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A B S T R A C T   

The enzyme NADPH oxidase 1 (NOX1) is a major producer of superoxide which together with other reactive 
oxygen and nitrogen species (ROS/RNS) are implicated in maintaining a healthy epithelial barrier in the gut. 
While previous studies have indicated NOX1’s involvement in microbial modulation in the small intestine, less is 
known about the effects of NOX1-dependent ROS/RNS formation in the colon. We investigated the role of NOX1 
in the colon of NOX1 knockout (KO) and wild type (WT) mice, under mild and subclinical low-grade colon 
inflammation induced by 1% dextran sulfate sodium (DSS). Ex vivo imaging of ROS/RNS in the colon revealed 
that absence of NOX1 strongly decreased ROS/RNS production, particularly during DSS treatment. Furthermore, 
while absence of NOX1 did not affect disease activity, some markers of inflammation (mRNA: Tnfa, Il6, Ptgs2; 
protein: lipocalin 2) in the colonic mucosa tended to be higher in NOX1 KO than in WT mice following DSS 
treatment. Lack of NOX1 also extensively modulated the bacterial community in the colon (16S rRNA gene 
sequencing), where NOX1 KO mice were characterized mainly by lower α-diversity (richness and evenness), 
higher abundance of Firmicutes, Akkermansia, and Oscillibacter, and lower abundance of Bacteroidetes and 
Alistipes. Together, our data suggest that NOX1 is pivotal for colonic ROS/RNS production in mice both during 
steady-state (i.e., no DSS treatment) and during 1% DSS-induced low-grade inflammation and for modulation of 
the colonic microbiota, with potential beneficial consequences for intestinal health.   

1. Introduction 

Reactive oxygen and nitrogen species (ROS/RNS) are reactive mol
ecules produced by cells during normal cellular metabolism and their 
production can be triggered in cells of the innate immune system to kill 
bacteria [1–3]. They include superoxide (O2

•− ), hydrogen peroxide 
(H2O2), hydroxyl radical (•OH), nitric oxide (•NO), peroxynitrite 
(ONOO− ), and hypochlorous acid (HOCl). Although ROS/RNS can lead 
to cellular damage and diseases their essential roles in cellular signaling 
are widely recognized [1–3]. Several enzymes are responsible for 
ROS/RNS production, with expression patterns and functions that vary 
depending on cell type [4]. 

During normal steady-state conditions in the intestine, NADPH oxi
dase (NOX) 1 (NOX1) and dual oxidase 2 (DUOX2) in epithelial cells are 

the primary sources of ROS, producing superoxide and hydrogen 
peroxide, respectively [4–7]. The role of NOX1 could be particularly 
important in the colon where the expression is highest [8–13], with an 
increasing expression gradient from proximal to distal end [9,10,13,14]. 
To convert oxygen to superoxide, NOX1 is dependent on a stabilizing 
protein (p22phox), an activator (NOXA1), an organizer (NOXO1/p47
phox), and a Rac GTPase [4]. Colonic NOX1 is suggested to produce a 
basal level of ROS in the colon [4,15], which could be further enhanced 
during specific circumstances like inflammation [16] and bacterial in
vasion [15]. Another relevant RNS-producing enzyme in the intestine, 
not belonging to the NOX family, is inducible nitric oxide synthase 
(iNOS). iNOS produces nitric oxide which can spontaneously create 
peroxynitrite when reacting with superoxide [17]. While the expression 
of iNOS is high in the small intestine during normal conditions [18,19], 
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colonic iNOS is mainly expressed during inflammation or infection [20]. 
During inflammation, NOX2 in phagocytic cells will also contribute 
significantly to ROS/RNS generation [4]. 

The role of NOX1 in the colon is not fully understood. Still, studies of 
NOX1 have indicated its involvement in several processes, including 
endoplasmic reticulum stress in goblet cells [21], mucosal wound repair 
[16,22,23], and epithelial cell proliferation and differentiation [24]. 
NOX1 has also been proposed to be an important participant in crosstalk 
between the gut bacteria and the host [25,26]. Induced NOX1 mRNA 
expression in the colon of specific pathogen-free compared to germ-free 
mice [13] further indicates a relationship between colonic NOX1 and 
gut bacteria, although this result was not observed by others [19]. 
Together, these findings suggest important roles of NOX1 in colonic 
homeostasis. We have previously shown that NOX1 impacts bacterial 
levels and composition in the ileum [8], possibly through mechanisms 
involving NOX1- and iNOS-dependent formation of peroxynitrite, as 
assessed by in vivo and ex vivo imaging using the chemiluminescent 
molecule L-012 [8,27]. Similar mechanisms could be present in the 
colon during inflammation when both NOX1 and iNOS are active. Pre
vious studies of NOX1’s role during colon inflammation have mostly 
used pathological concentrations of dextran sulfate sodium (DSS; 2–4% 
in drinking water) [16,21,22,28], a widely used inducer of colitis. In 
those studies, NOX1-deficient mice exhibited overall small differences in 
colitis pathology compared to wild type (WT) mice. However, WT mice 
recover faster after the withdrawal of DSS [16] in line with NOX1’s 
beneficial role in wound healing [22,23]. 

Severe colitis is an extreme situation with a massive release of in
flammatory mediators and high production of ROS/RNS from many 
sources, which may mask the effects of the absence or presence of NOX1 
in the DSS models using high concentrations. Thus, a more relevant 
condition for studying effects of NOX1 is low-grade colon inflammation, 
characterized by mild signs of inflammation with few or no signs of 
pathology [29], which can lead to impaired gut barrier integrity and 
disturbances in the bacterial composition of the colon. Low-grade in
testinal inflammation is a state frequently encountered in patients with 
irritable bowel syndrome, in patients with inflammatory bowel disease 
in remission, and in people with a poor diet [29–33]. Low-grade 
inflammation can be induced in mice by applying low doses of DSS 
typically in the range of 0.5–1% [34]. Under these conditions, elevated 
levels of nitrotyrosine have been observed in the epithelial layers of the 
colon, indicative of enhanced peroxynitrite production [35], most likely 
facilitated by NOX1- and iNOS-dependent ROS/RNS formation. Since 
NOX1 is highly expressed in the colonic epithelial cells in healthy mice, 
it is plausible that NOX1 together with iNOS are the primary sources of 
peroxynitrite during low-grade inflammation induced by 1% DSS, and 
we speculate that in this condition peroxynitrite will have an impact on 
colon inflammation and bacterial composition. 

The aim of this study was therefore to investigate the role of NOX1- 
dependent ROS/RNS production in the colon both during steady-state 
and during a mild and subclinical low-grade inflammation. Specif
ically, we wanted to investigate (1) whether ROS/RNS production in the 
colon is dependent on NOX1, (2) whether NOX1 has a protective role 
during low-grade colon inflammation, and (3) whether and how NOX1 
impacts the bacterial composition in the colon. 

2. Material and methods 

2.1. Mice 

All mice had C57BL/6J genetic background (The Jackson Labora
tory, Bar Harbor, ME). NOX1 knockout (KO) mice (Jax stock #018787) 
[85] were bred by homozygous breeding (Nox1− /− × Nox1− /Y) and the 
genotype was confirmed by standard PCR with specific primer pairs as 
recommended by The Jackson Laboratory (Table S1). WT and NOX1 KO 
mice were bred and housed in separate individually ventilated cages 
(Innovative, San Diego, CA) in the same controlled environment (rack) 

(12h-light-dark cycle, 24 ± 1◦C, 45–55% humidity), with standard ro
dent chow (RM1, SDS Diet, Essex, UK) and water ad libitum. A low 
number of mice per cage (2–3) was maintained to reduce potential cage 
effects. Prior to the experiments, both genotypes were bred for several 
generations in the same rack with identical feeding and handling rou
tines, thereby giving them the same external bacterial exposures. 

2.2. Mouse experiments 

Two mouse experiments were performed (Fig. 1). In Experiment 1, 
mice were treated with different doses of DSS in drinking water to find 
the optimal dose and length of DSS treatment to induce low-grade 
inflammation in the colon. In the present study, colonic low-grade 
inflammation refers to the presence of few or no visible signs of dis
ease (i.e., weight loss and change in stool quality) together with a 
moderate up-regulation of inflammation-related genes. For this purpose, 
24 WT male mice (10–14 weeks old) were divided into four groups 
(n=6) which were given 0, 0.5, 1 or 2% (w/w) DSS (Dextran Sulfate 
Sodium Salt Colitis Grade, 36,000–50,000 MW, MP Biomedicals, Santa 
Ana, CA) in water for eight days. In Experiment 2, WT and NOX1 KO 
mice were used to investigate the effect of NOX1-deficiency on ROS/ 
RNS production, gut microbiota, and colonic low-grade inflammation. 
Nineteen WT and 20 NOX1 KO mice (14–17 weeks old) were used for 
this purpose. Mice of each genotype were divided into two groups 
(n=9–10, two males per group), each of which were given 0 or 1% (w/ 
w) DSS in water for six days. For both experiments, fresh DSS solutions 
in new bottles were prepared every second day as recommended [36]. 
Water for the control mice was changed accordingly. Animal experi
ments were performed with permission from The Norwegian Food 
Safety Authority (FOTS #14805), and they were conducted in compli
ance with the current guidelines of The Federation of European Labo
ratory Animal Science Associations. 

2.3. Sampling 

Mice were weighed and stool quality was inspected every second day 
of the experiments. On the last day of the experiments, prior to termi
nation, feces was collected for enzyme-linked immunosorbent assay 
(ELISA). Mice were then anesthetized by intraperitoneal injection with 
ZRF cocktail (10 μL/g mouse, Table S2). The feed was removed ~4 h 
before the ZRF injection. Blood for ELISA was collected through cardiac 

Fig. 1. Experimental group design for (A) Experiment 1 and (B) Experiment 2. 
In Experiment 1, WT mice were treated with 0 (no DSS), 0.5, 1, or 2% DSS for 
eight days (n=6 per group). In Experiment 2, WT and NOX1 KO mice were 
treated with 0 (no DSS) or 1% DSS for six days (n=9–10 per group). WT, wild 
type; DSS, dextran sulfate sodium; NOX1, NADPH oxidase 1; KO, knockout. 
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puncture with syringes coated with disodium EDTA as anticoagulant 
(0.05 M, final concentration 2–5 mM). After termination by cervical 
dislocation, the intestine was isolated and ex vivo imaging was per
formed (Experiment 2 only). After measuring the colon length, the colon 
was opened longitudinally, 2 cm from both sides. From these sections, 
10–30 mg of lamina propria was scraped off with a glass slide for RNA 
extraction. The remaining middle segment was fixed for histological 
observations. In addition, 1 cm of the colon (referred to as “colon tis
sue”) and one fecal pellet were collected from the proximal-middle 
section for DNA extraction (Experiment 2 only). 

2.4. Ex vivo imaging of ROS/RNS using L-012 luminescence probe 

Ex vivo imaging of the intestine in Experiment 2 was performed with 
IVIS Lumina II (PerkinElmer, Waltham, MA). On the termination day, L- 
012 luminescence probe (Wako Chemical, Neuss, Germany) was injec
ted intraperitoneally (10 mg/kg mouse) after the ZRF injection. Light 
emission from intestine was measured as photons/second/cm2/stera
dian 3 min after the L-012 injection with 5 min exposure time using the 
Living Imaging software (PerkinElmer). While presented images show 
both the small intestine and the colon, only the light emission from the 
colon was of interest and used for statistical analyses. 

2.5. Quantification of LBP in plasma and LCN2 in feces using ELISA 

ELISA was performed on plasma and feces from Experiment 2. Blood 
samples with disodium EDTA were placed on ice immediately after 
sampling. After centrifugation (10 min, 6000×g), plasma was collected 
and stored at − 20◦C until further processing. Plasma levels of lipo
polysaccharide (LPS) binding protein (LBP) as a surrogate marker for 
LPS [37] were measured with Mouse LBP Quantification ELISA kit 
(Biometric, Greifswald, Germany) after diluting the plasma samples 800 
times. After sampling, feces was stored at − 80◦C until further process
ing. Levels of lipocalin 2 protein (LCN2) in feces were used as an indi
cator of DSS-induced colon inflammation. Mouse Lipocalin-2/NGAL 
DuoSet ELISA and DuoSet ELISA Ancillary Reagent Kit 2 (R&D Systems, 
Minneapolis, MN) were used following the manufacturer’s protocol. 
Feces was processed as described by Chassaing et al. [34] and super
natants were diluted between 20 and 20,000 times prior to the assay 
procedure. For both assays, levels of target protein were estimated using 
standard curves created using 4-parameter logistic curve fit and samples 
were analyzed in duplicates. 

2.6. Histology 

Histological analyses were performed on colon tissue from three 
mice per group from Experiment 2. Colon segments were fixed as a swiss- 
roll [38]. Briefly, the colon lumen was washed out with modified Bouin’s 
fixative (50% ethanol, 5% acetic acid in dH2O) and opened longitudi
nally. Segments were rolled into swiss-roll arrangement, with the luminal 
side facing inwards. Samples were kept in 10% buffered formalin 
overnight at room temperature and then stored in 70% ethanol at 4◦C 
until standard ethanol dehydration procedures and paraffin embedding. 
Samples were cut with 7 μm thickness and stained with hematoxylin and 
eosin to be analyzed under an optical light microscope. The histological 
evaluation was based on the infiltration of immune cells in the lamina 
propria, space between epithelial cells bases and muscularis mucosa, 
and crypt structure, parameters commonly observed during 
DSS-induced colon inflammation [16,36]. 

2.7. RNA isolation and mRNA expression analyses of lamina propria 

Lamina propria samples were placed in RNAlater (Sigma-Aldrich, St. 
Louis, MO) directly after sampling, stored at 4◦C for 24 h, and then 
stored at − 20◦C until further processing. For RNA extraction, Nucleo
Spin RNA/Protein Purification kit (Macherey-Nagel, Düren, Germany) 

was used. DSS is known to inhibit both reverse transcriptase and PCR 
reactions [39,40]. Extracted RNA was therefore cleaned following the 
lithium chloride method as recommended [40]. Reverse transcriptase 
conversion of cleaned RNA to cDNA was performed using iScript cDNA 
Synthesis kit (Bio-Rad, Hercules, CA). For the qPCR reactions, we used 
HOT FirePol EvaGreen qPCR Supermix (Solis BioDyne, Tartu, Estonia) 
and measured fluorescence in LightCycler 480 Instrument II (Roche, 
Basel, Switzerland). Samples were analyzed in duplicates. LinRegPCR 
Software (version 2018.0) [41] was used to calculate quantification 
cycle (Cq) values based on a common threshold for all primers and in
dividual primer efficiencies. The following target genes (symbol) were 
assessed: Tumor necrosis factor alpha (Tnfa), interleukin 6 (Il6), 
prostaglandin-endoperoxide synthase 2 (Ptgs2), interleukin 1 beta (Il1b), 
lipocalin 2 (Lcn2), cytochrome b-245 (Cybb, also known as Nox2), dual 
oxidase 2 (Duox2), inducible nitric oxide synthase 2 (Nos2, also known 
as iNOS), and NADPH oxidase 1 (Nox1, Experiment 1 only). The 
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) was used as reference, and relative mRNA expression for each 
target gene in each sample was calculated using the formula 
R= (Etarget

(− Cqtarget ))/(Ereference
(− Cqreference)) where E denotes the primer effi

ciency. See Tables S3–S7 for reagents, primers, and temperature cycles 
for cDNA synthesis and qPCR. Results are only presented for proximal 
colon. 

2.8. DNA extraction from feces and colon tissue 

Fecal pellets (~0.05 g) and colon tissue from Experiment 2 were 
placed in S.T.A.R buffer (300 μL, Roche) with acid-washed glass beads 
(app. 0.2 g, <106 m, Sigma-Aldrich) directly after sampling and stored 
at − 80◦C until further processing. Later, the fecal samples were added 
an additional 300 μL S.T.A.R buffer to obtain the same volumes (600 μL) 
as used during method testing. All samples were processed twice on 
FastPrep 96 (1800 rpm, 40 s, 5 min cooling step in-between, MP Bio
Medicals, Irvine, CA) to obtain cell lysis. Processed samples were 
centrifuged (~13,226×g, 10 min) and 50 μL supernatants were trans
ferred to 96-well plates for protease treatment followed by DNA 
extraction using Mag Midi LGC kit (LGC Genomics, Teddington, UK) 
according to the manufacturer’s protocol on a KingFisher Flex DNA 
extraction robot (Thermo Fisher Scientific, Waltham, MA). 

2.9. Library preparation and gene sequencing of 16S rRNA 

A similar workflow of 16S rRNA gene sequencing has been reported 
by others [42]. After DNA extraction, 16S rRNA genes were amplified by 
PCR using prokaryote-targeting primers (target region V3–V4, 
Table S8&S9). As DSS in feces has inhibitory effects on PCR (identified 
through dilution series on qPCR), we diluted the extracted DNA from 
fecal samples 1:4 prior to amplicon PCR (total dilution of 1:100 in PCR 
reaction). PCR products (~466 bp) were purified with AMPure XP 
(Beckman-Coulter, Indianapolis, IN) and 10 further PCR cycles with 
index primers modified with Illumina adapters were performed 
(Tables S10–S12), resulting in PCR products of ~594 bp. All PCR 
products were qualitatively confirmed by gel electrophoresis. Quantifi
cation, normalization, and pooling of individual libraries were followed 
by purification by AMPure XP and quantification of the pooled library. 
The pooled library was diluted to 6 pM and sequenced with the MiSeq 
Reagent Kit V3 (cat. nr. MS-102-3003, Illumina, San Diego, CA) on the 
Illumina MiSeq following Illumina’s protocol (16S Metagenomic 
Sequencing Library Preparation Part# 15044223 Rev. B), except we 
used nuclease free-water instead of Tris for PhiX library dilution. 20% 
PhiX served as an internal control. 

2.10. Processing of 16S rRNA gene sequencing data 

The resulting 300 bp paired-end reads from gene sequencing of 16S 
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rRNA were paired-end joined and split into their respective samples, 
quality-filtered using QIIME [43], and clustered into taxonomically 
assigned operational taxonomic units (OTUs) with ≥97% identity using 
closed-reference usearch algorithm (version 8) [44,45] against the SILVA 
database (version 128) [46]. The resulting dataset included 2,392,173 
high-quality and chimera-checked sequences from the 78 samples (8644 
to 61,079 sequences/sample). The OTU counts for each sample were 
normalized by even subsampling (rarefaction) in QIIME with 6500 se
quences per sample as normalization cut-off. In the normalized dataset, 
538 OTUs were identified in total (rarefaction curves in Fig. S1). The 
OTUs were taxonomically binned into phylum- and genus-level abun
dance tables. Abundances of bacterial taxa are presented as relative 
abundances (%) where the lowest detectable abundance was 0.015%. 

2.11. Alpha- and beta-diversity 

Measures of bacterial diversity within (α-diversity; number of 
observed species, Shannon-Wiener index, and evenness) and between 
(β-diversity; Bray-Curtis and weighted UniFrac distances [47]) samples 
were calculated based on the normalized OTU table. 

The number of observed species in one sample was calculated as the 
number of OTUs with sequence count >0. The Shannon-Wiener index 

for one sample was calculated as H = −
∑s

i=1
(piln(pi)), where s denotes the 

number of OTUs with sequence count >0 and pi the proportion of the 
community represented by OTU number i. Equitability (evenness) for 
one sample was calculated as E = H/Hmax where Hmax =

ln(number ​ of ​ OTUs ​ with ​ sequence ​ count> 0). 
β-diversities (Bray-Curtis and weighted UniFrac distances) between 

samples were calculated using QIIME default scripts (cor
e_diversity_analyses.py). Analyses of β-diversities were conducted in R 
[48] (version 4.1.2). Ordination of β-diversities by non-metric multidi
mensional scaling (NMDS) was performed using the metaMDS() func
tion from the vegan package [49] (version 2.5–7), with 
autotransform=FALSE and try=100. Ordination of β-diversities by 
principal coordinate analyses (PCoA) was performed using the cmdscale 
() function from the stats package [48] (version 4.1.2) with k=2. Global 
PERMANOVA of β-diversities was performed using the adonis() function 
from the vegan package with permutations=999, p.method=”BH”, and 
nperm=999 (four groups: WT, WT + 1% DSS, NOX1 KO, and NOX1 KO 
+ 1% DSS). Dispersion homogeneity between groups was assessed using 
the function betadisper() from the vegan package. Significant global 
PERMANOVA was followed by pairwise PERMANOVA, performed by 
applying the pairwise.perm.manova() function from the RVAideMemoire 
package (version 0.9–79) [50] with nperm=999 and p.method=“BH”. 
The p-values reported from global and pairwise PERMANOVA are the 
mean p-values from 100 PERMANOVA runs. PERMANOVA was per
formed separately for feces and colon tissue. 

2.12. Statistics 

All statistical analyses, except PERMANOVA (section 2.11) and 
linear discriminant analysis (LDA) effect size (LEfSe), were performed 
using GraphPad Prism (version 9.3.0 for Windows, GraphPad Software, 
San Diego, California USA). All reported p-values are two-tailed where 
p<0.05 was considered significant. 

Colon length and mRNA expression data from Experiment 1 (0, 0.5, 1 
and 2% DSS in WT mice) were analyzed using one-way ANOVA while 
body weight change was analyzed using repeated measures 2-way 
ANOVA. Significant effect of DSS in one-way ANOVA was followed by 
pairwise comparison of the four different DSS doses using Tukey’s test 
for multiple comparisons. Significant effect of day and DSS dose in the 
repeated measures 2-way ANOVA was followed by pairwise comparison 
of DSS doses within each day using Tukey’s test for multiple compari
sons. mRNA expression data were log10-transformed to obtain normally 

distributed model residuals with equal residual variance between 
groups. 

Colon length, L-012 signal, mRNA expression, protein biomarkers, 
α-diversity, and phylum abundance data from Experiment 2 (effects of 
1% DSS treatment and genotype) were analyzed using 2-way ANOVA 
when appropriate while body weight change was analyzed using 
repeated measures 3-way ANOVA. Significant interactions between 
treatment and genotype in 2-way ANOVA were followed by the assess
ment of simple main effects (effect of treatment within each genotype 
and effect of genotype within each treatment) with Bonferroni correc
tion for multiple comparisons. mRNA expression, protein biomarkers, 
and some phylum abundance data (specified in figure captions) were 
log10-transformed to obtain normally distributed model residuals with 
equal residual variance between groups. In cases where residuals from 2- 
way ANOVA were not reasonably normally distributed or when equality 
of residual variance between groups could not be reasonably assumed 
(even after data transformation), comparisons of genotypes (WT versus 
NOX1 KO) were performed within each treatment (0 and 1% DSS) using 
a model suitable for each case (t-test, Welch’s t-test, Mann-Whitney test, 
or Fisher’s exact test, specified in figure captions). 

Normality of model residuals was evaluated using Q-Q plot and 
Shapiro-Wilk test and homoscedasticity of model residuals was evalu
ated using residual plots and Brown-Forsythe test. Data are presented as 
individual values (with some exceptions) with group means ± standard 
error of the mean (SEM) or geometric group mean ×/÷ geometric SD 
factor in cases where statistical analyses were performed on log10- 
transformed data. 

To identify differentiated bacterial genera between groups, we used 
LEfSe [51] available at https://huttenhower.sph.harvard.edu/galaxy/, 
with p<0.05 and the LDA effect size 2.0 to explain differences between 
groups. 

3. Results 

3.1. Establishment of the low-grade colon inflammation model 

The main aim of the study was to investigate the role of NOX1- 
dependent ROS/RNS production in the colon during steady-state and 
DSS-induced low-grade colon inflammation. The criteria set for a rele
vant inflammation model were few or no visible signs of disease together 
with a moderate up-regulation of inflammation-related genes in the 
colonic mucosa. To find the optimal time-dose for inducing low-grade 
colon inflammation, we treated WT mice with 0, 0.5, 1, or 2% DSS for 
eight days (Experiment 1). 

Mice treated with the highest dose of 2% DSS had significant weight 
loss after six days (Fig. S2A). Mice treated with 0.5 or 1% DSS showed 
only marginal or no weight loss and did not differ significantly from 
untreated mice. From day four, 2% DSS-treated mice presented poorer 
stool quality i.e., loose consistency and traces of blood, while 1 and 0.5% 
DSS-treated mice only presented minor changes by day six and eight, 
respectively. At termination (day eight), 2% DSS-treated mice had 
significantly shorter colons than all other groups, whereas the colon 
length of 0.5 and 1% DSS-treated mice were not different from untreated 
mice (Fig. S2B). 

Compared to untreated mice, DSS-treated groups had a dose- 
dependent higher mRNA expression of the inflammation-related genes 
Tnfa, Ptgs2, Il6, Il1b, and Lcn2, and of the ROS/RNS-related genes Nox2, 
Duox2, and iNOS in the colonic mucosa at termination (Figs. S3A–H). 
The lowest dose of 0.5% DSS was not associated with higher expression 
of the inflammation- or ROS/RNS-related genes, except for Tnfa. 
Expression of Nox1 was unaffected by all DSS doses tested (Fig. S3I). 

Based on the results from Experiment 1, we concluded that treatment 
with 1% DSS for six days would be a suitable dose and duration to induce 
low-grade colon inflammation due to lack of marked clinical signs while 
high enough to significantly up-regulate inflammation- and relevant 
ROS/RNS-related genes. 
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3.2. NOX1 is important for ROS/RNS production in the colon 

For the main experiment, where WT and NOX1 KO mice were treated 
with 0 or 1% DSS for six days (Experiment 2), we first sought to inves
tigate whether the colonic ROS/RNS production was dependent on 
NOX1, especially during DSS-induced inflammation. We hypothesized 
that the ROS/RNS levels in NOX1 KO mice would be significantly lower 
than in WT mice, mainly due to lack of NOX1-dependent peroxynitrite 
formation. 

L-012 luminescence from ex vivo imaging of the colons at termination 
(day six) was used as a sensor of ROS/RNS (Fig. 2A&B). Regardless of 
genotype, the L-012 mediated ROS/RNS signal was higher in DSS- 
treated mice than in untreated mice. Furthermore, in agreement with 
our hypothesis, the ROS/RNS signal was significantly lower in NOX1 KO 
than in WT mice, both with and without DSS treatment. In untreated and 
DSS-treated mice, the average (median) ROS/RNS signal in WT mice 
was ~2 and ~5 times higher, respectively, than in NOX1 KO mice. 

Next, we investigated the importance of the ROS/RNS-related genes 
iNOS, Duox2, and Nox2 for the ROS/RNS production by assessing the 
mRNA expression in the colonic mucosa at termination. All these genes 
encode enzymes which can contribute to the L-012 signal (i.e., ROS/RNS 
production) through different reaction pathways. Expression of iNOS 
was higher in DSS-treated than in untreated mice, but no difference was 
found between WT and NOX1 KO mice (Fig. 2C). Duox2 expression was 
only moderately elevated in DSS-treated mice with no differences be
tween WT and NOX1 KO mice (Fig. 2D) while expression of Nox2 was 
unaffected by both DSS treatment and genotype (Fig. 2E). The median 

expression of iNOS and Duox2 was about 40 and 2 times higher, 
respectively, in DSS-treated compared to untreated mice. 

Taken together, these data show that NOX1-deficiency abolished 
ROS/RNS-dependent L-012 luminescence despite DSS-induced high 
expression of both iNOS and Duox2. Additionally, we show that 
expression of iNOS and Duox2 was not dependent on NOX1. 

3.3. NOX1 has minor impact on the susceptibility for DSS-induced low- 
grade colon inflammation 

Since ex vivo imaging with L-012 indicated reduced ROS/RNS pro
duction in the NOX1 KO mice, we next asked whether the lack of NOX1- 
dependent ROS/RNS would affect the severity of the 1% DSS-induced 
low-grade colon inflammation. We hypothesized that NOX1 would 
have a protective role where NOX1 KO mice would be more susceptible 
to inflammation. 

Six days of 1% DSS treatment did not result in significant changes in 
body weight for WT or NOX1 KO mice (Fig. S4A). Most of the DSS- 
treated mice displayed changes in stool quality from day four and they 
had reduced colon length at termination compared to untreated mice, 
but these changes were not different between WT and NOX1 KO mice 
(Fig. S4B). 

To further evaluate the severity of the inflammation, we measured 
the mRNA expression of the inflammation-related genes Tnfa, Il6, Ptgs2, 
Il1b, and Lcn2 in the colonic mucosa at termination. All genes were 
significantly higher expressed in DSS-treated than in untreated mice 
(Fig. 3A–E). Further, for Tnfa, there was a significant interaction 

Fig. 2. ROS/RNS production in the colon of WT and NOX1 KO mice with or without 1% DSS treatment for six days. (A) Representative ex vivo images of one animal 
from each of the four groups after injection with L-012. Pseudo colors represent light intensity expressed as photons/sec/cm2/steradian (p/s/cm2/sr). Red markings 
show the region of interest (ROI) in the colon. (B) L-012-induced chemiluminescence from the colon ROI expressed as average radiance (p/s/cm2/sr). n=9–10 per 
group. (C–E) Relative mRNA expression of (C) inducible nitric oxide synthase 2 (iNOS) (D), dual oxidase 2 (Duox2), and (E) cytochrome b-245 (Nox2) in mucosa from 
the proximal colon. n=4–10 per group. P-values from 2-way ANOVA (main effect of treatment (t; no DSS versus 1% DSS) and genotype (g; WT versus NOX1 KO), and 
interaction effect (t×g)) on log10-transformed data. Horizontal lines and whiskers are geometric group mean ×/÷ geometric SD factor. ROS, reactive oxygen species; 
RNS, reactive nitrogen species, WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium. *p<0.05. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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between treatment and genotype, indicating a stronger DSS-induced up- 
regulation of Tnfa in NOX1 KO than in WT mice (Fig. 3A). Similar trends 
were observed for Il6 (Fig. 3B) and Ptgs2 (Fig. 3C). 

In addition to mRNA expression, we also investigated if the protein 
levels of LCN2 in feces were different between DSS-treated WT and 
NOX1 mice, as fecal LCN2 has been shown to be a sensitive marker of 
colon inflammation [34]. As for Lcn2 mRNA expression, the LCN2 pro
tein levels were higher in DSS-treated than in untreated mice. Further
more, DSS-treated NOX1 KO mice tended to have higher LCN2 levels 
than DSS-treated WT mice, although not significantly (Fig. 3F). As a 
measure of intestinal barrier breach, commonly associated with colon 
inflammation, we also measured the protein levels of LBP in plasma. LBP 
levels were higher in DSS-treated than in untreated mice, but no dif
ferences were found between WT and NOX1 KO mice (Fig. 3G). 

Finally, we evaluated the structural impacts of the DSS treatment on 
colon tissue in a selection of WT and NOX1 KO (n=3 per group). Both 
WT and NOX1 KO mice displayed similar mild signs of colon inflam
mation in response to DSS, with infiltration of immune cells in lamina 
propria and increased space between epithelial cell bases and muscularis 
mucosa (Fig. 4). In mice not treated with DSS, no signs of colon 
inflammation were observed in neither of the genotypes. 

3.4. NOX1 affects the community structure and diversity of the colonic 
microbiota 

To assess the role of NOX1 on the colonic microbiota both during 

steady-state and inflammatory conditions, we performed 16S rRNA gene 
sequencing of both feces and colon tissue samples, representing the 
luminal- and mucosa-associated microbiota, respectively. 

First, two different measures of between-sample diversity (β-di
versity) were used to assess the overall differences in bacterial com
munity structures between the four groups of mice: 1) Bray-Curtis 
distances (based on OTU abundances) and 2) weighted UniFrac dis
tances (abundance-weighted phylogenetic distances). As illustrated in 
NMDS ordination plots in Fig. 5A&C, feces samples clustered signifi
cantly according to both DSS treatment and genotype for both Bray- 
Curtis and weighted Unifrac distances, where all four groups were 
significantly different from each other. For colon tissue, we also found 
significant clustering according to both DSS treatment and genotype 
when applying Bray-Curtis distances (Fig. 5B) while for weighted Uni
frac, samples clustered only according to treatment with no difference 
between WT and NOX1 KO mice (Fig. 5D). The same clustering patterns 
were obtained when applying PCoA as ordination method (Fig. S5). 

We next examined the effect of NOX1 and DSS treatment on fecal 
bacterial diversity (richness and evenness) by applying three selected 
indices of within-sample diversity (α-diversity): 1) The Shannon-Wiener 
index (richness and evenness combined; Fig. 6A), 2) number of observed 
species (richness; Figs. 6B), and 3) evenness (Fig. 6C). Untreated NOX1 
KO mice had lower diversity than untreated WT mice for all the three 
indices. Further, regardless of genotype, DSS-treated mice had higher 
Shannon-Wiener index and evenness compared to untreated mice, while 
number of observed species was unaffected by DSS treatment. 

Fig. 3. Mucosal inflammation and intestinal barrier integrity of WT and NOX1 KO mice with or without 1% DSS treatment (6 days). (A–E) Relative mRNA expression 
of (A) tumor necrosis factor alpha (Tnfa), (B) interleukin 6 (Il6), (C) prostaglandin-endoperoxide synthase 2 (Ptgs2), (D) interleukin 1 beta (Il1b), and (E) lipocalin 2 
(Lcn2) in mucosa from the proximal colon. n=6–10 per group. (F) Concentration of fecal lipocalin 2 protein (LCN2). n=9–10 per group. (G) Concentration of 
lipopolysaccharide binding protein (LBP) in plasma. n=9–10 per group. P-values from 2-way ANOVA (main effect of treatment (t; no DSS versus 1% DSS) and 
genotype (g; WT versus NOX1 KO), and interaction effect (t×g)) on log10-transformed data. In cases with significant interaction, p-values for simple main effects 
from post-hoc tests with Bonferroni correction for multiple comparisons are presented. Horizontal lines and whiskers are geometric group mean ×/÷ geometric SD 
factor. WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium. *p<0.05. 

A.M. Herfindal et al.                                                                                                                                                                                                                           



Free Radical Biology and Medicine 188 (2022) 298–311

304

Interestingly, with DSS treatment, the difference in evenness between 
WT and NOX1 KO mice observed in untreated mice was no longer pre
sent. Similar patterns were found for colon tissue, although not as 
prominent (Fig. 6D–F). 

In conclusion, the results on β- and α-diversity illustrate 1) that both 
NOX1 and DSS treatment highly affects the overall structures of the 
bacterial communities, 2) that NOX1 KO mice generally display a lower 
bacterial diversity than WT mice, and 3) that the differences between 
WT and NOX1 KO mice are more prominent for the luminal-associated 
microbiota. 

3.5. NOX1 affects colonic bacterial composition at the phylum level 

Based on the assessment of overall bacterial community structure 
and diversity, it was clear that the NOX1 KO and WT mice had consid
erable differences in the colonic microbiota, both during steady-state 
and inflammatory conditions. To obtain a more detailed understand
ing of these differences, we first assessed the effects of NOX1 and DSS 
treatment on the relative bacterial abundances at the phylum level 
(Fig. 7A). Only phyla with average relative abundance above 1% in at 
least one group were included in the analyses (individual plots for all 
analyzed phyla in Fig. S6). 

In both feces and colon tissue, representing the luminal- and mucosa- 
associated microbiota, respectively, the main effects of DSS treatment 
were higher abundance of Firmicutes and Tenericutes, while lower 
abundance of Bacteroidetes and Proteobacteria. No main effect of ge
notype was found for any of the above-mentioned phyla. However, in 
feces, we found significant interaction between treatment and genotype 
for Bacteroidetes (Fig. 7B, Fig. S6B) and Firmicutes (Fig. 7C, Fig. S6A). 
Untreated NOX1 KO mice had lower abundance of Bacteroidetes than 
untreated WT mice, while there was no difference between the geno
types when treated with DSS, mainly due to reduced abundance in the 
WT mice. For Firmicutes, no significant differences were found between 
NOX1 KO and WT mice, but a tendency towards higher abundance in 
untreated NOX1 KO than in untreated WT mice. In addition to the higher 
Firmicutes/Bacteroidetes ratio in NOX1 KO mice, the phylum Verruco
microbia was significantly more abundant in feces from NOX1 KO than 
from WT mice, both with and without DSS treatment (Fig. 7D, Fig. S6I). 

Furthermore, WT mice treated with DSS had higher abundance of Ver
rucomicrobia than untreated WT mice, but the levels were still lower 
than in NOX1 KO mice. The Verrucomicrobia abundance showed similar 
patterns in colon tissue. 

3.6. NOX1 affects colonic bacterial composition at the genus level 

To assess the effect of NOX1 and DSS treatment on the relative 
abundances at the genus level, we performed LEfSe separately for feces 
and colon tissue for the four relevant comparisons: comparison of ge
notypes (WT and NOX1 KO) within each treatment condition (0 and 1% 
DSS), and comparison of treatments within each genotype. From the 
LEfSe results (Figs. S7–S10), 21 genera in total were identified as 
different between NOX1 KO and WT mice in feces and/or colon tissue. 
Twelve LEfSe-identified genera were considered abundant (average 
abundance above 0.1% in feces and/or colon tissue, Fig. 8) while nine 
were low abundant (Fig. S11). 

Of the abundant LEfSe-identified genera, Lachnospiraceae FCS020 
group was the only one to be unaffected by DSS treatment itself and the 
abundance was generally lower in NOX1 KO than in WT mice (Fig. 8A). 
The genera Faecalibaculum, Lachnospiraceae UCG-001, and unknown 
Bacteroidales S24-7 group (identical to family Bacteroidales S24-7 group) 
had, with some exceptions, lower abundance in NOX1 KO than in WT 
mice and were decreased by DSS treatment in both genotypes 
(Fig. 8B–D). Alistipes (identical to family Rikenellaceae) was overall 
decreased by DSS, but more strongly in NOX1 KO mice, resulting in 
lower abundance of this genus in NOX1 KO mice compared to WT when 
treated with DSS (Fig. 8E). The abundance of Akkermansia (identical to 
phylum Verrucomicrobia, see section 3.5) was much higher in NOX1 KO 
mice compared to WT both in untreated and DSS-treated mice, and DSS 
led to enrichment of Akkermansia only in the WT mice (Fig. 8F). In 
untreated mice, Oscillibacter and Ruminococcaceae UCG-005 had similar 
abundances between WT and NOX1 KO mice, while DSS led to enrich
ment only in the NOX1 KO mice (Fig. 8G&H). Three genera Rumino
coccus1, unknown Peptococcaceae and unknown MollicutesRF9 (identical 
to order MollicutesRF9) showed an abundance pattern where DSS 
treatment led to enrichment, but only the WT mice (Fig. 8I–K). Finally, 
NOX1 KO mice had lower abundance of Blautia compared to WT when 
not treated with DSS, and while DSS treatment led to decreased levels in 
WT mice, Blautia was enriched in DSS-treated NOX1 KO mice (Fig. 8L). 

Of the low abundant genera identified by LEfSe, two genera showed 
particularly distinct differences between NOX1 KO and WT mice. 
Ruminiclostridium1 was only detected in NOX1 KO mice (Fig. S11A), 
while Peptococcus was almost exclusively found in WT mice (Fig. S11B). 

4. Discussion 

As a primary producer of ROS/RNS in colonic epithelial cells, NOX1 
contributes to intestinal homeostasis [16,21–24] and its role could be 
particularly relevant when combined with other ROS/RNS-generating 
enzymes such as iNOS [8]. In this study, we hypothesized that 
NOX1-dependent ROS/RNS production influences the severity of 
low-grade inflammation and bacterial composition in the colon. To 
explore this hypothesis, we investigated the effects of NOX1-deficiency 
on ROS/RNS production, markers of inflammation, and bacterial 
composition in the colon both during steady-state and in 1% 
DSS-induced subclinical low-grade colon inflammation. While reduced 
levels of ROS/RNS in the colon of NOX1 KO mice only marginally 
aggravated the severity of inflammation, the colonic microbiota was 
highly affected by the lack of NOX1-depedent ROS/RNS. 

As a marker of extracellular ROS/RNS in the colon, we used L-012, a 
chemiluminescent molecule that emits light when it reacts with various 
ROS/RNS, most prominently peroxynitrite, hypochlorous acid and hy
droxyl radical [52–57]. While DSS treatment increased colonic 
ROS/RNS levels, the levels were substantially lower in NOX1 KO mice 
than in WT. Reduced L-012 signal in the colon of NOX1-deficient mice in 

Fig. 4. Colon tissue of WT and NOX1 KO mice with or without 1% DSS 
treatment (6 days). Representative images (n=3 per group) except from DSS- 
treated NOX1 KO mouse. In this case we present the most severe observed 
case. The other DSS-treated NOX1 KO mice could not be distinguished from the 
DSS-treated WT mice. Green arrows indicate the infiltration of immune cells 
into the lamina propria. Red arrows indicate increased space between epithelial 
cell bases and muscularis mucosa. Colon sections (7 μm) were stained with 
hematoxylin and eosin. WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; 
DSS, dextran sulfate sodium. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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steady-state conditions has been reported by others [11,58], but we 
show here that NOX1 is also important for colonic ROS/RNS production 
during DSS-induced inflammation. Together with the marked 
DSS-induced up-regulation of iNOS mRNA, but not of Nox1, Nox2, or 
Duox2, our results suggest that the DSS-increased L-012 signal in WT 
mice originated primarily from peroxynitrite, formed by NOX1-and 
iNOS-dependent production of superoxide and nitric oxide, respec
tively. Still, although Nox1 expression was not affected by DSS treat
ment, we cannot claim that iNOS alone was responsible for the increased 
L-012 signal, as colitis can cause increased protein expression [16] and 
enzyme activity [59] of NOX1. Further, since DSS also increased the 
L-012 signal in the absence of NOX1, although modestly, it appears that 

peroxynitrite was not the sole source of the L-012 signal. One possible 
explanation for this observation is that Duox2, which can give rise to 
hydroxyl radical and hypochlorous acid via hydrogen peroxide, was 
modestly up-regulated by DSS. The formation of hypochlorous acid from 
hydrogen peroxide is catalyzed by myeloperoxidase, which can be 
induced by 1% DSS [34]. Lastly, deletion of NOX1 may cause 
up-regulation of other NOXs such as NOX3 [28] as a compensatory 
mechanism that can also contribute to the ROS/RNS mediated L-012 
signal. 

Even though the ROS/RNS production was clearly reduced in NOX1 
KO mice, these mice did not have higher susceptibility towards low- 
grade inflammation than WT with regard to crude inflammatory 

Fig. 5. Bacterial β-diversity between WT and NOX1 KO mice with or without 1% DSS treatment (6 days). NMDS ordination plots of (A,B) Bray-Curtis and (C,D) 
weighted UniFrac distances between (A,C) feces and (B,D) colon tissue samples. Colors indicate which group individual samples belong to. Stress values indicate the 
NMDS goodness-of-fit. n=9–10 per group. P-values in graph from global PERMANOVA. For data presented in A, B, and C, pairwise PERMANOVA showed a significant 
difference between all four groups (all p≤0.007). For data presented in D, there was no difference between genotypes in neither treatment condition (no DSS: all 
p>0.2; DSS: all p>0.7), only across treatment independent of genotype (all p’s<0.03). WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate 
sodium; NMDS, non-metric multidimensional scaling. *p<0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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disease markers evaluated by body weight, colon length, stool quality, 
and histology. These observations are in line with other studies of NOX1- 
deficient mice using higher DSS concentrations [21,28]. However, the 
lack of more pronounced inflammation in NOX1 KO mice could be 
attributed to a NOX3 compensatory mechanism [28], as alluded to 
above. Mice deficient of the enzyme NOXO1, the organizing subunit of 
NOX1 and NOX3 [4], display a stronger pathological response than WT 
mice during DSS-induced colitis [11]. Thus, in the absence of 
NOX1-generated superoxide, up-regulation of NOX3 may to some extent 
compensate for NOX1-loss. 

Despite no differences between NOX1 and WT mice regarding crude 
signs of inflammation after DSS treatment, mRNA levels of genes 
encoding the pro-inflammatory mediators TNF-α, IL-6, and PTGS2 
(COX2) tended to be higher in the colonic mucosa of NOX1 KO than of 
WT mice. In line with our results, Kato et al. demonstrated that NOX1 KO 
mice had higher COX2 expression than WT mice following DSS colitis 
during the restitution phase [16]. The concentration of fecal LCN2, a 
highly sensitive marker of colon inflammation [34] was also higher in 
NOX1 KO than in WT mice. Collectively, these findings indicate a 
slightly elevated susceptibility to DSS-induced low-grade inflammation 
in NOX1-deficient mice. Since LCN2 expression is dependent on bacte
rial exposure [60], we speculate that the absence of NOX1 weakens the 
epithelial barrier, resulting in closer contact between the colonic bac
teria and epithelial cells which again can result in compromised 
epithelial layer and more LCN2 in the lumen. NOX1-generated ROS has 
been implicated in cytoprotection in epithelial cells, mediated through 
the redox-sensitive transcription factor Nrf2 [61]. Impaired barrier 
function in NOX1-deficient mice could therefore be related to the 
inability to withstand the stress imposed by DSS treatment. That Nrf2 is 
important for protection against DSS-induced colitis has been demon
strated previously [62], possibly by inhibiting NF-κB activation [63]. 
Additionally, the absence of NOX1-generated superoxide could lead to 
altered bacterial composition in the colon, analogous to observations of 
the ileum [8] with implications for LCN2 expression. Indeed, Li and 
coworkers showed that DSS-induced LCN2 levels were dependent on the 
initial gut microbiota profile [64]. 

Regarding the colonic microbiota, our initial hypothesis was that 
NOX1-dependent extracellular ROS/RNS, particularly peroxynitrite, 
could act as bactericidal molecules affecting the colonic microbiota, and 
that this effect would be most prominent during DSS-induced inflam
mation due to marked up-regulation of iNOS. However, the results from 
16S sequencing show that the WT and NOX1 KO mice had large dif
ferences in bacterial composition both with and without DSS treatment, 
indicating that peroxynitrite is not decisive for NOX1-dependent 
changes in the microbiota. NOX1-deficiency may affect the microbiota 
during steady-state through more indirect effects including NOX1- 
dependent signaling in epithelial cells that could affect goblet cell 
abundance and the mucus layer [16,24]. 

Specifically, we found that the colonic microbiota of NOX1-deficient 
mice was characterized by lower fecal α-diversity and changes in the 
relative abundance of specific bacterial taxa. Analogously, others have 
demonstrated that pharmacological removal of luminal ROS/RNS in the 
colon can lead to decreased bacterial diversity [65], indicative of a less 
stable community more vulnerable to perturbations [66]. When 
focusing on the relative abundance of individual bacterial taxa, a gen
eral pattern was that DSS-untreated NOX1 KO mice had abundance 
shifts resembling those induced by DSS treatment in WT mice, charac
terized mainly by a higher abundance of Firmicutes and Verrucomi
crobia (genus Akkermansia), and lower abundance of Bacteroidetes 
(mainly family Bacteroidales S24-7 group). When treated with DSS, the 
most striking differences between the genotypes were the higher and 
lower abundances of Oscillibacter and Alistipes, respectively, in NOX1 KO 
mice. Low abundance of both S24-7 and Alistipes has been found to 
correlate with higher levels of pro-inflammatory cytokines [67], and 
Alistipes has been suggested to have a protective role in DSS-induced 
colitis [67,68]. 

Fig. 6. Bacterial α-diversity in the colon of WT and NOX1 KO mice with or 
without 1% DSS treatment (6 days). (A,D) Shannon-Wiener index, (B,E) number 
of observed species (OTUs), and (C,F) evenness (equitability) of bacterial 
communities in (A–C) feces and (D–F) colon tissue. P-values from 2-way 
ANOVA (main effect of treatment (t; no DSS versus 1% DSS) and genotype 
(g; WT versus NOX1 KO), and interaction effect (t×g)). In cases with significant 
interaction, p-values for simple main effects from post-hoc tests with Bonferroni 
correction for multiple comparisons are presented. In two cases (A and C), 
extreme value was excluded from statistical analysis (dotted circles). When 
included, the significance of the interaction increased for the Shannon-Wiener 
index (p=0.06) and decreased for evenness (p=0.02). In cases where 2-way 
ANOVA could not be performed due to heteroskedasticity and/or violation of 
normality assumption alternative tests were used within the two treatment 
groups: (§) Welch’s t-test, (Ω) Mann-Whitney test, or (†) t-test. n=9–10 per 
group. Horizontal lines and whiskers are group mean ± SEM. WT, wild type; 
NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium; OTU, 
operational taxonomic unit. *p<0.05. 
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The abundance of the phylum Verrucomicrobia, completely domi
nated by genus Akkermansia, was much higher in NOX1 KO than in WT 
mice. However, 1% DSS treatment reduced the difference between the 
genotypes due to a bloom of Akkermansia in WT mice, in line with 
previous observations [69–73]. Akkermansia spp. are anaerobic 
mucus-associated commensal bacteria that feeds on mucus, reported to 
have beneficial roles in intestinal homeostasis [74,75] and wound repair 
[23]. However, their role in aggravation of intestinal inflammation is 
debated with somewhat conflicting results [76]. While some studies 

have shown that Akkermansia supplementation reduces inflammation 
induced by a high-fat diet [77,78], others have suggested that Akker
mansia contributes to enhancing colitis [64,71]. Since DSS is known to 
cause structural changes of the inner mucus layer of the colon making it 
more available for bacterial penetration [79], this could explain the 
increase of Akkermansia after DSS treatment in WT mice. Coant et al. 
observed that NOX1 KO mice had an increased number of goblet cells, 
and consequently more mucus protein [24], which could explain the 
increase in Akkermansia abundance in NOX1 KO mice. However, the 

Fig. 7. Bacterial phyla characteristics of WT and NOX1 KO mice with or without 1% DSS treatment (6 days). (A) Cumulative relative abundance (%) of all detected 
phyla in individual feces and colon tissue samples. Phyla are sorted according to average abundance across all groups. Phyla in bold had average abundance above 
1% in at least one group. *Indicates significant effect of DSS treatment for both feces and colon tissue, ‡ indicates significant interaction between genotype and 
treatment in feces, and § indicates higher abundance in NOX1 KO mice compared to WT mice in both feces and colon tissue. (B–D) Fecal relative abundance (%) of (B) 
Bacteroidetes, (C) Firmicutes, and (D) Verrucomicrobia. (B,C) P-values from 2-way ANOVA (main effect of treatment (t; no DSS versus 1% DSS) and genotype (g; WT 
versus NOX1 KO), and interaction effect (t×g)). Since significant interaction, p-values for simple main effects from post-hoc tests with Bonferroni correction for 
multiple comparisons are presented. *p<0.05. (D) Since 2-way ANOVA could not be performed due to heteroskedasticity and/or violation of normality assumption 
alternative tests were used within the two treatment groups: Fisher’s exact test (no DSS) and t-test (DSS). Horizontal lines and whiskers are group mean ± SEM. 
n=9–10 per group. WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium. 
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mucus seems to be unaffected by NOX1-deficiency in more recent 
studies [28,80]. Why Akkermansia in NOX1 KO mice seems unaffected 
by DSS remains unclear but is perhaps related to the less extensive in
crease in colonic ROS/RNS during inflammation in the NOX1-deficient 
mice. 

The genus Oscillibacter (order Clostridiales in phylum Firmicutes) 
was highly increased in DSS-treated NOX1 KO mice, but not in WT mice. 
The fact that Oscillibacter abundance increases after antibiotic treatment 
[81] supports the notion that Oscillibacter spp. are opportunistic bacteria 
that thrive when the normal balance is disturbed. The implication of 
Oscillibacter abundance in health and disease seems unresolved, but 
studies of colon inflammation suggest that increased Oscillibacter 
abundance could be related to impaired barrier function [82], increased 
markers of colon inflammation [67,83], and increased colitis suscepti
bility [64]. Thus, high abundance of Oscillibacter in NOX1 KO mice after 
DSS treatment could be interpreted as a sign of increased disease. 

The findings that both Akkermansia and Oscillibacter have higher 
abundances in the NOX1 KO mice may be attributed to changes in the 
redox environment caused by the NOX1-deficiency. Intriguingly, both 
Akkermansia and Oscillibacter increase in abundance following a 
polyphenol-rich diet [84]. As polyphenols are poorly taken up in the 
small intestine and therefore transported to the colon, it is plausible that 
they act as antioxidants there and thereby create a more reducing 
environment. To our knowledge, redox changes in NOX1 KO compared 

to WT mice have not been measured, but it is pertinent to speculate that 
such changes occur and lack of NOX1 will therefore favor the growth of 
Akkermansia and Oscillibacter in a reducing environment. The fact that 
Oscillibacter is only blooming in DSS-treated NOX1 KO mice and not in 
those not treated with DSS is not straightforward to explain. However, as 
mentioned above, Oscillibacter is probably opportunistic and will thrive 
when homeostasis is disturbed [81]. Thus, when a low dose of DSS is 
introduced, this stimulus is not sufficient to create a niche for Oscil
libacter unless deficiency in NOX1 creates this unbalance. 

As already discussed, in the experimental setup where we compare 
NOX1 KO and WT mice, it is not possible to assess the direct effects of 
NOX1-dependent ROS/RNS-deficiency on low-grade colon inflamma
tion due to initial differences in the colonic microbiota between the 
genotypes prior to DSS treatment. Treating WT mice with ROS/RNS 
inhibitors could therefore be an alternative approach to investigate the 
impact of NOX1-dependent ROS/RNS formation during inflammation, 
avoiding the impact of genetic background. As peroxynitrite most likely 
is one of the major ROS/RNS-contributors during colon inflammation, 
formed by NOX-dependent superoxide and iNOS-dependent nitric oxide, 
the NOS inhibitor L-NAME could be a suitable candidate [8]. 

In conclusion, this study demonstrates that the superoxide-producing 
enzyme NOX1 is important for the formation of colonic extracellular 
ROS/RNS and modulates the colonic microbiota both during steady- 
state and in 1% DSS-induced colonic low-grade inflammation. Further, 

Fig. 8. Relative abundance (%) of abundant bacterial genera in feces and colon tissue from WT and NOX1 KO mice with or without 1% DSS treatment for (6 days). 
(A) Lachnospiraceae FCS020 group, (B) Faecalibaculum, (C) Lachnospiraceae UCG-001, (D) unknown Bacteroidales S24-7group (identical to family Bacteroidales S24- 
7group), (E) Alistipes (identical to family Rikenellaceae), (F) Akkermansia (identical to phylum Verrucomicrobia), (G) Oscillibacter, (H) Ruminococcaceae UCG-005, (I) 
Ruminococcus1, (J) unknown Peptococcaceae, (K) unknown MollicutesRF9, and (L) Blautia. n=9-10 per group. The presented genera are the ones that were found to have 
different abundance between WT and NOX1 KO mice in feces and/or colon tissue through LEfSe analysis (comparison of genotypes (WT, NOX1 KO) within each 
treatment (no DSS, 1% DSS), and between treatments within each genotype), and that had average relative abundance above 0.1% in feces and/or colon tissue. WT, 
wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium; LDA, linear discriminant analysis; LEfSe, LDA effect size. *Indicates the LEfSe- 
identified significant comparisons. 
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while NOX1 offered no protection against pathological changes induced 
by low-grade inflammation, analyses of inflammation-associated genes 
indicated a trend for enhanced inflammation in NOX1-deficient mice 
which was further supported by the increment of LCN2. We therefore 
propose that NOX1-dependent ROS/RNS have a role in shaping the 
colonic microbiota, with potential beneficial consequences for intestinal 
health. 
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