blotting,
and Nox1 and NOXO1 mRNAs are expressed in gastric adeno-
carcinoma. (B) Custom-designed human stomach tumor cDNA
panels were purchased from BioChain Institute (Hayward,
CA). Expression of mRNAs for Nox1, NOXO1, and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) in normal and
intestinal- or diffuse-type adenocarcinomas was examined by
reversed transcription–polymerase chain reaction.
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three different pathways. First, BID/YY 1 binds to the four
binding sites in a region from �90 to �355 bp of the pro-
moter after maturation-dependent dissociation of the tran-
scriptional repressor CCAAT box binding protein (22, 42,
56). Second, IFN-� stimulates the binding of PU.1 or the
complex hematopoietic-associated factor-1 (HAF-1), consist-
ing of PU.1, interferon regulatory factor 1, IFN consensus
sequence-binding protein, and cAMP-responsive element-
binding protein (CREB)-binding protein, to the PU.1/
hematopoietic-associated factor-1–binding element centered
at �53 bp of the promoter (16, 23, 70). Last, signal transduc-
ers and activators of transcription 1 (STAT1) associated with
the �-activated sequence (GAS) element at bp �100 of the
promoter (16, 51).

Mutation of the PU.1/HAF-1–binding element (PU box) in
the Nox2 promoter results in chronic granulomatous disease
(50, 60, 70). The Nox1 promoter lacks this element and prox-
imally (up to �2 kbp) does not contain any common binding
sites for IFN-�–responsive transcription factors. The proxi-
mal 2-kbp fragment does not respond to this cytokine. Within
the 5�-flanking region of the Nox1 promoter, one GAS ele-
ment located between �3818 and �3810 bp is crucial for the
IFN-�–induced transcription of the Nox1 gene (52). The mu-
tation of GAS almost completely abrogates the IFN-�–stimu-
lated activation of the 4.8-kbp proximal promoter of the Nox1
gene (Fig. 4).

The 500 bp-proximal promoter of the Nox1 gene that
contains binding sites for GATA or CDX factors appears to
be essential for the basal promoter activity (unpublished
observation).

With regard to intestinal-type gastric cancer, inappropriate
activation of specific developmental pathways is likely to be
involved in the development of intestinal metaplasia and
intestinal-type gastric carcinomas—that is, gastric epithelial
cells also deviate from their normal differentiation pathways
toward an intestinal phenotype (39, 79). Inappropriate activa-
tion of intestine-specific factors, including GATA6 and
CDX1/2, are likely candidates linked with the induction of
intestinal metaplasia. These factors may participate in the in-
appropriate activation of the human Nox1 gene. However, in-
testinal metaplasia alone does not induce Nox1 in gastric mu-
cosa. It is possible to speculate that enhanced TH1 cytokine
production might induce dysregulated expression of Nox1 in
the presence of intestine-specific transcription factors. In any
case, human gastric cancer specifically express Nox1, and
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Nox1 may be one of the key molecules for inflammation and
ROS-associated carcinogenesis in the human stomach.

Recently it was shown that a fine-tuned crosstalk occurs
between nitric oxide (NO) and ROS-generating systems.
Glomerular mesangial cells can produce high amounts of NO
and ROS (65). In this case, NO downregulates the expression
of Nox1 in rat renal mesangial cells. Thus, the crosstalk may
regulate the course and outcome of inflammatory disorders.
Using a mitochondrial gene knockout [rho(0)] cell line, Des-
ouki et al. (19) recently showed that levels of mitochondrial-
derived O2

� positively regulate the expression of Nox1, sug-
gesting a crosstalk between the two O2

�-generating systems
(19). LPS-stimulated expression of Nox1 is profoundly sup-
pressed in the presence of antioxidants (Kuwano Y, Kawahara
T, Rokutan K, unpublished observations); therefore intracel-
lular redox may also control the Nox1 expression level. Thus,
in addition to the factors described earlier, possibly other me-
diators are able to upregulate the Nox1 expression in different
types of cells. Therefore, multiple trans factors and cis ele-
ments may regulate transcription of the Nox1 gene, depend-
ing both on the cell type and on the particular agonist used.
Further studies will likely reveal multiple pathways for trans-
activation of the Nox1 gene, paralleling closely the tissue-
specific function of Nox1-derived ROS.

Nox1 AND COLON CANCER

Earlier studies showed that injection of NIH 3T3 cells
overexpressing Nox1 into nude mice stimulated generation of
O2

� and H2O2 for tumorigenic and angiogenic functions in
the mice (4, 5, 69), suggesting a possible role of Nox1 in mi-
togenic regulation and carcinogenesis. However, subsequent
studies have revealed that the Nox1-transfected cells also
carry a mutation of Ras that may account for the abnormal
cell growth and transformation (54). In regard to the expres-
sion of the Nox1 mRNA in the normal colon, Geiszt et al.
(29) reported that the Nox1 transcript expressed mainly
within the lower two thirds of mouse colon crypts, where ep-
ithelial cells undergo proliferation and differentiation. They
also showed colon-specific Nox1 expression, predominantly
in differentiated epithelial tumors. Furthermore, differentia-
tion of colon cancer cell lines (Caco2 and HT29 cells) with
1�,25-dihydroxyvitamin D3 or IFN-� enhances Nox1 expres-
sion and decreases cell proliferation (29), suggesting that

FIG. 4. Involvement of GAS element in IFN-
�–dependent Nox1 promoter activity in T84
cells. T84 cells were transfected with pGL vector
alone or with pGL containing the �4831/+195-bp
segment of the Nox1 gene (pGL-4831) or the seg-
ment carrying the mutated GAS sequence (pGL-
4831 GAS mt). Transfection efficacy was standard-
ized by co-transfection with pCMV-�. The mutated
nucleotides (AATGGCTCCAAGGGAAACTCC)
are underlined. These cells were incubated without 

(open bars) or with 1,000 U/ml IFN-� (black bars) for 6 h and then subjected to the luciferase assay. Values are expressed as mean
± SD in three independent experiments. LUC, Luciferase reporter construct in pGL. [Data published in Kuwano et al. (52) are
used with permission.]
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Nox1 does not function as a mitogenic oxidase in colonic ep-
ithelial cells. According to the immunohistochemical analysis
(27), Nox1 protein displays maturation-dependent expression
along with upward migration, and surface mucous epithelial
cells contain the most abundant Nox1 protein in normal colon
tissues. Recently, Szanto et al. (71) precisely examined the
Nox1 mRNA levels in human colon samples derived from
healthy control subjects and patients with colon cancer or in-
flammatory bowel diseases. In normal tissues, NOX1 expres-
sion is low in the ileum, intermediate in the right colon, and
high in the left colon. They failed to detect statistical differ-
ence in NOX1 expression between samples derived from ade-
nomas, or well-differentiated or poorly differentiated adeno-
carcinomas. At a cellular level, Nox1 is highly expressed in
colon epithelial cells, both within the crypts and on the lumi-
nal surface. They also reported the presence of Nox1-positive
lymphocytes in the appendix, and lymphocytes in lesions of
Crohn disease and ulcerative colitis (71). According to their
data, Nox1 constitutively expressed in colon epithelium is an
enzyme probably participating in host defense function, but
not being associated with tumorigenesis. In addition, they
suggest a potential role of Nox1-positive lymphocytes in the
pathogenesis of inflammatory bowel diseases. Thus, contro-
versy still exists about the involvement of Nox1 in the patho-
genesis of colon cancer.

Colon cancer develops in an orderly fashion from normal
mucosa, adenoma, carcinoma-in-situ, and frank cancer
through the accumulation of several discrete genetic events
(26, 43). We have precisely examined the Nox1 protein ex-
pression in human colon tissues from patients with adenomas
or adenocarcinomas (27). Adenomas and well-differentiated
adenocarcinomas upregulate Nox1 expression, whereas
poorly differentiated adenocarcinomas scarcely express
Nox1. Ki-67–negative, well-differentiated tumor cells con-
tain abundant Nox1, whereas Ki-67–positive, proliferating
cells do not express it (27). Thus, overexpression of Nox1
may not be directly linked to mitogenic activity of colon can-
cer cells. This differentiation-dependent expression in normal
as well as tumor tissues suggests distinct roles of Nox1 be-
sides mitogenic function. However, NF-�B is predominantly
activated in adenoma and adenocarcinoma cells expressing
abundant Nox1 (27), suggesting a putative role of Nox1-
derived ROS in the activation of NF-�B. Although Nox1 pro-
tein is expressed in both normal and malignant colon tissues,
Nox1 is overproduced in the precancerous stage (benign
polyps), and ROS produced by overexpressed Nox1 may in-
crease a risk of colon cancer by exerting their genotoxic and
proinflammatory properties. Nox1-derived ROS activate cru-
cial components for mitogen signaling, including p38
mitogen-activated protein kinase, Akt/protein kinase B, and
tyrosine phosphatase (21, 35). ROS also stimulate expression
of NF-�B–linked antiapoptotic proteins (6). Scavenging or
inhibition of ROS produced by Nox enzymes increases sensi-
tivity to apoptosis in melanoma cells (15), airway smooth
muscle cells (12), prostate cancer cells (11), and gastric pit
cells (73). Thus, ROS derived from Nox1 might exert a
cancer-promoting effect by increasing resistance to pro-
grammed cell death of tumor cells.

Epidemiologic studies as well as gene-manipulation stud-
ies in animals provide us with opportunities for early inter-
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vention to arrest or retarded the carcinogenic process. Non-
steroidal antiinflammatory drugs, calcium, folic acid, antioxi-
dants, and dietary constituents are applied for this purpose
(43). Efficacy of the drugs and antioxidants suggests that
Nox1 may be a potential target for chemoprevention of colon
cancer.

ABBREVIATIONS

Nox, NADPH oxidase 1; Duox, dual oxidase; TLR, Toll-
like receptor; H. pylori, Helicobacter pylori; S. enteritidis,
Salmonella enteritidis, ROS, reactive oxygen species; O2

�,
superoxide anion; NF-�B, nuclear factor-�B; LPS,
lipopolysaccharide; NOXO1, Nox organizer 1; NOXA1, Nox
activator 1; PI3K, phosphoinositide 3-kinase; GEF, guanine-
nucleotide exchange factor; GAP, GTPase-activating protein;
TNF-�, tumor necrosis factor �; LIECs, large intestinal ep-
ithelial cells; PMA, phorbol 12-myristate 13-acetate; IFN-�,
interferon-�; IL, interleukin; STAT1, signal transducers and
activators of transcription 1; GAS, �-activated sequence; NO,
nitric oxide.

REFERENCES

1. Akasaki T, Koga H, and Sumimoto H. Phosphoinositide 3-
kinase-dependent and -independent activation of the small
GTPase Rac2 in human neutrophils. J Biol Chem 274:
18055–18059, 1999.

2. Ambasta RK, Kumar P, Griendling KK, Schmidt HH,
Busse R, and Brandes RP. Direct interaction of the novel
Nox proteins with p22phox is required for the formation of a
functionally active NADPH oxidase. J Biol Chem 279:
45935–45941, 2004.

3. Ameziane-El-Hassani R, Morand S, Boucher JL, Frapart
YM, Apostolou D, Agnandji D, Gnidehou S, Ohayon R,
Noel-Hudson MS, Francon J, Lalaoui K, Virion A, and
Dupuy C. Dual oxidase-2 has an intrinsic Ca2+-dependent
H2O2-generating activity. J Biol Chem 280: 30046–30054,
2005.

4. Arbiser JL, Petros J, Klafter R, Govindajaran B, McLaugh-
lin ER, Brown LF, Cohen C, Moses M, Kilroy S, Arnold
RS, and Lambeth JD. Reactive oxygen generated by Nox1
triggers the angiogenic switch. Proc Natl Acad Sci U S A
99: 715–720, 2002.

5. Arnold RS, Shi J, Murad E, Whalen AM, Sun CQ,
Polavarapu R, Parthasarathy S, Petros JA, and Lambeth JD.
Hydrogen peroxide mediates the cell growth and transfor-
mation caused by the mitogenic oxidase Nox1. Proc Natl
Acad Sci U S A. 98: 5550–5555, 2001.

6. Baldwin AS. Control of oncogenesis and cancer therapy
resistance by the transcription factor NF-�B. J Clin Invest
107: 241–246, 2001.

7. Banfi B, Clark RA, Steger K, and Krause KH. Two novel
proteins activate superoxide generation by the NADPH ox-
idase NOX1. J Biol Chem 278: 3510–3513, 2003.

8. Banfi B, Malgrange B, Knisz J, Steger K, Dubois-Dauphin
M, and Krause KH. NOX3, a superoxide-generating

14312c14.pgs  8/30/06  8:24 AM  Page 1579



NADPH oxidase of the inner ear. J Biol Chem 279: 46065–
46072, 2004.

9. Banfi B, Molnar G, Maturana A, Steger K, Hegedus B, De-
maurex N, and Krause KH. A Ca2+-activated NADPH oxi-
dase in testis, spleen, and lymph nodes. J Biol Chem 276:
37594–37601, 2001.

10. Bouma G and Strober W. The immunological and genetic
basis of inflammatory bowel disease. Nat Rev Immunol 3:
521–533, 2003.

11. Brar SS, Corbin Z, Kennedy TP, HemendingerR, Thornton
RL, Bommarius B, Arnold RS, Whorton AR, Sturrock AB,
Huecksteadt TP, Quinn MT, Krenitsky K, Ardie KG, Lam-
beth JD, and Hoidal JR. NOX5 NAD(P)H oxidase regu-
lates growth and apoptosis in DU 145 prostate cancer
cells. Am J Physiol Cell Physiol 285: C353–C369, 2003.

12. Brar SS, Kennedy TP, Sturrock AB, Huecksteadt TP, Quinn
MT, Murphy TM, Chitano P, and Hoidal JR. NADPH oxi-
dase promotes NF-�B activation and proliferation in
human airway smooth muscle. Am J Physiol Lung Cell
Mol Physiol 282: L782–L795, 2002.

13. Chang CS, Chen WN, Lin HH, Wu CC, and Wang CJ. In-
creased oxidative DNA damage, inducible nitric oxide
synthase, nuclear factor kappaB expression and enhanced
antiapoptosis-related proteins in Helicobacter pylori-
infected non-cardiac gastric adenocarcinoma. World J
Gastroenterol 10: 2232–2240, 2004.

14. Cheng G and Lambeth JD. NOXO1, regulation of lipid
binding, localization, and activation of Nox1 by the Phox
homology (PX) domain. J Biol Chem 279: 4737–4742,
2004.

15. Clement MV and Stamenkovic I. Superoxide anion is a
natural inhibitor of FAS-mediated cell death. EMBO J 15:
216–225, 1996.

16. Contursi C, Wang IM, Gabriele L, Gandina M, O’Shea J,
Morse HC 3rd, and Ozato K. IFN consensus sequence
binding protein potentiates STAT1-dependent activation of
IFN-�-responsive promoter in macrophages. Proc Natl
Acad Sci U S A 97: 91–96, 2000.

17. Coussens LM and Werb Z. Inflammation and cancer. Na-
ture 420: 860–867, 2002.

18. De Deken X, Wang D, Many MC, Costagliola S, Libert F,
Vassart G, Dumont JE, and Miot F. Cloning of two human
thyroid cDNAs encoding new members of the NADPH ox-
idase family. J Biol Chem 275: 23227–23233, 2000.

19. Desouki MM, Kulawiec M, Bansal S, Das GM, and Singh
KK. Cross talk between mitochondria and superoxide gen-
erating NADPH oxidase in breast and ovarian tumors.
Cancer Biol Ther 4: 1367–1373, 2005.

20. Dikalova A, Clempus R, Lassegue B, Cheng G, McCoy J,
Dikalov S, San Martin A, Lyle A, Weber DS, Weiss D, Tay-
lor WR, Schmidt HH, Owens GK, Lambeth JD, and
Griendling KK. Nox1 overexpression potentiates an-
giotensin II-induced hypertension and vascular smooth
muscle hypertrophy in transgenic mice. Circulation 112:
2668–2676, 2005.

21. Dröge W. Free radicals in the physiological control of cell
function. Physiol Rev 82: 47–95, 2002.

22. Dupuy C, Ohayon R, Valent A, Noel-Hudson MS, Dème
D, and Virion A. Purification of a novel flavoprotein in-

1580 ROKUTAN ET AL.

volved in the thyroid NADPH oxidase. J Biol Chem 274:
37265–37269, 1999.

23. Eklund EA and Kakar R. Recruitment of CREB-binding
protein by PU.1, IFN-regulatory factor-1, and the IFN con-
sensus sequence-binding protein is necessary for IFN-g-
induced p67phox and gp91phox expression. J Immunol 163:
6095–6105, 1999.

24. Eklund EA, Luo W, and Skalnik DG. Characterization of
three promoter elements and cognate DNA binding pro-
tein(s) necessary for IFN-� induction of gp91-phox tran-
scription. J Immunol 157: 2418–2429, 1996.

25. El Hassani RA, Benfares N, Caillou B, Talbot M, Sabourin
JC, Belotte V, Morand S, Gnidehou S, Agnandji D, Ohayon
R, Kaniewski J, Noel-Hudson MS, Bidart JM, Schlum-
berger M, Virion A, and Dupuy C. Dual oxidase2 is ex-
pressed all along the digestive tract. Am J Physiol Gas-
trointest Liver Physiol 288: G933–G942, 2005.

26. Fearon B and Vogelstein ER. A genetic model for colorec-
tal tumorigenesis. Cell 61: 759–767, 1990.

27. Fukuyama M, Rokutan K, Sano T, Miyake H, Shimada M,
and Tashiro S. Overexpression of a novel superoxide-
producing enzyme, NADPH oxidase 1, in adenoma and
well differentiated adenocarcinoma of the human colon.
Cancer Lett 221: 97–104, 2005.

28. Geiszt M, Dagher MC, Molnar G, Havasi A, Faure J, Paclet
MH, Morel F, and Ligeti E. Characterization of mem-
brane-localized and cytosolic Rac-GTPase-activating pro-
teins in human neutrophil granulocytes: contribution to the
regulation of NADPH oxidase. Biochem J 355:851–858,
2001.

29. Geiszt M, Lekstrom K, Brenner S, Hewitt SM, Dana R,
Malech HL, and Leto TL. NAD(P)H oxidase 1, a product
of differentiated colon epithelial cells, can partially replace
glycoprotein gp91phox in the regulated production of super-
oxide by phagocytes. J Immunol 171: 299–306, 2003.

30. Geiszt M, Lekstrom K, Witta J, and Leto TL. Protein ho-
mologous to p47phox and p67phox support superoxide pro-
duction by NAD(P)H oxidase 1 in colon epithelial cells. J
Biol Chem 278: 20006–20012, 2003.

31. Geiszt M and Leto TL. The Nox family of NAD(P)H oxi-
dases: host defence and beyond. J Biol Chem 279:
51715–51718, 2004.

32. Geiszt M, Witta J, Baffi J, Lekstrom K, and Leto TL. Dual
oxidases represent novel hydrogen peroxide sources sup-
porting mucosal surface host defense. FASEB J 17:
1502–1504, 2003.

33. Gewirtz AT, Navas TA, Lyons S, Godowski PJ and Madara
JL. Bacterial flagellin activates basolaterally expressed
TLR5 to induce epithelial proinflammatory gene expres-
sion. J Immnol 167:1882–1185, 2001.

34. Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan
LJ, Kagnoff MF, and Karin M. IKK� links inflammation
and tumorigenesis in a mouse model of colitis-associated
cancer. Cell 118: 285–296, 2004.

35. Griendling KK, Sorescu D, Lassegue B, and Ushio-Fukai
M. Modulation of protein kinase activity and gene expres-
sion by reactive oxygen species and their role in vascular
physiology and pathophysiology. Arterioscler Thromb Vasc
Biol 20: 2175–2183, 2000.

14312c14.pgs  8/30/06  8:24 AM  Page 1580



36. Harrison D, Griendling KK, Landmesser U, Hornig B, and
Drexler H. Role of oxidative stress in atherosclerosis. Am J
Cardiol 91: 7A–11A, 2003.

37. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett
RG, Eng JK, Akira S, Underhill DM, and Aderem A. The in-
nate immune response to bacterial flagellin is mediated by
Toll-like receptor 5. Nature 410: 1099–1103, 2001.

38. Hershberg RM. The epithelial cell cytoskeleton and intra-
cellular trafficking. V. Polarized compartmentalization of
antigen processing and Toll-like receptor signaling in in-
testinal epithelial cells. Am J Physiol Gastrointest Liver
Physiol 283: G833–G839, 2002.

39. Houghton J and Wang TC. Helicobacter pylori and gastric
cancer: a new paradigm for inflammation-associated ep-
ithelial cancers. Gastroenterology 128: 1567–1578, 2005.

40. Huber MA, Azoitei N, Baumann B, Grunert S, Sommer A,
Pehamberger H, Kraut N, Beug H, and Wirth T. NF-�B is
essential for epithelial-mesenchymal transition and metas-
tasis in a model of breast cancer progression. J Clin Invest
114: 569–581, 2004.

41. Itzkowitz SH and Yio X. Inflammation and cancer IV: col-
orectal cancer in inflammatory bowel disease: the role of
inflammation. Am J Physiol Gastrointest Liver Physiol
287: G7–17, 2004.

42. Jacobsen BM and Skalnik DG. YY1 binds five cis-
elements and trans-activates the myeloid cell-restricted
gp91phox promoter. J Biol Chem 274: 29984–29993, 1999.

43. Jänne PA and Mayer RJ. Chemoprevention of colorectal
cancer. N Engl J Med 342: 1960–1968, 2000.

44. Katsuyama M, Fan C, Arakawa N, Nishinaka T, Miyagushi
M, Taira K, and Yabe-Nishimura C. Essential role of ATF-1
in induction of NOX1, a catalytic subunit of NADPH oxi-
dase: involvement of mitochondrial respiratory chain.
Biochem J 386: 255–261, 2005.

45. Kawahara T, Kohjima M, Kuwano Y, Mino H, Teshima-
Kondo S, Takeya R, Tsunawaki S, Wada A, Sumimoto H,
and Rokutan K. Helicobacter pylori lipopolysaccharide
activates Rac1 and transcription of NADPH oxidase Nox1
and its organizer NOXO1 in guinea pig gastric mucosal
cells. Am J Physiol Cell Physiol 288: C450–C457, 2005.

46. Kawahara T, Kuwano Y, Teshima-Kondo S, Takeya R,
Sumimoto H, Kishi K, Tsunawaki S, Hirayama T, and
Rokutan K. Role of nicotinamide adenine dinucleotide
phosphate oxidase 1 in oxidative burst response to toll-like
receptor 5 signaling in large intestinal epithelial cells. J
Immunol 172: 3051–3058, 2004.

47. Kawahara T, Ritsick D, Cheng G, and Lambeth DL. Point
mutations in the proline-rich region of p22phox are domi-
nant inhibitors of Nox1- and Nox2-dependent reactive
oxygen generation. J Biol Chem 280: 31859–31869, 2005.

48. Kawahara T, Teshima S, Oka A, Sugiyama T, Kishi K, and
Rokutan K. Type I Helicobacter pylori lipopolysaccharide
stimulates toll-like receptor 4 and activates mitogen oxidase
1 in gastric pit cells. Infect Immun 69: 4382–4389, 2001.

49. Koga H, Terasawa H, Nunoi H, Takeshige K, Inagaki F, and
Sumimoto H. Tetratricopeptide repeat (TPR) motifs of
p67phox participate in interaction with the small GTPase
Rac and activation of the phagocyte NADPH oxidase. J
Biol Chem 274: 25051–25060, 1999.

ROLES OF Nox1-DERIVED ROS IN THE GI TRACT 1581

50. Kumatori A, Faizunnessa NN, Suzuki S, Moriuchi T,
Kurozumi H, and Nakamura M. Nonhomologous recombi-
nation between the cytochrome b558 heavy chain gene
(CYBB) and LINE-1 causes an X-linked chronic granulo-
matous disease. Genomics 53: 123– 128, 1998.

51. Kumatori A, Yang D, Suzuki S, and Nakamura M. Cooper-
ation of STAT-1 and IRF-1 in interferon-gamma-induced
transcription of the gp91phox gene. J Biol Chem 277: 9103–
9111, 2002.

52. Kuwano Y, Kawahara T, Yamamoto H, Teshima-Kondo
S, Tominaga K, Masuda K, Kishi K, Morita K, and
Rokutan K. Interferon-g activates transcription of
NADPH oxidase 1 gene and up-regulates production of
superoxide anion by human large intestinal epithelial
cells. Am J Physiol Cell Physiol 290: C433–C443,
2006.

53. Lambeth JD. Nox/Duox family of nicotinamide adenine
dinucleotide (phosphate) oxidases. Curr Opin Hematol 9:
11–17, 2002.

54. Lambeth JD. Nox enzyme and the biology of reactive oxy-
gen. Nat Rev Immunol 4: 181–189, 2004.

55. Lassegue B, Sorescu D, Szocs K, Yin Q, Akers M, Zhang
Y, Grant SL, Lambeth JD, and Griendling KK. Novel
gp91phox homologues in vascular smooth muscle cells:
Nox1 mediates angiotensin II-induced superoxide forma-
tion and redox-sensitive signaling pathways. Circ Res 88:
888–894, 2001.

56. Luo W and Skalnik DG. CCAAT displacement protein
competes with multiple transcriptional activators for bind-
ing to four sites in the proximal gp91phox promoter. J Biol
Chem 271: 18203–18210, 1996.

57. Matsuno K, Yamada H, Iwata K, Jin D, Katsuyama M,
Matsuki M, Takai S, Yamanishi K, Miyazaki M, Matsubara
H, and Yabe-Nishimura C. Nox1 is involved in angiotensin
II-mediated hypertension: a study in Nox1-deficient mice.
Circulation 112: 2677–2685, 2005.

58. Moon SY and Zheng Y. Rho GTPase-activating proteins in
cell regulation. Trends Cell Biol 13:13–22, 2003.

59. Moreno JC, Bikker H, Kempers MJE, Van Trotsenburg P,
Baas F, de Vijlder JJM, Vulsma T, and Ris-Stalpers C. Inac-
tivating mutations in the gene for thyroid oxidase 2
(THOX2) and congenital hypothyroidism. N Engl J Med
347: 95–102, 2002.

60. Newburger PE, Skalnik DG, Hopkins PJ, Eklund EA, and
Curnutte JT. Mutations in the promoter region of the gene
for gp91-phox in X-linked chronic granulomatous disease
with decreased expression of cytochrome b558. J Clin In-
vest 94: 1205–1211, 1994.

61. Paffenholz R, Bergstrom RA, Pasutto F, Wabnitz P,
Munroe RJ, Jagla W, Heinzmann U, Marquardt A, Bareiss
A, Laufs J, Russ A, Stumm G, Schimenti JC, and
Bergstrom DE. Vestibular defects in head-tilt mice result
from mutations in Nox3, encoding an NADPH oxidase.
Genes Dev 18: 486–491, 2004.

62. Park HS, Lee SH, Park D, Lee JS, Ryu SH, Lee WJ, Rhee
SG, and Bae YS. Sequential activation of phosphatidyli-
nositol 3-kinase, beta Pix, Rac1, and Nox1 in growth
factor-induced production of H2O2. Mol Cell Biol 24:
4384– 4394, 2004.

14312c14.pgs  8/30/06  8:24 AM  Page 1581



63. Peek RM and Blaser MJ. Helicobacter pylori and gastroin-
testinal tract adenocarcinomas. Nat Rev Cancer 2: 28–37,
2002.

64. Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S,
Kasem S, Gutkovich-Pyest E, Urieli-Shoval S, Galun E, and
Ben-Neriah Y. NF-�B functions as a tumor promoter in
inflammation-associated cancer. Nature 431: 461–466, 2004.

65. Pleskova M, Beck KF, Behrens MH, Huwiler A,
Fichtlscherer B, Wingerter O, Brandes RP, Mulsch A, and
Pfeilschifter J. Nitric oxide down-regulates the expression
of the catalytic NADPH oxidase subunit Nox1 in rat renal
mesangial cells. FASEB J 20: 139–141, 2006.

66. Rokutan K, Yamada M, Torigoe J, and Saito T. Transform-
ing growth factor-� inhibits proliferation and maturation
of cultured guinea pig gastric pit cells. Am J Physiol Gas-
trointest Physiol 275: G526–G533, 1998.

67. Salles N, Szanto I, Herrmann F, Armenian B, Stumm M,
Stauffer E, Michel J-P, and Krause K-H. Expression of
mRNA for ROS-generating NADPH oxidases in the aging
stomach. Exp Gerontol 40: 353–357, 2005.

68. Sorescu D, Weiss D, Lassegue B, Clempus RE, Szocs K,
Sorescu GP, Valppu L, Quinn MT, Lambeth JD, Vega JD,
Taylor WR, and Griendling KK. Superoxide production
and expression of nox family proteins in human athero-
sclerosis. Circulation 105: 1429–1435, 2002.

69. Suh YA, Arnold RS, Lassegue B, Shi J, Xu X, Sorescu D,
Chung AB, Griendling KK, and Lambeth JD. Cell transfor-
mation by the superoxide-generating oxidase Mox1. Na-
ture 401: 79–82, 1999.

70. Suzuki S, Kumatori A, Haagen IA, Fujii Y, Sadat MA, Jun
HL, Tsuji Y, Roos D, and Nakamura M. PU.1 as an essen-
tial activator for the expression of gp91phox gene in human
peripheral neutrophils, monocytes, and B lymphocytes.
Proc Natl Acad Sci U S A 95: 6085–6090, 1998.

71. Szanto I, Rubbia-Brandt L, Kiss P, Steger K, Banfi B, Kovari
E, Hermann F, and Hadengue A. Expression of NOX1, a su-
peroxide-generating NADPH oxidase, in colon cancer and
inflammatory bowel disease. J Pathol 207:164–176, 2005.

72. Takeya R, Ueno N, Kami K, Taura M, Kohjima M, Izaki T,
Nunoi H, and Sumimoto H. Novel human homologues of

1582 ROKUTAN ET AL.

p47phox and p67phox participate in activation of superoxide-
producing NADPH oxidases. J Biol Chem 278: 25234–
25246, 2003.

73. Teshima S, Kutsumi H, Kawahara T, Kishi K, and Rokutan
K. Regulation of growth and apoptosis of cultured guinea
pig gastric mucosal cells by mitogen oxidase 1. Am J Phys-
iol Gastrointest Liver Physiol 279: G1169–G1176, 2000.

74. Teshima S, Rokutan K, Nikawa T, and Kishi K. Guinea pig
gastric mucosal cells produce abundant superoxide anion
through an NADPH oxidase-like system. Gastroenterol-
ogy 115: 1186–1196, 1998.

75. Uemura N, Okamoto S, Yamamoto S, Matsumura N, Yam-
aguchi S, Yamakido M, Taniyama K, Sasaki N and
Schlemper RJ. N Engl J Med 345: 784–789, 2001

76. Ueyama T, Geiszt M, and Leto TL. Involvement of Rac1 in
activation of multicomponent Nox1- and Nox3-based
NADPH oxidases. Mol Cell Biol 26: 2160–2174, 2006.

77. Welch HC, Coadwell WJ, Stephens LR, and Hawkins PT.
Phosphoinositide 3-kinase-dependent activation of Rac.
FEBS Lett 546: 93–97, 2003.

78. Wingler K, Wunsch S, Kreutz R, Rothermund L, Paul M,
and Schmidt HH. Upregulation of the vascular NAD(P)H-
oxidase isoforms Nox1 and Nox4 by the renin-angiotensin
system in vitro and in vivo. Free Radic Biol Med 31:
1456–1464, 2001.

79. Yuasa Y. Control of gut differentiation and intestinal-type
gastric carcinogenesis. Nat Rev Cancer 3: 592–600, 2003.

Address reprint requests to:
Kazuhito Rokutan, M.D.

Department of Stress Science
Institute of Health Biosciences

The University of Tokushima Graduate School
3-18-15 Kuramoto-cho

Tokushima 770–8503, Japan

E-mail: rokutan@basic.med.tokushima-u.ac.jp

Date of first submission to ARS Central, April 28, 2006; date
of acceptance, May 2, 2006.

14312c14.pgs  8/30/06  8:24 AM  Page 1582



This article has been cited by:

1. Jinah Choi. 2012. Oxidative stress, endogenous antioxidants, alcohol, and hepatitis C: pathogenic interactions and therapeutic
considerations. Free Radical Biology and Medicine . [CrossRef]

2. Mark F. McCarty. 2012. Minimizing the cancer-promotional activity of cox-2 as a central strategy in cancer prevention.
Medical Hypotheses 78:1, 45-57. [CrossRef]

3. Yun Soo Bae, Hyunjin Oh, Sue Goo Rhee, Young Do Yoo. 2011. Regulation of reactive oxygen species generation in cell
signaling. Molecules and Cells 32:6, 491-509. [CrossRef]

4. Mari Inada, Raja Sudhakaran, Keisuke Kihara, Junichi Nishi, Maki Yoshimine, Tohru Mekata, Tomoya Kono, Masahiro
Sakai, Terutoyo Yoshida, Toshiaki Itami. 2011. Molecular cloning and characterization of the NADPH oxidase from the
kuruma shrimp, Marsupenaeus japonicus: Early gene up-regulation after Vibrio penaeicida and poly(I:C) stimulations in vitro.
Molecular and Cellular Probes . [CrossRef]

5. Hyung-Kyoung Lee, Dae-Weon Park, Jun Ho Bae, Hyung Jun Kim, Dong-Gu Shin, Jong-Seon Park, Jin-Gu Lee, Sung Joong
Lee, Yoe-Sik Bae, Suk-Hwan Baek. 2011. RGS2 is a negative regulator of STAT3-mediated Nox1 expression. Cellular
Signalling . [CrossRef]

6. Jagadeesha K. Dammanahalli, Xiuqing Wang, Zhongjie Sun. 2011. Genetic interleukin-10 deficiency causes vascular
remodeling via the upregulation of Nox1. Journal of Hypertension 1. [CrossRef]

7. Haeyong Lee, Sungmin Bae, Byoung Whui Choi, Yoosik Yoon. 2011. WNT/#-catenin pathway is modulated in
asthma patients and LPS-stimulated RAW264.7 macrophage cell line. Immunopharmacology and Immunotoxicology 1-10.
[CrossRef]

8. Kyeong Ah Kim, Ju Young Kim, Young Ah Lee, Kyoung-Ju Song, Deulle Min, Myeong Heon Shin. 2011. NOX1 participates
in ROS-dependent cell death of colon epithelial Caco2 cells induced by Entamoeba histolytica. Microbes and Infection .
[CrossRef]

9. S Wind, K Beuerlein, T Eucker, H Müller, P Scheurer, ME Armitage, H Ho, HHHW Schmidt, K Wingler. 2010.
Comparative pharmacology of chemically distinct NADPH oxidase inhibitors. British Journal of Pharmacology 161:4,
885-898. [CrossRef]

10. H. Putaala, R. Barrangou, G. J. Leyer, A. C. Ouwehand, E. Bech Hansen, D. A. Romero, N. Rautonen. 2010. Analysis
of the human intestinal epithelial cell transcriptional response to <i>Lactobacillus acidophilus, Lactobacillus salivarius,
Bifidobacterium lactis</i> and <i>Escherichia coli</i>. Beneficial Microbes 1:3, 283-295. [CrossRef]

11. Luksana Chaiswing , Terry D. Oberley . 2010. Extracellular/Microenvironmental Redox State. Antioxidants & Redox
Signaling 13:4, 449-465. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

12. Jin-Sik Kim, Seungeun Yeo, Dong-Gu Shin, Yoe-Sik Bae, Jae-Jin Lee, Byung-Rho Chin, Chu-Hee Lee, Suk-Hwan Baek.
2010. Glycogen synthase kinase 3# and #-catenin pathway is involved in toll-like receptor 4-mediated NADPH oxidase
 1 expression in macrophages. FEBS Journal 277:13, 2830-2837. [CrossRef]

13. Mai Kamizato, Kensei Nishida, Kiyoshi Masuda, Keiko Takeo, Yuta Yamamoto, Tomoko Kawai, Shigetada Teshima-Kondo,
Toshihito Tanahashi, Kazuhito Rokutan. 2009. Interleukin 10 inhibits interferon #- and tumor necrosis factor #-stimulated
activation of NADPH oxidase 1 in human colonic epithelial cells and the mouse colon. Journal of Gastroenterology 44:12,
1172-1184. [CrossRef]

14. David I. Brown, Kathy K. Griendling. 2009. Nox proteins in signal transduction. Free Radical Biology and Medicine 47:9,
1239-1253. [CrossRef]

15. Gary M. Bokoch , Becky Diebold , Jun-Sub Kim , Davide Gianni . 2009. Emerging Evidence for the Importance of
Phosphorylation in the Regulation of NADPH Oxidases. Antioxidants & Redox Signaling 11:10, 2429-2441. [Abstract] [Full
Text HTML] [Full Text PDF] [Full Text PDF with Links]

16. Laetitia Dahan, Amine Sadok, Jean-Louis Formento, Jean François Seitz, Hervé Kovacic. 2009. Modulation of cellular
redox state underlies antagonism between oxaliplatin and cetuximab in human colorectal cancer cell lines. British Journal
of Pharmacology 158:2, 610-620. [CrossRef]

17. Andrew S. Neish. 2009. Microbes in Gastrointestinal Health and Disease. Gastroenterology 136:1, 65-80. [CrossRef]

18. Yuki Kuwano, Kumiko Tominaga, Tsukasa Kawahara, Hidekazu Sasaki, Keiko Takeo, Kensei Nishida, Kiyoshi Masuda,
Tomoko Kawai, Shigetada Teshima-Kondo, Kazuhito Rokutan. 2008. Tumor necrosis factor # activates transcription of the
NADPH oxidase organizer 1 (NOXO1) gene and upregulates superoxide production in colon epithelial cells. Free Radical
Biology and Medicine 45:12, 1642-1652. [CrossRef]

http://dx.doi.org/10.1016/j.freeradbiomed.2012.01.008
http://dx.doi.org/10.1016/j.mehy.2011.09.039
http://dx.doi.org/10.1007/s10059-011-0276-3
http://dx.doi.org/10.1016/j.mcp.2011.11.002
http://dx.doi.org/10.1016/j.cellsig.2011.11.015
http://dx.doi.org/10.1097/HJH.0b013e32834b22a0
http://dx.doi.org/10.3109/08923973.2011.574704
http://dx.doi.org/10.1016/j.micinf.2011.06.001
http://dx.doi.org/10.1111/j.1476-5381.2010.00920.x
http://dx.doi.org/10.3920/BM2010.0003
http://dx.doi.org/10.1089/ars.2009.3020
http://online.liebertpub.com/doi/full/10.1089/ars.2009.3020
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.3020
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.3020
http://dx.doi.org/10.1111/j.1742-4658.2010.07700.x
http://dx.doi.org/10.1007/s00535-009-0119-6
http://dx.doi.org/10.1016/j.freeradbiomed.2009.07.023
http://dx.doi.org/10.1089/ars.2009.2590
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2590
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2590
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2590
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2590
http://dx.doi.org/10.1111/j.1476-5381.2009.00341.x
http://dx.doi.org/10.1053/j.gastro.2008.10.080
http://dx.doi.org/10.1016/j.freeradbiomed.2008.08.033


19. Kazuhito Rokutan, Tsukasa Kawahara, Yuki Kuwano, Kumiko Tominaga, Keisei Nishida, Shigetada Teshima-Kondo. 2008.
Nox enzymes and oxidative stress in the immunopathology of the gastrointestinal tract. Seminars in Immunopathology 30:3,
315-327. [CrossRef]

20. Y TATEISHI, E SASABE, E UETA, T YAMAMOTO. 2008. Ionizing irradiation induces apoptotic damage of salivary
gland acinar cells via NADPH oxidase 1-dependent superoxide generation. Biochemical and Biophysical Research
Communications 366:2, 301-307. [CrossRef]

21. Amrita Kumar, Huixia Wu, Lauren S Collier-Hyams, Jason M Hansen, Tengguo Li, Kosj Yamoah, Zhen-Qiang Pan, Dean
P Jones, Andrew S Neish. 2007. Commensal bacteria modulate cullin-dependent signaling via generation of reactive oxygen
species. The EMBO Journal 26:21, 4457-4466. [CrossRef]

22. Walee Chamulitrat, Axel Huber, Hans-Dieter Riedel, Wolfgang Stremmel. 2007. Nox1 Induces Differentiation Resistance
in Immortalized Human Keratinocytes Generating Cells that Express Simple Epithelial Keratins. Journal of Investigative
Dermatology 127:9, 2171-2183. [CrossRef]

23. Emily J. Swindle, Dean D. Metcalfe. 2007. The role of reactive oxygen species and nitric oxide in mast cell-dependent
inflammatory processes. Immunological Reviews 217:1, 186-205. [CrossRef]

24. Kathy K. Griendling . 2006. NADPH Oxidases: New Regulators of Old Functions. Antioxidants & Redox Signaling 8:9-10,
1443-1445. [Citation] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1007/s00281-008-0124-5
http://dx.doi.org/10.1016/j.bbrc.2007.11.039
http://dx.doi.org/10.1038/sj.emboj.7601867
http://dx.doi.org/10.1038/sj.jid.5700843
http://dx.doi.org/10.1111/j.1600-065X.2007.00513.x
http://dx.doi.org/10.1089/ars.2006.8.1443
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1443
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1443

