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Abstract

AIM

To test whether Nox1 plays a role in typhlitis induced
by Salmonella enterica serovar Typhimurium (S. Tm) in
a mouse model.

METHODS

Eight-week-old male wild-type (WT) and Nox1 knockout
(KO) C57BL6/] (B6) mice were administered metroni-
dazole water for 4 d to make them susceptible to S. Tm
infection by the oral route. The mice were given plain
water and administered with 4 different doses of S. Tm
by oral gavage. The mice were followed for another 4
d. From the time of the metronidazole application, the
mice were observed twice daily and weighed daily. The
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ileum, cecum and colon were removed for sampling at
the fourth day post-inoculation. Portions of all three
tissues were fixed for histology and placed in RNAlater
for mRNA/cDNA preparation and quantitative real-time
PCR. The contents of the cecum were recovered for
estimation of S. Tm CFU.

RESULTS

We found Nox1-knockout (Nox1-KO) mice were not
more sensitive to S. Tm colonization and infection than
WT B6 mice. This conclusion is based on the following
observations: (1) S. Tm-infection induced similar weight
loss in Nox1-KO mice compared to WT mice; (2) the
same S. Tm CFU was recovered from the cecal content
of Nox1-KO and WT mice regardless of the inoculation
dose, except the lowest inoculation dose (2 x 10° CFU)
for which the Nox1-KO had one-log lower CFU than
WT mice; (3) there is no difference in cecal pathology
between WT and Nox1-KO groups; and (4) there are
no S. Tm infection-induced changes in gene expression
levels (IL-1b, TNF-a, and Duox2) between WT and
Nox1-KO groups. The Alpi gene expression was more
suppressed by S. Tm treatment in WT than the Nox1-
KO cecum.

CONCLUSION

Nox1 does not protect mice from S. Tm colonization.
Nox1-KO provides a very minor protective effect
against S. Tm infection. Using NOX1-specific inhibitors
for colitis therapy should not increase risks in bacterial
infection.

Key words: Knockout mouse; NADPH Oxidase-1;
Salmonella typhimurium; Goblet cells; Reactive oxygen
species

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Using Nox1-knockout mice (Nox1-KO),
we examined the role of cecum Nox1 in Sa/monella
typhimurium (S. Tm) infection. Mice were rendered
susceptible to infection with oral metronidazole. Four
days after S. Tm inoculation, Nox1-KO mice had equal
or slightly lower CFU/g cecum contents and equal
or slightly less pathology by histological assessment
than wild-type (WT) mice. Quantitative real-time PCR
measure of mRNA levels for inflammatory cytokines II-
1B and TNF-o were significantly higher in S. Tm treated
WT vs untreated mice but not in S. Tm treated Nox1-
KO mice. Since Nox1 may have a role in inflammatory
bowel disease, treating subjects with Nox1 inhibitors
may not make patients vulnerable to pathogens.
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INTRODUCTION

The generation of reactive oxygen species (ROS)
during infection is an important part of host defense
to fend off bacterial invasion. A well-known source of
ROS is produced by NADPH oxidase (NOX)-2 in innate
immune cells to kill bacteria engulfed in phagosomes!,
Mutations in genes encoding for the NOX2 complex
lead to chronic granulomatous disease due diminished
bactericidal activity. Nox2-KO mice are highly sus-
ceptible to Salmonella enteric serovar Typhimurium
(S. Tm) colonization and mucosal inflammationt?. S.
Tm has been widely used as a mouse colitis model to
study strategies by which enteropathogenic bacteria
break colonization resistance!®. Diminished ROS
generation by the NOX2 complex also is a risk factor
for early-onset pediatric pancolitis and Crohn’s-like
disease!.

Two other members of NADPH oxidases, NOX1 and
DUOX2, expressed in the epithelium of the intestine
are linked to very-early-onset inflammatory bowel
diseasel!. Both Nox1 and Duox2 gene are barely
expressed in the intestine of germ-free mice and
are highly elevated when colonized with commensal
bacteria®”). Duox2 and Duoxa2 (DUOX maturation
factor-2) expression is highly elevated in Helicobacter
felis-infected mouse gastric epithelium compared to
uninfected mice™, Lack of Duox activity in Duoxa-KO
mice increased Helicobacter felis colonization®®. Duox2
protein is highly elevated in the ileum and colon mono-
associated with segmented filamentous bacterium
compared that in germ-free mice”’. However, Duox2
does not appear to protect mice against S. Tm infection
since there is no difference in S. Tm colonization
between wild-type (WT) and Duoxa-KO mice!”,

Nox1-generated ROS can regulate intestinal epi-
thelial cell proliferation, apoptosis, and migration®®**,
Recently, it was shown that deficiency in Cyba/p22™*
(an obligatory partner of Nox1, Nox2 and Nox4) in
intestinal epithelium resulted in protection from Citro-
bacter rodentium and Listeria monocytogenes'™. The
epithelium-specific Cyba-KO (CybaAIEC-KO) mice
are considered to be equivalent to Nox1AIEC-KO
because Nox2 and Nox4 are virtually unexpressed
in the intestinal epithelium. Because C. rodentium-
induced Duox2 gene expression only occurs in the
WT mice but not CybaAIEC-KO mice, it was proposed
that Nox1 regulates Duox2 expression in the intestinal
epithelium™.

We have previously shown that GPx1-KO and
GPx2-KO mice (deficient in antioxidant glutathione
peroxide-1 or -2) are more susceptible to S. Tm
infection than WT mice!'?, Because Nox1-deficiency
may protect mice against C. rodentium infection, we
hypothesize that Nox1-produced ROS exacerbates S.
Tm infection. In this manuscript, we report that Nox1-
knockout (Nox1-KO) mice are equally susceptible
to S. Tm colonization and infection as WT mice. We
concluded that Nox1 does not play a role in S. Tm-
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induced colitis.

MATERIALS AND METHODS

Mice

WT and Nox1-KO (generated by Karl-Heinz Krause,
Geneva University, Switzerland) mice were derived
from strain C57BL/6 (B6)!"*. Animal were bred and
reared in the Animal Resources Center at the City of
Hope based on standards and guidelines set by the
United States Department of Agriculture, approved
by the National Institutes of Health (NIH), Office
for Laboratory Animal Welfare, and accredited by
the AAALAC. Weaned mice were fed Lab diet 5061
(LabDiet, St Louis, MO, United States), ad lib, and
received water via an automated water purification
system until the beginning of the study at 8 wk of
age. Care and use of mice in the study conformed to
NIH (United States) and AAALAC standards and were
performed under protocol 11043 approved by the
City of Hope BRI Institutional Animal Care and Use
Committee on 1/12/12 and renewed 1/15/14. Eight-
week-old male WT and Nox1-KO B6 mice were given
the antibiotic metronidazole (0.75 g/L in drinking water)
for 4 d to facilitate oral S. Tm infection™. To mask
the metallic taste of metronidazole, 1 g of sucralose
(Splenda®) was added to 450 mL water to prevent
dehydration during the treatment. Metronidazole
facilitates bacteria colonization by reducing anaerobic
bacteria populations and by thinning the mucus layer in
the gut™. After 4 d the mice were switched to regular
water and orally gavaged with S. Tm in a volume of
50-100 puL phosphate buffered saline. One-inch-long
22-gauge plastic gavage needles were used to deliver
the bacteria and to minimize the possibility of injury
to the mice. As part of the study data collection and
to ensure that the animals were not in distress prior
to the endpoint all mice were observed and weighed
daily from the time of placement on metronidazole to
euthanasia, i.e., 4 d post-inoculation. The high risk of
systemic infection in B6 mice precluded a longer study
duration. Mice treated with metronidazole and then
water gained about 5% body weight over the interval.
Mice inoculated with S. Tm lost up to 18% body weight
regardless of inoculation dose. There was no statistical
difference in weight lost between the Nox1-KO and
WT groups. Mice were euthanized by CO: exposure,
the recommended method under NIH and AAALAC
guidelines.

Salmonella enteric S. Tm

A virulent strain of S. Tm, IR715, was obtained from
Dr. Andreas J. Baumler (University of California, Davis,
CA, United States), who derived this strain from isolate
14028 (American Type Culture Collection)*?. S. Tm
was grown aerobically at 37 C in lysogeny broth (LB)
containing 50 mg/mL nalidixic acid (Sigma) overnight.
Cells were harvested, resuspended in PBS with 10%
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glycerol, then stored in aliquots at -80 C without
freeze-thaw. Between 2 x 10° to 6.2 x 10° colony-
forming units (CFUs) of S. Tm were used to inoculate
mice as shown (Figure 1). The titer was determined on
LB agar plates containing 50 mg/mL nalidixic acid.

S. Tm colonization and disease parameters

Cecum luminal contents were collected sterilely,
weighed, serially diluted, and plated on nalidixic
acid-containing LB agar to allow detection down to
approximately 1 x 10° CFU/g. The luminal contents
have 2-4 log higher number of S. Tm than cecal
tissue and are widely used as an indicator for bacterial
colonization**>*®!, The inoculated S. Tm was the
only bacteria capable of producing large-size colonies
on nalidixic acid-containing LB agar under standard
aerobic conditions™!!, To verify that the colonies
were S. Tm, we performed automated-ribosomal-
intergenic-spacer analysis (ARISA) PCR using ITSF
(5'-GTCGTAACAAGGTAGCCGTA-3') and ITSReub
(5'-GCCAAGGCATCCACC-3") primers on randomly
selected colonies'”’. ARISA PCR produces a pattern of
products with aggregate sizes characteristic of bacterial
groups. We also sequenced ARISA PCR products to
confirm the S. Tm identity.

The ileum, colon and cecum were excised for
histology analysis. The tissues were fixed in phosphate
buffered formalin. The processed slides were stained
with H&E for pathology analysis and with Alcian blue
counterstained with nuclear fast red for goblet cell
counts. The slides were photographed, and Alcian blue
stained goblet cells were counted from the sections
containing full-length glands. Pathology was scored
according to a 14-point system that accounts for mucin
depletion, apoptosis, abscesses, and distortion of the
glands*?.

Messenger RNA was prepared from the cecum,
where S. Tm colonization is most reliably detected.
Quantitative real-time PCR (gRT-PCR) was performed
on mouse cecal mRNA. A segment of the cecum
isolated from mice treated with 2 x 10° CFU of S. Tm
was treated with RNALater (Ambion), and then RNA
was isolated using the Triazol Kit (Thermo Scientific).
Two ug of RNA was used to make cDNA with reagents
from Promega and random hexamer primers (0.4 ug)
from Invitrogen. PCR primers and probes (Thermo
Scientific) used are shown in Table 1. The gRT-PCR
was performed on a BioRad CFX96 instrument for
40 cycles. The AACt method was used to analyze
differences in mRNA levels among groups, normalized
with p-actin.

Statistical analysis

GraphPad Prism version 6 was used for statistical
analysis. All groups were compared in pair-wise t-tests
except the cecum pathology score, which was analyzed
by pair-wise Mann-Whitney tests. S. Tm CFU from
cecal contents was analyzed from log 10 transformed
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Figure 1 The CFU and pathology in the cecum between Nox1-knockout and wild-type mice with 4 different doses of S. Tm. A: Scatter plot of log10
transformed S. Tm CFU per gram recovered from cecal contents from WT (Nox1+) and Nox1-KO mice inoculated with 2 x 10°, 5.6 x 107, 2 x 10° and 6.2 x 10° of S.
Tm. The contents were plated so that 1 colony would yield a count = 1 x 10° CFU/g. Zero colonies were assigned to 1 x 10° to include all mice analyzed in the panel.
“a” indicates a significant difference between the Nox1 and WT groups treated with 2 x 10° S. Tm (colon-P = 0.0068; cecum-P = 0.0098); B: Scatter plot of pathology
scores of mice from the groups shown in A. The groups with different letter designations in each figure are different, where a > b (o = 0.05). The groups sharing a
same letter are not different; e.g., ab is not different from a or b group. Horizontal bars indicate mean + SD; C, D: Show the worst pathology identified in Nox1-KO and
WT cecum, respectively (score = 6), for mice inoculated with the lowest (2 x 10°) CFU. Both groups show edema and infiltration between the muscular layers (M) and
the glands. The glands are devoid of goblet cells and generally distorted. Scale bars are approximately 0.5 mm. Nox1-KO: Nox1-knockout; WT: Wild-type.

sumably by activating the metalloproteases (Mmp2
and Mmp9), which are involved in generation of Notch
ligands!*®.. Notch1 signaling promotes differentiation of
epithelial cells into absorptive cells. Compared to WT
mouse colon, Coant et al'*® reported that Nox1-KO

Table 1 Tagman primer and probe IDs for quantitative real-

time polymerase chain reaction

Gene name (gene symbol) Catalog number" Amplicon size

S-Actin (Actb) Mm00607939_s1 115

Dual oxidase-2 (Duox2) Mm01326247_m1 65 colon had a 2-fold higher number of goblet cells and
o _ WIS ho s R =0 a 50% reduction of colonocytes due to decreases in
Intestinal alkaline MmO01285814_g1 60 . . c g
phosphatase (Alp) Notch1 signaling. Because goblet cells are specialized
Tnfa Mm00443258_m1 81 to produce a mucus layer over the epithelial surface
Villin-1 (Vil1) Mm004944146_m1 55 that acts as a barrier to intestinal microbes, changing

the number of goblet cells could affect cell resistance
to bacterial colonization. Therefore, we compared the
number of goblet cells in the cecum and colon of Nox1-
KO and WT mice (Figure 2). We found that Nox1-KO
colon has a 20% increase in goblet cells compared
to WT colon; however, we observed only a 7.5%
increase in the Nox1-KO cecum, which is the major
site of inflammation. This difference may have been
overlooked in CybaAIEC-KO mice, which do not have
Nox1 activity!..

!Catalog number from Thermo Fisher Scientific Inc.

data, which renders the data into parametric sets.
The statistical analysis was reviewed and approved by
Lianlian Du, MSci, biostatistician, Beijing Rehabilitation
Hospital of Capital Medical University, Beijing, China.

RESULTS
Nox1-KO cecum and colon has a 7.5% and 20% higher

number of goblet cells than WT counterparts
Nox1 is highly expressed in the colon, and Nox1-
generated ROS can activate Notch1l signaling pre-
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Nox1 does not significantly affect S. Tm colonization
and inflammation in mice
We inoculated mice with 4 different doses of S. Tm (2
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Figure 2 Goblets per colon (A) and cecum gland (B) counted from cross sections stained with Alcian blue and nuclear fast red (C). Each point in panels
A and B represents a separate gland. Between 3-15 and 7-14 glands (obtained from 8 WT and 9 Nox1-KO mice) were counted from colon and cecum, respectively.
Scale bar approximately 0.5 mm. "a" indicates a statistically significant difference between the 2 groups.

x 10° 5.6 x 107, 2 x 10%, and 6.2 x 10%) to compare
the CFU and pathology in the cecum between Nox1-
KO and WT mice (Figure 1). When inoculated with
the lowest number of S. Tm (2 x 10°), Nox1-KO mice
had a significantly lower number of S. Tm CFUs in the
cecum than WT mice (P = 0.034). No differences in
the cecal S. Tm CFUs were found between Nox1-KO
and WT mice when inoculated with higher doses of
S. Tm (Figure 1A). Also, the CFUs of S. Tm in mouse
cecum remained the same regardless of the inocu-
lation doses, which is consistent with previous work™.

We analyzed cecum pathology scores to determine
the effect of Nox1. Scores of 0-6 generally reflect with
presence of crypt apoptosis, hyperproliferation, and
mucin depletion without overt signs of inflammation.
Scores of above 6 are considered inflamed, showing
immune infiltration, crypt distortion, goblet cell depletion,
and elevated apoptosis in the epithelium. The worst
cecal histology from a Nox1-KO and a WT mouse
inoculated with a low dose of S. Tm (2 x 10°) is shown
in Figure 1C and 1D. Only WT mice inoculated with
the highest dose (6.2 x 10°) of S. Tm had a median
score above 6, which is significantly higher than four
groups of WT and Nox1-KO mice inoculated with lower
doses of bacteria (P < 0.025) (Figure 1B). However,
there was no difference between the WT and Nox1-
KO groups inoculated with the same high dose. These
results indicate that Nox1 does not have significant
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impact on S. Tm infection.

Nox1 does not affect mucosal gene expression altered
by S. Tm infection

Although the pathology scores are low in the mice
inoculated with 2 x 10° CFU of S. Tm, these mice tend
to have higher IL-18 and TNF-a mRNA levels compared
to control mice that received metronidazole only (Figure
3A and B). However, we observed no difference in IL-
18 and TNF-a mRNA levels between Nox1-KO and
WT mice treated with metronidazole and S. Tm or
untreated.

S. Tm infected intestine has decreased brush-
border enzyme activities and gene expression levels
including intestinal alkaline phosphatase (Alpi),
sucrose-isomaltase, and maltose!*®. We found that S.
Tm infected WT mouse cecum had decreased levels
of Alpi gene expression (P = 0.044), while the Alpi
mRNA levels in the S. Tm-infected Nox1-KO mice were
not significantly lower than the un-treated control mice
(Figure 3C). Villin mRNA levels were not affected by S.
Tm (data not shown). Villin is an actin-binding protein
that regulates actin dynamics and organization of the
brush border of enterocytes™. Loss of Villin mRNA
is indicative of gross destruction of the gland surface
architecture, reflected by pathology scores of 8 and
above as observed in S. Tm treated Gpx1-KO and
Gpx2-KO mice!*?, The overall trend indicates that the
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Figure 3 Quantitative real-time polymerase chain reaction analysis of cecum mRNA from the 2 x 10° CFU-treated wild-type and Nox1-knockout mice to
measure inflammation markers IL-$ (A), TNF-a. (B), a brush border marker for the integrity of the epithelium, Alpi (C); and Duox2 levels (D). Horizontal
bars are mean + SD. The groups with different letter designations in each figure are different, where a > b > ¢ (o, = 0.05). The groups sharing a same letter are not
different; e.g., bc is not different from b or ab group. Nox1-KO: Nox1-knockout; WT: Wild-type.

Nox1-KO mice tend to respond more mildly to S. Tm
infection than WT mice, although not in a significant or
uniform way.

We have previously shown that Duox2 gene ex-
pression was elevated 30-fold in the cecum of S. Tm-
inoculated GPx1-KO mice (mean pathology scores of
10) compared to infected WT mice!*?. Here, the S. Tm-
infected WT and Nox1-KO mouse cecum had 2- and
4-fold higher Duox2 gene expression than the non-
infected respective controls (Figure 3D). No difference
in the Duox2 mRNA levels between the WT and Nox1-
KO cecum were observed.

DISCUSSION

Nox1 expressed in intestinal epithelium plays an
important role in cell signaling, regulating many
cellular events, including differentiation, proliferation,
apoptosis, and migration!®**®), Recently, Nox1 was
shown to exacerbate pathogenic bacterial infection,
including C. rodentium and L. monocytogenes studied
in CybaAIEC-KO mice!™, In the present study, we
compared S. Tm colonization and S. Tm-induced colitis
in Nox1-KO and WT mice inoculated at different doses
and found that Nox1 plays a very minor role in S.
Tm infectivity. Because we found that Nox1-KO mice
have a significant increase of goblet cells in the cecum
and colon and because goblet cells secrete mucus to
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form a barrier to fend off bacterial infection!*'®, the
protective effect of Nox1-deficiency is likely due to the
increase in goblet cells rather than a direct effect of
ROS production. The strong protective effect of Cyba
deficiency against C. rodentium and L. monocytogenes
may have contributions from multiple Nox deficiencies,
because Nox2 is induced in the intestinal epithelium
by serotonin, a neuroendocrine secreted by entero-
chromaffin cells®!,

We have confirmed that S. Tm infection suppresses
intestinal alkaline phosphatase (Alpi) expression in
WT mice and likely in Nox1-KO mice. Mice deficient
in Alpi suffer from dysbiosis™®?. The antibiotic-induced
susceptibility to S. Tm or Clostridium difficile can be
prevented by oral supplement of calf Alpi"®. It remains
unclear how S. Tm inhibits Alpi gene expression and
activity.

We have reported that intestinal inflammation, as
observed in mice deficient in GPx1 and GPx2 [GPx1/2-
double knockout (DKO)], have elevated Nox1 gene
expression in the ileum!**). Nox1 deletion completely
abolished GPx1/2-DKO intestinal inflammation.
Because NOX1 and NOX2 are the major sources of
ROS in the artery wall for conditions such as hyper-
tension, hypercholesterolemia, and diabetes, NOX
inhibitors are being developed to treat ROS-associated
diseases'™. A clinical relevance of this study is that
when targeting Nox1, it is unlikely that the anti-Nox1
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therapy will increase risks of bacterial infection.

Nox1 is important for symbiotic-lactobacilli-induced
cell proliferation in the ileum!®; it also promotes
restitution of colons damaged by dextran sulfate
sodium®®**, Whether anti-Nox1 therapy has adverse
effects other than bacterial infection needs to be
further investigated.

In conclusion, we demonstrated that Nox1-KO
mice are not more susceptible to S. Tm colonization
than WT mice. The dlinical relevance of this and other
studies is that anti-Nox1 therapy should not present
a major risk for bacterial infection, such as by S. Tm,
Citrobacter rodentium or Listeria monocytogenes.
However, because Nox1 also has a positive role in cell
proliferation and tissue restitution, more studies are
needed to clarify other potential risks of anti-Nox1
therapy.
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Background

Generation of reactive oxygen species (ROS) is implicated in the pathology of
inflammatory bowel disease, fibrosis, hypertension, stroke, and atherogenesis
and may play role in tumorigenesis. NADPH oxidase 1 (Nox1) appears to
be a major generator of ROS in many of these cases. Therefore, identifying
specific Nox1 inhibitors may lead to new therapeutic agents. ROS can also
be generated by Nox2 as part of the innate immune response to pathogenic
microflora, and it has been speculated that Nox1 participates in the control of
gut microflora. The authors and others are testing the idea that Nox1 may play
a vital role in defense against gut pathogens by colonizing Nox1-KO mouse gut
with pathogens, such as Salmonella enterica serovar Typhimurium (S. Tm) in
this study.

Research frontiers

The role of Nox1 in disease has just recently been explored, and the search for
potent and specific inhibitors is emerging as a major research focus. In support
of using Nox1 inhibition as a therapy, it is important learn if there are major risks
from pathogens or other complications such as existing damage to the gut.
Wound healing and epithelial restitution may be impaired by inhibition of Nox1.

Innovations and breakthroughs

The study shows that Nox1 expression levels do not significantly affect
colonization by S. Tm in the gut. Together with studies on Listeria and
Citrobacter, this work suggests that inhibition of Nox1 activity poses little risk to
the subject for bacterial infection.

Applications
Studies of this type will help define the risks inherent in the use of Nox1
inhibitors as therapeutic agents.

Terminology

Nox1 is a member of a family of oxidases that generate either superoxide or
hydrogen peroxide (ROS) using NADPH as the electron donor. Nox1 generates
superoxide. S. Tm is an enteropathogenic bacteria commonly used to explore
microbial pathology in rodent models.
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Peer-review

The authors investigated the role of Nox1 in S. Tm colonization and infection in
a mouse model. The paper is interesting and adds to our general understanding
of S. Tm infection and demonstrates that Nox1 does not play an important role
in S. Tm colonization.
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