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Abstract
We previously reported that mice deficient in two Se-dependent glutathione peroxidases, GPx1
and GPx2, have spontaneous ileocolitis. Disease severity depends on mouse genetic background.
While C57BL/6J (B6) GPx1/2-DKO mice have moderate ileitis and mild colitis, 129S1Svlm/J
(129) DKO mice have severe ileocolitis. Since GPxs are antioxidant enzymes, we hypothesized
that elevated reactive oxygen species (ROS) trigger inflammation in these DKO mice. To test
whether NADPH oxidase 1 (Nox1) contributes to colitis, we generated B6 triple-KO (TKO) mice
to study their phenotype. Since the Nox1 gene is X-linked, we analyzed the effect of NOX1 on
male B6 TKO and female B6 DKO with the Nox1+/− (het-TKO) genotype. We found that the
male TKO and female het-TKO mice are virtually disease-free when monitored from 8 through 50
days of age. Male TKO and female het-TKO mice have nearly no signs of disease (e.g. lethargy
and perianal alopecia) that is often exhibited in the DKO mice; further, the slower growth rate of
DKO mice is almost completely eliminated in maleTKO and female het-TKO mice. Male TKO
and female het-TKO mice no longer have the shortened small intestine present in the DKO mice.
Finally, the pathological characteristics of the DKO ileum, including the high number of crypt
apoptosis (analyzed by apoptotic figures, TUNEL and cleaved caspase-3 immunohistochemical
staining), and high numbers of Ki-67-positive crypt epithelium cells and elevated levels of
monocytes expressing myeloperoxidase are all significantly decreased in male TKO mice. The
attenuated ileal and colonic pathology is also evident in female het-DKO mice. Furthermore, the
male DKO ileum has 8-fold higher TNF cytokine levels than TKO ileum. Nox1 mRNA is highly
elevated in both B6 and 129 DKO ileum compared to that in WT mouse ileum. Taken together, we
propose that ileocolitis in the DKO mice is caused by NOX1, which is induced by TNF. The
milder disease in female het-TKO intestine is likely due to random or imprinted X-chromosome
inactivation, which produces mosaic Nox1 expression.
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Introduction
We have reported that mice deficient in two selenium-dependent glutathione peroxidases,
GPx1 and GPx2-double knockout (DKO) mice, have spontaneous ileocolitis under
conventional housing conditions [1][2]. Mouse genetic background has a huge impact on the
severity of inflammation; while 129S1Svlm/J (129) DKO mice had severe colitis; C57BL6/J
(B6) mice had very mild colitis but moderate ileitis [3]. Independent of genetic background,
a characteristic pathology present in the gut epithelium of the GPx1/2-DKO mice is
elevation of proliferating and apoptotic cells; the DKO mice have 2.2- and 2.8-fold higher
numbers of bromodeoxyuridine (BrdU)-positive mitotic epithelial cells in the crypt base of
the ileum and colon, respectively, than non-DKO control mice [2]. Both the GPx1/2-DKO
and GPx2-KO mice also have highly elevated levels of apoptotic epithelial cells analyzed by
TUNEL assay and morphology in the crypt base of ileum and colon [2, 4, 5]. Because GPx2
mRNA and protein is highly expressed in the crypt base [5–7], these results suggest that
GPX2 protects the crypt epithelium from oxidant-induced proliferation and apoptosis.
However, the major source of reactive oxygen species (ROS) is unknown.

NOX1, a member of the ROS-generating NADPH oxidase family, is highly expressed in the
colon epithelium, and is expressed at a much lower level in normal small intestinal mucosa
[8]. NOX1-produced ROS have been shown to promote cell proliferation by activation of
Wnt/β-catenin and Notch1 signaling in mouse colon [9]. Nox1-KO colon epithelium has
30% fewer BrdU-positive mitotic cells resulting in a 50% decrease in colonocytes but a 2-
fold increase in mucin-containing goblet cells compared to wild-type (WT) mice [9]. Wnt
signaling activates NOX1 via Rac1 GTPase activation to generate ROS, which inactivates
suppressors in the Wnt/β-catenin pathway to accelerate cell proliferation [9–11]. We
questioned whether NOX1 contributes to the excessive mitosis in the GPx1/2-DKO mice in
this study.

The Nox1 gene is located on the X-chromosome (www.NCBI.nlm.nih.gov). Nox1 gene
expression is highly induced by TNF (16-fold) and moderately induced by IFN-γ (3-fold) in
T84 colon cancer cells [12]. Nox1 gene expression is also highly induced by
lipopolysaccharide (LPS) in macrophages [13]. In addition to induction of gene expression,
TNF also activates NOX1 enzyme activity by forming a complex with Rac1 [13]. A
downstream effect of TNF activation of NOX1 is to induce cell death. One study showed
that TNF binds to TNF receptor 1 (TNFR1) and riboflavin kinase (RFK) to activate NOX1
leading to cell death [14]. Another group showed that agonist binding to TNF-related
apoptosis-inducing ligand (TRAIL) receptors, death receptors 4 (DR4) and 5 (DR5),
activates RFK and NOX1 to induce apoptotic death in cancer cell lines [15]. However,
whether NOX1 induces apoptosis in normal intestinal epithelial cells has not been
demonstrated.

In this manuscript, we provided the first evidence to demonstrate that NOX1 plays a major
role in producing ileocolitis in the GPx1/2-DKO mice. The ileocolitis detected in the DKO
mice is completely abolished in male TKO mice and substantially diminished in female het-
TKO mice. We found that Nox1 mRNA levels are highly elevated in the B6 and 129 DKO
ileum, reaching the same levels as the colon. Additionally, male B6 DKO ileum has 8-fold
higher TNF levels than B6 TKO ileum. Taken together, our findings suggest that the
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ileocolitis in the DKO mice is related to NOX1-induced ROS, which is activated by TNF in
the ileum.

Materials and Methods
Mice- The C57BL6/J (B6) GPx1/2-DKO mouse colony was derived from a mixed line of
B6 and 129 strains [1] and were backcrossed to B6 for 7 generations [16]. B6 Nox1-KO
mice were kindly provided by Karl-Heinz Krause (Geneva University, Switzerland). We
used a breeding scheme to generate GPx1/2-DKO and male GPx1/2-Nox1-TKO or female
het-TKO mice as littermates and often as full or half-sibs. WT B6 colony was housed on the
same rack as the DKO line. The 129 DKO mouse colony was established as described
previously [3]. Except for the 129 DKO colony which is fed with semi-purified diets
(Harland Teklad; TD 06306 and TD 06307), all mice were reared on LabDiet (Purina). Mice
were weighed and inspected for disease signs (perianal alopecia and redness, wet tail,
diarrhea as well as lethargy) daily from 8–12 days of age till euthanasia at 48–51days of age.
All studies conducted were approved by the City of Hope Institutional Animal & Use
Committee.

Parameters and sampling- At necropsy the length of small and large intestine (excluding
cecum) was recorded. One cm sections of the ileum (adjacent to the cecum) and rectum
were harvested and immersed in RNAlater (Qiagen). A section each of ileum and the mid-
colon was frozen for cytokine analysis. An additional 4 to 8 cm of the ileum and the
remaining colon and cecum were processed for histological analysis.

Histological analysis- Formalin-fixed tissue sections were stained with hematoxylin and
eosin (H&E). Sections were scored for inflammation pathology based on a 14-point system
as previously described [3]. Scores of 0–6 generally reflect presence of crypt apoptosis/
hyperproliferation, Paneth cell and mucin depletion without signs of acute inflammation. For
scores greater than 6, acute inflammation is generally evident showing neutrophil
infiltration, crypt/gland abscesses or erosion of the epithelium [3, 17]. Apoptosis was
analyzed by cell morphology, and by the TUNEL method to detect DNA strand breaks using
ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore), as well as cleaved
caspase-3 antibody (Cell Signaling; #9664) staining in sections. Cell proliferation was
analyzed with mitotic figures and immunohistochemistry (IHC) of anti-Ki-67 antibody
(DAKO Cytomation; #M7249). Monocytes and neutrophils were detected by anti-
myeloperoxidase (MPO) antibody (Thermo Scientific; #PA5-32512). Crypt density was
scored from four 10X fields of the ileum section per mouse. All analyses were done in a
blinded fashion.

Detection of TNF cytokine- A 1-cm section of the frozen ileum was sonicated in 0.5 ml of
lysis buffer (Tissue Extraction Reagent I, BioSource Inc, Camarillo, CA) supplemented with
protease inhibitor cocktail (P8340, SIGMA) and phenylmethane-sulfonyl fluoride (SIGMA).
Tissue homogenate was centrifuged at 10,000 × g for 1 min. The supernatant was assayed
for protein concentration using BSA as standard with BCA method (Thermo Scientific).
Five µl of supernatant was assayed for TNF using AlphaLISA Tumor Necrosis Factor α
(mouse) Research Kit (AL505C, PerkinElmer, Waltham, MA). AlphaLISA assay is based
on fluorescence resonance energy transfer technology, the fluorescence was detected with a
alphascreen filter (Excited at 680, emitted at 570) with PHERAstar plate reader (BMG
Labtech, Durham, NC). All assays were done in duplicates, triplicates or quadruplicates.

Real-time quantitative PCR- For synthesis of cDNA, ileum tissues stored in RNAlater
(Qiagen) were homogenized with a Polytron homogenizer (PT 1200E: Brinkmann
Kinematica, Fisher Scientific) and sonicated. Total RNA was isolated using the RNeasy
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Mini kit (Qiagen). cDNA was synthesized from 2 µg total RNA by using M-MLV reverse
transcriptase (Promega, Madison, WI, USA) in the presence of random hexamers (1 µg;
Invitrogen). Real-time quantitative PCR (qPCR) was performed with the Eva qPCR
SuperMix kit containing SYBR green dye (BioChain Institute, Hayward, CA, USA) and
using an iQ5 Detection system (Bio-Rad Laboratories, Hercules, CA, USA). Data analysis
was done as previously reported [16]. RNA quantity was normalized to β-actin. Each assay
was performed in duplicate. Primer sequences are listed in Table 1.

Statistical analysis- Comparison of different groups for most studies was done with 1-way
ANOVA, Tukey’s multiple comparison tests. The exceptions were that Ileum and distal
colon pathology scores (Fig 3D and Fig 4D) were analyzed using Kruskal-Wallis test with
Dunn’s multiple comparison test. Also, the colon length between male DKO and TKO (Fig
2B) was analyzed with t-test. When P<0.05 is considered significant. All tests were done
with GraphPad PRISM, version 6.01.

Results
Male GPx1/2-Nox1-TKO and female het-TKO mice have diminished signs of disease and
growth retardation characteristic of GPx1/2-DKO mice

We monitored disease signs in B6 GPx1/2-DKO and male GPx1/2-Nox1-TKO as well as
female het-TKO mice. B6 DKO mice have mild signs of disease [3]; most commonly
lethargy, which lasted 2–3 days occurring at 28–33 days of age when there was no weight
gain. Additional disease signs, such as dampness at the base of tail and persistent perianal
alopecia or irritation (redness) commencing soon after weaning were detected in 4 of 27
female and 2 of 23 male DKO mice. One of 50 DKO mice in this study lapsed into
morbidity, precipitating at 30 days, marked by perianal inflammation, sustained weight loss
and lethargy. In contrast, male B6 TKO and female het-TKO mice appeared normal; the
maximum disease sign was 1 day of dampness at the tail base in 4 of 29 animals.

Because DKO mice have growth retardation, and body weight is gender-dependent [1], we
analyzed body weight separately in male and female mice. In male mice, the DKO mice had
significantly lower (11.6%; P=0.04) body weight than non-DKO controls at 22 days of age
presumably due to early onset colitis [1], while the TKO mice had normal weight gain
similar to non-DKO mice with at least a WT GPx1 or GPx2 allele (Fig 1). By 31 days of
age, the male DKO were 18% lighter than TKOs and non-DKO controls. The weight
difference in female mice between DKO and non-DKO or het-TKO (Nox1+/−) was less
(9%) severe by 31 days of age, but still significant. The cessation of weight gain at 30–
31days of age was temporary and the mice recovered to gain weight at a normal rate. Thus,
the weight difference between DKO and other groups was kept constant after 31 days of
age.

Male GPx1/2-Nox1-TKO mice do not demonstrate foreshortened small and large intestines
and have normal ileum crypt density compared to male GPx1/2-DKO mice

We have reported that 129 strain GPx1/2-DKO mice have shortened colons compared to 129
WT and non-DKO mice [16]. Here, we found that the small intestine of 48- to 51-day-old
male B6 DKO mice was 29.9±1.6 cm in length compared to 36.7±2 cm in TKO mice, i.e.
19% shorter (P< 0.01)(Fig 2A). The small intestine of the male TKO mice had the same
length as male non-DKO and WT mice regardless of Nox1 genotype. The shortened DKO
small intestine seems to result from intestinal growth cessation starting at 31 days of age,
when the body weight gain halted (Fig 1A and 3A). The male DKO intestine at 31-day-old
was 31±0.3 cm long, while at 35 days was 29.8±1.9 cm. In contrast, the male non-DKO
control (Nox1− and Nox1+) small intestine at 31-day-old was 33.1±1.8 cm (6–7%
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difference vs. DKO; P=0.045 vs. DKO), at 35 days was 35±1.2 cm and at 48–51 days was
36.7±1.5 cm. At both 35 and 48–51 days, the length of non-DKO small intestine is
significantly longer than DKO mice (P≤0.003)(Fig 2A and 3A). Since the DKO mice have
mild colitis, their colon was only slightly shortened. The only significant difference was
found that male DKO colon was 7.6% shorter than male TKO colon (P= 0.02) (Fig 2B).

The length of the small intestine of female DKO mice (31.6 ± 3.6 cm) is also significantly
shorter than that of non-DKO (36.1±1.9 cm; P<0.02) and het-TKO mice with Nox1+/−

genotype (Fig 2C). The reason that female het-TKO mice have longer small intestine than
DKO mice is likely due to random or imprinted X-chromosome inactivation to produce
NOX1-null in half of intestinal epithelial cells [18]. Consistent with the mild colitis status,
female DKO colon is not shorter than TKO or non-DKO mice (Fig 2D).

Since increases in intestinal length are largely contributed by crypt fission, which will
increase crypt density [19], we assessed whether the ileum in DKO mice has lower crypt
density. By counting the number of crypts in a 10X field (~2 mm), we found that both male
and female DKO ileum had fewer crypt counts than WT mice analyzed at 48–51 days of age
(Fig 3B). The male DKO mice had the lowest counts (26.4±2.9 crypts/10X field) comparing
to TKO (40.9±1.8 crypts/10X field), WT Nox1− (41.5±4.4) and WT Nox+ (43.25±4.4;
P≤0.26). Both female DKO and het-TKO ileum had lower crypt densities than WT mice.
The lower crypt density in the DKO ileum could reflect the distorted and enlarged crypt
morphology (see below).

Male TKO and female het-TKO ileum and colon no longer have robust apoptosis in the
crypt epithelium characteristic of GPx1/2-DKO mice

A hallmark of DKO intestinal pathology is elevated levels of apoptosis and mitotic cells
(BrdU-positive crypt cells) in the crypt epithelium studied in B6;129 mixed and 129 strain
mice [2] (and our unpublished observation). B6 DKO mice also have a 4- to 5-fold higher
number of apoptotic figures in the ileal and colonic crypts compared to WT mice at ~50
days of age based on morphological assessment (Fig 4A,C,E and Fig 5A,C,E). Both male
and female TKO ileum and colon had the same low levels of apoptotic figures as the WT
mice. The morphological analysis is based on nuclear condensation and fragmentation,
which is a unique feature associated with apoptosis [20]. To substantiate the apoptotic nature
of cell death in DKO intestine, we also applied TUNEL assays (Sup Fig 1 and 2) and
cleaved caspase-3 IHC (Sup Fig 3) to mouse ileum and colon. TUNEL assay detects DNA
fragmentation based on terminal deoxynucleotidyl transferase-mediated dUTP nick-labeling
with high sensitivity, and DNA fragmentation is a hallmark of apoptosis [21]. Both male and
female DKO ileum had significantly higher TUNEL-positive cells than TKO and WT mice.
While female DKO colon also had significantly higher number of TUNEL-positive cells
than mice of other genotypes, the higher number of TUNEL-positive cells in male DKO
colon did not reach statistical significance. There is a high correlation (R2=0.70) between
the morphological and TUNEL assays (Sup Fig 1C).

Caspase-3 is an effector caspase, which is activated during apoptosis irrespective of the
specific-death-initiating stimuli [22]. Consistent with two other apoptotic assays, the DKO
ileum had significantly higher number of cells stained with cleaved caspase-3 than the TKO
ileum analyzed on male mice (Sup Fig 3). The number of positively stained cells for cleaved
caspase-3 was a fraction (63%) of theTUNEL-positive cells, suggesting that other effector
caspases, such as caspase-6 and -7, may be involved in apoptosis in the DKO intestine [22,
23]. However, the number of cleaved-caspase 3 positive cells is also highly correlated
(R2=0.71) with the number of TUNEL-stained cells (Sup Fig 3C).
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Because 129 GPx2-KO mice also had elevated apoptotic figures in the colon [24], we also
analyzed B6 GPx2-KO ileum to determine whether it had elevated apoptotic figures using
morphological analysis. While B6 GPx2-KO (GPx1+/−) ileum had significantly lower
number of apoptotic figures than B6 DKO mice, deletion of Nox1 further decreased the
apoptotic index (Sup Fig 4). The moderate elevation in apoptosis in the B6 GPx2-KO ileum
did not result in gross pathology (scores of 1).

These results suggest that NOX1 is a major source of ROS that induces apoptosis in the
ileum and colon crypt epithelium of B6 DKO and GPx2-KO mice.

Male TKO and female het-TKO ileum and colon crypts have lower numbers of Ki67-positive
cells than the DKO mice

We reported previously that B6;129 and B6 DKO mice have high rates of proliferation in
the ileum and colon detected with IHC staining of cells incorporating BrdU [2, 25].
However, when we analyzed mitotic figures on H&E stained tissues of 129 GPx1/2-DKO
mice, the DKO colon did not have elevated mitotic cells [24]. Here, we first determined
mitotic figures on H&E stained tissues, and did not find elevation of mitotic figures in the
B6 DKO mouse ileum and colon (Fig 4F and 5F). We then used IHC to detect Ki-67, which
is a nuclear non-histone protein highly expressed in proliferating cells and thus has been
used as a marker for proliferating cells [26]. Similar to the BrdU study, there were nearly
100-times more cells expressed Ki-67 compared to cells having mitotic figures (in anaphase
and telophase) in the crypts of the ileum and colon (Fig 6). Also, DKO ileum and colon had
~50% more Ki-67 positive cells than TKO or WT mice; i.e. male DKO ileum had 32.8±7.6
(mean±SD) vs. 21.7±3.5 KI-67 positive cells in male TKO and 21±3.9 in WT ileum (Fig. 6).
Therefore, we conclude that DKO ileum and colon crypt has elevated number of cells
expressing Ki-67 protein, a marker for cell proliferation.

Male TKO and female het-TKO ileum and colon demonstrate decreased evidence of
inflammation-related tissue injury than GPx1/2-DKO mice

About 50% of B6 DKO mice have moderate ileitis, while none of TKO ileums were
inflamed. B6 DKO ileum pathology is characterized by Paneth granule depletion, gland
distortion, increased apoptotic cells and moderate levels of exfoliation (anoikis of epithelium
based on observing cleaved-caspase-3 staining in nearly all exfoliated cells and absence of
MPO staining)(Fig 4A). As previously noted, ileal pathology increased at post-weaning and
rose quickly through 27–28 days of age, and then gradually until 51 days of age ([25] and
data not shown). Here, we compared ileal pathology of ~50-day-old mice and found that
male TKO mice had almost no pathological abnormalities (Fig 4D). While the female het-
TKO ileum also had lower pathology scores than female DKO mice, due to the
heterogeneity in the scoring, the difference was not statistically significant.

The mild colon pathology of B6 DKO mice is characterized by increased apoptosis, lack of
goblet cells, and gland distortion (Fig 5A). The pathology was largely abolished in male
TKO mice and was partially reduced (although not reaching statistical significance) in
female het-TKO mice (Fig 5D). As noted before, the Nox1-KO colon has a characteristically
high level of goblet cells (Fig 5C) [9].

Male B6 DKO ileum had more infiltrating inflammatory cells and higher TNF levels than
TKO and WT mice

We noted before that B6 DKO ileum had ~9.6-fold higher number of monocytes in 8-
month-old and ~2-fold higher in 1-month-old mice compared to age-matched non-DKO
mice identified by MPO IHC [25]. To examine whether TKO ileum had fewer inflammatory
cells, we performed MPO IHC on five 50-day-old DKO and six TKO mice. As expected,
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MPO-positive cells were rarely found in crypt exfoliates of DKO mice indicating very little
neutrophil infiltration (0, 1, 1, 3, and 3 MPO-positive exfoliates/ 1 cm ileum; ~500 crypts).
Also, DKO ileum had a higher number of infiltrating monocytes (MPO-positive cells
located in the submucosa) (Fig 7A). The number of monocytes in the DKO ileum ranged
from 5–27 per 40X field (~0.5mm; mean=13.8±9) with median pathology score of 6 (range
5–8), whereas the TKO mice had 0.5±0.5 MPO+ cells per 40X field with pathology scores
of 0–1 (Fig 7B). The number of monocytes in the 50-day-old TKO ileum is similar to the
value obtained from two 28-day-old DKO mice (0.38 and 0.64 MPO+ cells per 40X field)
with pathology scores of 3, although much lower than 2 other 28-day-old DKO mice (3.1
and 3.6 MPO+ cells/40× field) with pathology scores of 4. When we plotted the MPO+ cells
against pathology scores, we found a positive correlation between the number of MPO+
cells and ileum pathology (R2=0.71) (Fig 7C).

Since TNF is produced by monocytes and macrophages, and Nox1 is highly inducible by
TNF in colon cancer cells [12], we examined TNF protein levels in the ileum. The male
DKO ileum had TNF levels of 17±12 pg/mg protein (mean ± SD), 8-fold higher than TKO
ileum (2.0±1.0) (Fig 7D). The female DKO ileum appeared to have TNF levels (8.6±9.8)
elevated over het-TKO ileum (2.2±2.1). However, because of the large variation in TNF
levels in the female DKO mice, the difference in TNF levels between female DKO and het-
TKO was not significant.

Nox1 mRNA is highly elevated in the ileum of DKO mice compared to WT mice
NOX1 mRNA is expressed at very low levels in normal human ileum but at high levels in
normal human colon [8, 27]. However, the Nox1 gene expression pattern may vary in
different species; Nox1 is highly induced by LPS from H. pylori in guinea pig gastric
mucosa cells for example, but human stomach does not express Nox1 [27]. Thus, we
analyzed mouse Nox1 mRNA levels to determine whether Nox1 is expressed in the ileum.
We found that Nox1 mRNA is highly expressed in DKO, but not in WT, mouse ileum (Fig
8A). The elevated Nox1 mRNA levels in both B6 and 129 DKO mouse ilea reach the same
level as in the colon.

We also compared gene expression of other members of NADPH oxidase family, including
Nox2, Duox2 and Nox4, in the ileum (Fig 8B–D). Nox2 is mainly expressed in neutrophils
and monocytes [28]. Unexpectedly, Nox2 mRNA levels were the same in the DKO and WT
colon and ileum (Fig 8B). It is possible that most neutrophils were exfoliated and
undergoing apoptosis and thus their mRNA could not be detected.

Duox2 expression is restricted to the epithelium in the intestine [29]. As we reported before
in 129 strain ileum and colon, DKO mice had elevated Duox2 mRNA levels while WT mice
had very low Duox2 mRNA levels (Fig 8C) [16]. Here, WT B6 ileum and colon had high
baseline Duox2 mRNA levels; no further increase in Duox2 mRNA levels were detected in
the B6 DKO mice.

Another member of the NADPH oxidase family expressed in the intestine is Nox4, which is
expressed in intestinal epithelial cells as well as blood vessels [30, 31]. Although Nox4
mRNA was elevated in B6 DKO compared to B6 WT ileum, no difference in Nox4 gene
expression was detected in the 129 DKO and WT ileum (Fig 8D).

These results support the hypothesis that Nox1 gene expression is induced in mouse ileum
by inflammation in the DKO mice.
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Discussion
In this paper, we report that NOX1 promotes ileitis and colitis in both male and female B6
GPx1/2-DKO mice. Because the Nox1 gene is on the X-chromosome, and mouse growth is
gender dependent, we analyzed male Nox1-KO and female Nox1+/− or het-Nox1 mice
separately. We reported previously that B6;129 DKO mice had retarded growth compared to
their non-DKO littermates [1]. Here, we show that male B6 DKO mice had slower weight
gain as early as 22 days of age, and by 31 days of age were 18% lighter than non-DKO
mice. The female DKO mice also had growth retardation that was evident at 31 days of age.
However, male GPx1/2-Nox1-TKO and female het-TKO mice no longer demonstrate
growth retardation. While B6 DKO mice have mild signs of disease, including lethargy, wet
tail, and perianal alopecia, TKO mice appeared normal. The normal growth and lack of
disease signs in the TKO males and het-TKO females were the initial indications that NOX1
contributes to gut inflammation in the DKO mice. The diminished gut inflammation in the
female het-TKO mice is likely due to the random or imprinted X-chromosome inactivation,
which produces ~50% of epithelial cells that are Nox1-null.

Because the inflamed intestine often is shortened, we measured the length of small and large
intestine as another indicator for inflammation. The DKO mice of both genders had
significantly shorter small intestine than non-DKO and WT small intestine, whereas male
TKO and female het-TKO small intestine had normal length. The shortened intestine likely
results from prominent crypt cell death and loss of stem cells, which is reflected by 35%
lower crypt density. B6 DKO ileum and colon has elevated crypt apoptosis estimated by
apoptotic figures, TUNEL and cleaved caspase-3 staining. A similarly high level of
apoptosis (0.9–1.0 apoptotic figure/crypt) in DKO ileum and colon occurs at 28 and 50 days
of age, much higher than 0.2 apoptotic figures/crypt at 21 and 23 days of age (our
unpublished data). The observation that TKO ileum and colon crypts do not have elevated
levels of apoptosis suggests that NOX1 induces apoptosis in the DKO mice. The low level
of apoptotic cells in the 21- and 23-day-old mice raises the possibility that Nox1 gene
expression is elevated after 23 days of age.

DKO mice also have elevated proliferation in the crypts of ileum and colon (detected by
BrdU incorporation into DNA), apparently to support epithelial growth in the face of
rampant apoptosis [2]. Since BrdU incorporation during active DNA synthesis occurs during
DNA replication and DNA repair [32], and BrdU incorporation can activate DNA damage
responses [33], counting BrdU-labeled cells may overestimate the number of mitotic cells,
especially when cells are undergoing apoptosis. Here, we detected elevated expression of
Ki-67, a marker for cell proliferation, in the DKO but not TKO ileum and colon. When
counting mitotic figures to determine cell proliferation, DKO ileum and colon did not have
more mitotic counts than WT and TKO mice. Since the mitotic figure counts are two orders
of magnitude lower than the number obtained from IHC staining of BrdU and Ki-67, it is
possible that counting mitotic figures is not sensitive enough to detect a 50% difference.
Coant et al. reported that Nox1-KO colon has 30% fewer BrdU-labeled cells compared to
WT colon [9]. Taken together, it suggests that NOX1 promotes both cell apoptosis and
proliferation in the DKO intestine.

B6 DKO mice have moderate ileitis with scores of 6–7 and mild colitis with scores of 1–2.
This mild and moderate pathology is abolished in the TKO mice. In B6 DKO mice, there are
few infiltrating neutrophils and most exfoliated cells are MPO-negative. Compared to the
severe ileitis in 129 DKO mice, which have ~10 abscess /300 crypts, the B6 DKO ileum has
~1 abscess/300 crypts that are generally very small. Thus, it would be interesting to examine
whether Nox1-KO also ameliorates ileocolitis in the 129 DKO mice, which have severe
disease.
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The DKO intestinal pathology most likely stems from ROS-induced cell death in the crypt
epithelium, where GPX2 is highly expressed [5]. Crypt epithelium in GPx2-KO mice also
has elevated apoptosis supporting the epithelium-driven pathogenesis. On the other hand, the
ubiquitously expressed GPX1 has anti-inflammatory activities in many cell types including
endothelial cells [34], intestinal epithelium from Salmonella-induced colitis [24], and lung
epithelium from influenza A infection and cigarette smoke [35] [36]. GPx1-null leukocytes
adhere to endothelial cells in cardiac tissue better than WT cells [37]. Therefore, GPx1 in
epithelial or inflammatory cells can attenuate inflammatory responses. Adoptive transfer of
bone marrow cells from WT mice to DKO mice is likely to alleviate inflammation in the gut
exhibiting a phenotype similar to the GPx2-KO mice.

Nox1 expression in the gut is thought to be restricted to the colon epithelium [8]. However,
we detected a high level of Nox1 mRNA in the DKO ileum, while the WT ileum has very
low Nox1 mRNA levels. Although Nox1 is also expressed in macrophages [13, 38], since
B6 DKO mice have very few inflammatory cells compared to epithelial cells, it is unlikely
that the elevated Nox1 gene expression is contributed by the inflammatory cells. We will
verify the epithelial expression of NOX1 protein when a NOX1-specific antibody becomes
available.

We suspect that the ileal epithelial cells have elevated Nox1 gene expression by responding
to TNF, since it was reported that TNF induced Nox1 mRNA levels ~16-fold in T84 colon
cancer epithelial cells [12]. Here, we detected elevated TNF levels in the ileum of male
DKO mice compared to male TKO mice. Although the elevated TNF in the female DKO
ileum was not statistically significant compared to het-TKO and WT ileum, clearly some of
the female DKO mice also had a high level of TNF. Conceivably, the elevated TNF in the
ileum induces the Nox1 gene expression.

NOX1 is an executioner of TNF-induced apoptosis. TNF is a prominent stimulator of ROS
production by activating multiple NADPH oxidases in the Nox family, including Nox1–4
and Duox2 by activation of TNF receptor 1 (TNFR1) or CD95 [39]. TNF activation of
NOX1 is mediated through activation of riboflavin kinase (RFK), which forms a bridge
between TNFR1 death domain and p22phox subunit of NOX1 [14]. RFK also bridges TNF-
related apoptosis-inducing ligand (TRAIL) receptors and NOX1 to induce ROS-mediated
apoptosis [15]. Since the high level of apoptosis characteristic in the DKO ileum and colon
crypt epithelium is abolished in male TKO and female het-TKO mice, we may have
provided the first in vivo example to establish the pro-apoptotic activity of NOX1.

Anti-TNF drugs, such as anti-human TNF monoclonal Ab (infliximab, IFX), have been
successful in IBD therapy to induce and maintain remission in both Crohn’s disease and
ulcerative colitis [40]. However, a major concern for anti-TNF drug treatment is increases
susceptibility to infection [41]. Also, a significant proportion of patients develop loss of
response due to production of antibody to the anti-TNF drugs [40]. Since NOX1 mediates
TNF-induced apoptosis and inflammation in the gut, it is possible that NOX1 inhibitors may
also have efficacy for IBD therapy.

Thus, in this report, we have identified NOX1 to be a major contributor to intestinal
epithelium apoptosis, proliferation, and ileocolitis in B6 GPx1/2-DKO mice. The pro-
apoptotic activity and pro-inflammatory activity of NOX1 is likely induced by TNF, which
is elevated in DKO ileum but not TKO ileum. Since anti-TNF drugs have been effective for
IBD therapy but with significant drawbacks, conceivably, TNF effecters, such as NOX1
could be a drug target for IBD therapy.
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Highlights

• GPx1/2-DKO mice have spontaneous ileocolitis.

• DKO ileum has elevated TNF and Nox1 gene expression compared to wild type
mice.

• Deletion of Nox1 in the GPx1/2-DKO mice ameliorates GI pathology.

• NOX1 is the major source of reactive oxygen species to cause ileocolitis in the
DKO mice.
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Figure 1.
Body weight of B6 GPx1/2-DKO (DKO), GPx1/2-Nox1-TKO (TKO) and non-DKO mice
from 10 to 50 days of age. Panel A. Body weight of male B6 littermates from 23 DKO, 18
TKO and 12 non-DKO mice having one WT GPx1 or GPx2 allele with either Nox1
genotype. DKO males are significantly lighter than TKOs starting at 22 days of age (12%;
P=0.008) with temporary halt in growth at days 31–33. From 31 days on, DKO mice
weighed 17–18% lower than TKO and non-DKO mice (P≤ 0.0006). Panel B. Body weight
of female B6 littermates from 27 DKO, 25 het-TKO and 15 non-DKO mice. Female DKOs
weighed the same as TKOs through 29 days of age, then significantly lighter through 50
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days of age. At day 30, P=0.046; P<0.009, thereafter). The error bars are 1 standard
deviation (SD).
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Figure 2.
The effect of GPx1, GPx2 and Nox1 gene on the length of small and large intestine in 50-
day-old mice. Panel A. The length of small intestine in male mice. The number of mice in
each group is 9 DKO, 9 TKO, 8 GPx1+/−GPx2−/−Nox1+, 11 GPx1+/− GPx2−/−Nox1−, 5
GPx1−/−GPx2+/−Nox1+, 3 GPx1−/−GPx2+/−Nox1−, 2 WT Nox+ and 2 WT Nox-. Panel
B. The length of colon in male mice. The number of mice in each group is 22 DKO, 12
TKO, 9 GPx1+/−GPx2−/−Nox1+, 21 GPx1+/−GPx2−/−Nox1−, 6 GPx1−/− GPx2+/
−Nox1+, 5 GPx1−/−GPx2+/−Nox1−, 12 WT Nox+ and 26 WT Nox-. The group marked
with a* and b* are different (a*>b*, t-test). However, there is no difference when analyzed
with a multiple comparison test. Panel C. The length of small intestine in female mice. The
number of mice in each group is 13 DKO, 22 het-DKO, 6 TKO and 5 non-DKO. Panel D.
The length of colon in female mice. The number of mice in each group is 20 DKO, 25 het-
DKO, 6 TKO and 6 non-DKO. The group with significant different length is marked with a
different letter, where a>b. The error bars show one SD.
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Figure 3.
Comparison of male small intestine length between 31, 35 and 50 days old and ileum crypt
counts in 50-day-old mice of different genotypes. Panel A. The length of small intestine
measured from DKO and non-DKO mice was from 31-, 35- and 50-day-old males. The
dashed line from 14 days to 30 days is extracted from non-DKO mice (N=7, 4, 24, 12, 7 for
14, 19, 21, 28, 30 days of age, respectively). The number of mice in each group is: 9 DKO
and 14 non-DKO each for 31-and 35-day-old, and 13 DKO and 29 non-DKO for 50-day-
old. Error bars are SD. The asterisk signs indicate significant difference between the age-
matched DKO and non-DKO groups as well as between non-DKO mice of 3 different ages.
Variation in DKO ileal length across age is not significantly different. Panel B. Ileum crypt
density determined from 4 areas (10X field or 2 mm each) of H&E stained tissue per mouse.
The number of mice in each group is: 5 male DKO Nox1+, 6 male DKO Nox1−, 4 female
DKO Nox1+/+, 4 female DKO NOx1+/−, 4 male WT Nox1+ and 6 male WT Nox1−. The
counts from H&E stained tissue agreed with an independent assessment on Ki-67 IHC
stained sections. The groups with different number of crypts have different letter, where
a>b>c. The groups share the same letter are not different; i.e. bc is not different from b or c.
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Figure 4.
Ileal histology, pathology scores and number of apoptotic and mitotic figures per crypt
determined in 50-day-old mice. Panel A-C are H&E-stained ileal sections from a
representative male DKO (A), TKO (B) and WT (C) mice. The black arrows point to
apoptotic figures, white arrow heads point to mitotic figures, filled black arrow heads point
to Paneth cells and the open black arrow points to exfoliation. The B6 DKO ileum has
enlarged crypts, lacks Paneth cells and have multiple apoptotic figures, while B6 TKO and
WT ileum is unremarkable. Panel D. A box-and-whisker plot of ileal pathology score
showing the median and interquantile range. The scores were determined from 21 male
DKO, 22 male TKO, 13 female DKO, 12 female het-TKO (GPx1/2-DKO Nox1+/−), 4 WT
and 7 Nox1-KO mice. The groups with different letters have different medians, where
a>b>c. When the groups share the same letter are not different; i.e. ab is is not different from
a or b groups and bc is not different from b or c groups. Panel E. A bar graph of the mean
number of apoptotic figures per crypt in mouse ileum. The number of mice in each group is
18 male DKO, 16 male TKO, 9 female DKO, 5 female het-TKO, 4 WT and 7 Nox1-KO
mice. The groups with different letters have different mean, where a>b>c. Panel F. A bar
graph of average number of mitotic figures per crypt in mouse ileum. The number of mice in
each group is 17 male DKO, 17 male TKO, 10 female DKO, 4 female het-TKO, 4 WT and 7
Nox1-KO mice. The error bars in E and F are one SD.
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Figure 5.
Colon histology, pathology scores and number of apoptotic and mitotic figures per crypt in
50-day-old mice. Panels A-C are representative H&E-stained colon sections from a male
DKO (A), TKO (B) and WT Nox- (C) mice. The white arrow points out a slightly distorted
gland with mucin depletion. DKO mice had few goblet cells, which are present in TKO
(DKO Nox1−) and abundant in the WT Nox1− mouse. Panel D. A box-and-whisker plot of
colon pathology score showing the median and interquantile range. The scores were
determined from 20 male DKO, 20 male TKO, 13 female DKO, 11 female het-TKO (DKO
Nox1+/−), 4 WT and 7 Nox1-KO mice. Different letters above the boxes indicate different
medians (Panel D), where a>b>c. Groups that share the same letter are not different; i.e. ab
is not different from a, and bc is not different from c. Panel E. A column graph showing the
mean of apoptotic figures per crypt in mouse colon. The number of mice in each group is 16
male DKO, 15 male TKO, 9 female DKO, 5 female het-TKO, 3 WT and 6 Nox1-KO.
Groups with different letters are significantly different, where a>b. Panel F. A column graph
of mean mitotic figures per crypt in mouse colon analyzed from the same number of mice in
Panel E, except male DKO group has 17 mice. The error bars in E and F are one SD.
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Figure 6.
IHC of Ki-67 in ileum and analysis of Ki-67 positive (+) cells in the crypt of ileum and
colon. Panel A show representative crypts from a DKO (Nox1+), TKO and WT mice. Panels
B and C are column graphs of mean number of crypt Ki-67+ cells in the crypt of ileum and
colon. The number of mice in each group is 4 male DKO, 6 male TKO, 4 female DKO, 5
female het-TKO and 5 WT mice. Eight to 18 crypts were counted per mouse. Groups with
different letters are significantly different, where a>b.c. When groups share the same letter
are not different, i.e. ab is not different from a or b. Error bars are one SD.
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Figure 7.
Analysis of MPO-positive infiltrating cells and TNF levels in the ileums of DKO and TKO
mice. Panel A. MPO IHC of DKO and TKO ileum. The black arrows point to the positive
stained monocytes in the submucosa of the crypt. The black open arrow points to a blood
vessel and spuriously stained red blood cells. Panel B. A scatter plot of MPO+ cells
analyzed in 50-day-old 5 DKO and 6 TKO males. The DKO group has higher number of
MPO+ cells than TKO group (i.e. a>b; P=0.0048). Panel C. Correlation of MPO+ cells with
ileum pathology scores. The correlation was made from all 11 mice in Panel B and five 28-
day-old DKO mice. There is a positive correlation between MPO+ cells and pathology score
with R2=0.71 (non-parametric). Panel D. A bar graph of TNF levels in mouse ileum at 50
days of age. The number of mice in each group is 3 male DKO, 8 male TKO, 4 female
DKO, 6 female het-TKO and 8 WT Nox-mice of both genders. The error bars are SD.
Groups with different letters are significantly different, where a>b. The groups share the
same letter are not different, i.e. ab is not different from a or b.
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Figure 8.
Comparison of Nox1, Nox2, Duox2 and Nox4 mRNA levels in the ileum and colon of B6
and 129 DKO and WT mice at 30 days of age. The mRNA levels were normalized against β-
actin. Each group has 4 mice, error bars are SD. Groups with different letters are
significantly different, where a>b>c>d. The groups share the same letter are not significantly
different, i.e. ab is not different from a or b, and bc is not different from b or c.
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Table 1

Real-time PCR primer sequences for mouse cDNA

B-Actin Forward 5’-GCTCCTCCTGAGCGCAAGT-3’

Reverse 5’-TCATCGTACTCCTGCTTGCTGAT-3’

Duox2 Forward 5’-TCACAACGGACGGCTTGCCC-3’

Reverse 5’-CCCGGCCACTCCATTGCTGG-3’

Nox1 Forward 5’-CTCCCTTTGCTTCCATCTTG-3’

Reverse 5’- GCAAAGGCACCTGTCTCTCTA-3’

Nox2 Forward 5’-TGAGAGGTTGGTTCGGTTTT-3’

Reverse 5’-GTTTTGAAAGGGTGGGTGAC-3’

Nox4 Forward 5’- ACAACCAAGGGCCAGAATACTACTAC-3’

Reverse 5’- GGATGAGGCTGCAGTTGAGG-3’
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