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BACKGROUND & AIMS: Fibrosis development in ulcerative
colitis is associated directly with the severity of mucosal
inflammation, which increases the risk of colorectal cancer.
The transforming growth factor-b (TGF-b) signaling pathway
is an important source of tissue fibrogenesis, which is stim-
ulated directly by reactive oxygen species produced from
nicotinamide adenine dinucleotide phosphate oxidases (NOX).
Among members of the NOX family, NOX4 expression is up-
regulated in patients with fibrostenotic Crohn’s disease (CD)
and in dextran sulfate sodium (DSS)-induced murine colitis.
The aim of this study was to determine whether NOX4 plays a
role in fibrogenesis during inflammation in the colon using a
mouse model.

METHODS: Acute and recovery models of colonic inflamma-
tion were performed by DSS administration to newly gener-
ated Nox4-/- mice. Pathologic analysis of colon tissues was
performed, including detection of immune cells, proliferation,
and fibrotic and inflammatory markers. RNA sequencing was
performed to detect differentially expressed genes between
Nox4-/- and wild-type mice in both the untreated and DSS-
treated conditions, followed by functional enrichment anal-
ysis to explore the molecular mechanisms contributing to
pathologic differences during DSS-induced colitis and after
recovery.

RESULTS: Nox4-/- mice showed increased endogenous TGF-b
signaling in the colon, increased reactive oxygen species levels,
intensive inflammation, and an increased fibrotic region after
DSS treatment compared with wild-type mice. Bulk RNA
sequencing confirmed involvement of canonical TGF-b
signaling in fibrogenesis of the DSS-induced colitis model. Up-
regulation of TGF-b signaling affects collagen activation and
T-cell lineage commitment, increasing the susceptibility for
inflammation.

CONCLUSIONS: Nox4 protects against injury and plays a crucial
role in fibrogenesis in DSS-induced colitis through canonical
TGF-b signaling regulation, highlighting a new treatment target.
(Cell Mol Gastroenterol Hepatol 2023;16:411–429; https://
doi.org/10.1016/j.jcmgh.2023.05.002)
Keywords: Fibrostenotic CD; T-Cell Lineage Commitment; RNA-
Sequencing; Oxidative Stress.
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lcerative colitis (UC) is a common form of inflamma-
Abbreviations used in this paper: CIBERSORT, Cell-type Identification
by Estimating Relative Subsets of RNA Transcripts; DAI, Disease Ac-
tivity Index; DEG, differentially expressed gene; DSS, dextran sulfate
sodium; ELISA, enzyme-linked immunosorbent assay; FACS, fluores-
cence-activated cell sorter; Foxp3, Forkhead box P3; GO, Gene
Ontology; IBD, inflammatory bowel disease; IL, interleukin; KEGG,
Kyoto Encyclopedia of Genes and Genomes; mRNA, messenger RNA;
NOX, nicotinamide adenine dinucleotide phosphate oxidase; PCR,
polymerase chain reaction; pSmad2/3, Phosphorylated Smad2/3;
RNA-seq, RNA sequencing; RORgT, Retinoid orphan receptor gamma
t; ROS, reactive oxygen species; Smad, Small Mothers Against
Decapentaplegic; TGF-b, transforming growth factor-b; TGFbR,
Transforming growth factre-b receptor; Th17, T helper 17 cells; Treg,
regulatory T cell; WT, wild type; W/DSS, with dextran sulfate sodium
treatment; UC, ulcerative colitis.
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Utory bowel disease (IBD) resulting from long-term in-
flammatory damage and ulceration of the colonic mucosa.
Continuous inflammation by commensal bacteria affects the
intestinal epithelial barrier and is a major contributor to UC
pathogenesis.1 Current therapies are ineffective for most
patients with UC, and are associated with adverse events
such as tissue function abnormalities, fibrostenosis, and
malignant transformation.2 UC-associated carcinogenesis
derives mainly from the inflammation-mediated production
of excessive reactive oxygen species (ROS) in damaged tis-
sues, and the consequent impairment of redox balance leads
to oxidative stress after molecular damage (lipid, DNA,
protein), along with genetic variation in the transforming
colon cells, eventually causing colorectal cancer. Given the
poor prognosis of UC-associated colorectal cancer, there is
an urgent need to identify novel therapeutic targets.

Members of the nicotinamide adenine dinucleotide
phosphate oxidase (NOX) family are mainly responsible for
ROS production in the gastrointestinal tract, which play roles
in pathogen clearance,3 maintenance of barrier function,4

and mucosal repair after injury.5 Specifically, NOX1 and
dual oxidase (DUOX) 2 are expressed abundantly in the in-
testinal epithelium as the primary sources of ROS in the in-
testinal mucosa, and their mutation has been linked to the
risk of adult IBD. NOX1 contributes to intestinal homeostasis
by regulating mucus cell differentiation,6 migration, micro-
bial defense, and mediation of mucus repair after injury.7,8

DUOX2 is activated by pathogen-derived uracil9 to produce
DUOX-dependent ROS and governs gut microbe clearance10

caused by enteric infection.
Several recent studies have elucidated the roles ofNOX4 in

regulating inflammation-mediated pathophysiology in the
colon. NOX4 produces H2O2, and is expressed predominately
in vascular smooth muscle cells, endothelial cells, and fibro-
blasts in most tissues. NOX4 expression is up-regulated in
drug-resistant patients with UC11 and fibrostenotic Crohn’s
disease (CD),12 and in dextran sulfate sodium (DSS)-induced
murine colitis models.13,14 Nox4 transcripts are detected at
low levels in the normal colon,15 but increase to protect
against DSS-induced16,17 and bacterial-induced17 murine
colitis. The related mechanism likely involves NOX4-driven
ROS production, which induces the phosphorylation of p65
to activate nuclear factor-kB signaling and the M1 phenotype
of intestinal macrophages, leading to mucosal barrier injury
to promote colitis progression.16 Although NOX4 has rarely
been associated with the development of fibrogenic features
in mouse colitis models,17 the main pathologic mechanism
contributing tofibrotic disease in the lung,18 liver,19 kidney,20

and heart21 is attributed to ROS-induced canonical trans-
forming growth factor-b (TGF-b) signaling, and redox
signaling driven byNOX4 is closely related to canonical TGF-b
signaling to cause a TGF-b–induced profibrotic response.22

However, the detailed molecular mechanism underlying
fibrosis development in UC remains to be elucidated.

Based on this background, we hypothesized that NOX4
contributes to intestinal fibrotic injury in UC and is required
for TGF-b signaling inducing fibrosis development. To test this
hypothesis,weestablishedNOX4-deficientmice (Nox4-/-)with
DSS-induced colitis. RNA-sequencing (RNA-seq) analysis was
performed to explore the effects of Nox4 on the response to
intestinal damage. This study highlights the role of Nox4 in
inducing inflammation in the colon, suggesting that exploiting
the redox signal can be a double-edged sword and should be
considered carefully for the effective treatment of UC.

Results
Nox4 Protects Against DSS-Induced
Experimental Colitis

To study the role of Nox4 in fibrogenesis in DSS-induced
colitis in mice, first we confirmed NOX4 expression in the
tissues.

We performed immunohistochemistry in the normal and
DSS-treated inflamed colon sections. In the normal colon,
NOX4 was detected at the top of the crypt, and NOX4 pro-
teins increased significantly in the injured mucosa (not only
at the top, but also at the bottom, of the crypt) after 2.5%
DSS-induced colitis (Figure 1C). Loss of Nox4 increased the
production of ROS in the control (Figure 1E) and DSS-
induced colitis model (Figure 1F), suggesting that Nox4 in-
crease might be associated with disease progression.

After inducing the inflammatory phase with DSS treat-
ment (W/DSS) (Figure 2A), Nox4-/- mice showed severe
inflammation with rapid body weight loss of approximately
20%–30% (Figure 2B) and decreased survival (Figure 2C)
compared with that of wild-type (WT) mice. Macroscopic
and histologic observations showed that W/DSS Nox4-/-

mice had shorter colon lengths (Figure 2D) and more severe
inflammatory regions in the distal colon, including infiltra-
tion of inflammatory cells into the lamina propria, trans-
mural inflammation, and loss of the crypt and surface
epithelium (Figure 2E and F). W/DSS Nox4-/- mice showed
higher Disease Activity Index (DAI) scores from 1 to 14 days
than the W/DSS WT group (Figure 2G). The W/DSS Nox4-/-

colon showed 1.5-fold higher H2O2/ROS production than the
W/DSS WT colon (Figure 1G). These results could suggest
that Nox4 is involved in the regulation of ROS in the colonic
issue, which contributes to the inflammatory response.
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Figure 2.Nox4 protects
against DSS-induced
experimental colitis. (A)
Experimental scheme for
the DSS-induced murine
colitis model. (B) Body
weight loss for WT and
Nox4-/- mice with DSS-
induced colitis was
measured daily (n ¼ 6). (C)
Survival probability of WT
or Nox4-/- mice with DSS-
induced colitis was
assessed until day 14 (n ¼
6). (D) Macroscopic
observation of the colons
from WT and Nox4-/- mice
with DSS-induced colitis
killed on day 14. Colon
lengths were assessed af-
ter the mice were killed. (E)
Representative H&E stain-
ing images of colon tis-
sues from DSS-induced
colitis WT and Nox4-/-

mice. (F) Colitis scoring for
pathologic assessment in
DSS-induced colitis WT
and Nox4-/- mice: severity,
inflammation severity (0–
3); extent, inflammation
extent (0, none; 1, mu-
cosa; 2, submucosa; and
3, transmural), and
epithelial change. (G) Dis-
ease activity index
comprising assessment of
body weight loss, stool
consistency, and rectal
bleeding measured daily.
Data are expressed as
means ± SD. ***P < .005,
and ****P < .001
compared with WT.

414 Lee et al Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 3
Nox2 was expressed mainly in the immune cells23

(Figure 1C). In line with the results of a previous study,24

W/DSS Nox2-/- mice did not develop severe colitis, and the
Figure 1. (See previous page). Generation of Nox4-/- mice.
using CRISPR/Cas9 technology. The resulting heterozygous a
using a specific Nox2 or Nox4 deletion site. (C) Immunofluoresce
treated colon frozen sections (immunohistochemistry [IHC]-Fr)
treated colon paraffin-embedded sections (IHC-P) (right). (D) S
represents the measurement of the fibrotic area using ImageJ (N
(E) untreated and (F) DSS-treated groups assessed using DCFH
as means ± SD. *P < .5 and **P < .01 compared with WT. bp,
body weight change decreased less than that found for W/
DSS WT mice (Figure 2B). Moreover, W/DSS Nox2-/- mice
showed high survival rates (Figure 2C), and there was no
Schematic representation of (A) Nox2 and (B) Nox4 deletion
nd homozygous mice were determined by genotyping PCR
nce images for NOX4 on the untreated colon and 2.5% DSS-
(left). IHC for NOX2 on the untreated colon and 2.5% DSS-
irius-red staining showing the fibrotic area in red. The graph
ational Institutes of Health). Intracellular levels of ROS in the
-DA staining followed by flow cytometry. Data are expressed
base pair; DCFH-DA, dichloro-dihydro-fluorescein diacetate.
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change in the colon length from that of WT mice
(Figure 2D). Histologic examination of the DSS-treated W/
DSS Nox2-/- colon revealed elongated crypts, immune cell
infiltration, and goblet cell loss (Figure 1D), indicating an
injured colon; however, the damage score was decreased
significantly compared with the W/DSS WT and W/DSS
Nox4-/- mice (Figure 2F and G). In line with these results, W/
DSS Nox2-/- mice did not develop fibrotic regions in the
colon after DSS administration (Figure 1D). Thus, Nox2
deficiency results in mild inflammation in DSS-induced
colitis, whereas W/DSS Nox4-/- mice showed severe
colonic damage upon DSS treatment; accordingly, we
further investigated the characteristics of inflammation in
Nox4-/- mice.
Nox4 Deficiency Increases Intestinal Fibrosis
After DSS-Induced Colitis

Immunohistochemistry showed that F4/80þ M1 macro-
phages were increased (Figure 3A, top), whereas CD163þ

M2 macrophages were decreased significantly (Figure 3B,
middle) in the Nox4-/- colon tissue compared with those of
the WT colon. CD127þ lymphoid cells also were increased in
DSS-induced colitis Nox4-/- mice (Figure 3A, bottom). Ki-67
immunostaining showed an increase in cell proliferation in
the DSS-induced colitis WT colon compared with that of the
DSS-induced colitis Nox4-/- mice (Figure 3B). This result
indicated that Nox4-/- mice did not show a typical repair
response to colitis-induced damage. Sirius red staining
showed increased intestinal fibrosis (Figure 3C, top), which
corresponded with increased expression of typical fibrosis
markers such as Col1a1 and Col3a1 (Figure 3E) detected by
reverse-transcription quantitative polymerase chain reac-
tion (PCR). The specific diagnostic marker of collagenous
colitis, Tenascin-C, was increased remarkably in the colitis-
induced Nox4-/- colon at both the protein (Figure 3C, bot-
tom) and messenger RNA (mRNA) (Figure 3E) levels
compared with those in colitis-induced WT mice. Further-
more, the mRNA levels of the inflammatory cytokines tumor
necrosis factor (Tnf) and interleukin 1b (Il1b) were
increased significantly in colitis-induced Nox4-/- mice
(Figure 3D) compared with those of WT mice at the same
time points. Moreover, in the untreated condition (without
DSS), Nox4-/- mice also showed an increase in the proteins
of the F4/80þ macrophage and Ki-67þ proliferating cells
(Figure 4A). Further, the mRNA levels of fibrosis-related
markers and proinflammatory cytokines such as Tnf and
Il1b were significantly increased in colitis induced
Nox4-/- mice compared to those in WT mice at the same
Figure 3. (See previous page). Nox4 is involved in intestina
Immunohistochemistry with antibodies against F4/80 (top) indic
rophages, and CD127 (bottom) indicating lymphoid cells on DS
nohistochemistry with antibody against Ki-67 indicating prolifer
red (top). Immunolabeling with antibodies against Tenascin-C
staining area was measured by ImageJ and shown as a bar gr
Reverse-transcription quantitative PCR results of proinflamma
quantitative PCR results of fibrosis-related genes Col1a1, Col3
**P < .01, ***P < .005, and ****P < .001 compared with WT. Ki
points. (Figure 3D and E). In addition, the colons of un-
treated Nox4-/- mice also had a greater fibrotic area, as
detected by Tenascin-c immunostaining, compared with that
of the WT colon (Figure 4B). These results suggest that the
more severe inflammatory response to DSS induction in
Nox4-/- mice is related to the activation of intestinal
inflammation and fibrosis resulting from Nox4 deficiency.
Differential Gene Expression Under Nox4
Deficiency in the Distal Colon Tissue

Bulk RNA-seq analysis was performed to identify the
underlying mechanism contributing to the more severe
inflammation and fibrosis in Nox4-/- mice (Figure 5A). A
total of 5124 differentially expressed genes (DEGs) were
identified among the 4 comparisons (W/O Nox4-/- vs W/O
WT; W/Nox4-/- vs W/WT; W/WT vs W/O WT; and W/
Nox4-/- vs W/O Nox4-/-). Comparing the treated and un-
treated groups, 42 genes were co–up-regulated, and 2 genes
were co–down-regulated (Figure 5B). The 42 co-regulated
genes included T-cell–related genes (CD3e and Tnfrsf9),25

fibroblast activators (Itg2a26 and Vegf),27 inflammasome
sensor (Nlrp3), and TGF-b target genes (Ano5 and Mucl1)
with higher expression levels in Nox4-/- than in WT mice.
For the untreated comparison, genes identified as colorectal
cancer biomarkers, such as Tnfrsf4, Fabp47, CD79b, and
Ptgs2,28 were down-regulated in Nox4-/- mice compared
with those in WT mice (Figure 5C). These findings suggest
that Nox4 deficiency suppresses TGF-b signaling, which acts
as a tumor-suppressor factor in normal cells.29

Functional enrichment analysis of the DEGs, including
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment, was performed using Data-
base for Annotation, Visualization, and Integrated Discovery
tools to assess the biological functions increased in Nox4-/-

compared with WT mice. The GO analysis indicated that
most of the DEGs in Nox4-/- mice were enriched in collagen-
associated responses, TGF-b stimulus, and cellular repair
processes (Figure 5D). In addition, KEGG analysis showed
high expression of in Nox4-/- DEGs related to the type 2
immune response, collagen process, and inflammatory
response (immune system process, response to lipopoly-
saccharide, and redox process) (Figure 5E). Further inves-
tigation using Cell-type Identification by Estimating Relative
Subsets of RNA Transcripts (CIBERSORT) with 11 immune
signature gene sets showed that the Nox4-/- colon had pre-
dominantly increased regulatory T cells (Tregs) and
decreased plasma cells compared with the WT colon
(Figure 5F and G). Flow cytometry of the colon tissue
l fibrosis and immune-mediated tissue regeneration. (A)
ating M1 macrophages, CD164 (middle) indicating M2 mac-
S-treated WT and Nox4-/- mouse colon sections. (B) Immu-
ating cells. (C) Sirius red staining showing the fibrotic area in
indicates fibrosis in the colon tissue (bottom). Each positive
aph. Grey, WT group (N ¼ 3); red, Nox4-/- group (N ¼ 3). (D)
tory-related genes TNF, and IL1b. (E) Reverse-transcription
a1, and TNC. Data are expressed as means ± SD. *P < .05,
-67, marker of proliferation Ki(Kiel)-67.



Figure 4. Immune cell infiltration in the WT and Nox4-/- mouse colon. (A) Immunohistochemistry with antibodies against F4/
80 indicating M1 macrophages, CD164 indicating M2 macrophages, CD127 indicating lymphoid cells, and Ki-67 (bottom)
indicating proliferating cells. (B) Sirius-red staining showing the fibrotic area in red (top). Immunolabeling with antibodies
against Tenascin-C indicating fibrosis in the colon tissue (bottom). Each positive staining area and cell was measured by
ImageJ and shown as a bar graph. The WT group (N ¼ 3) is colored gray and the Nox4-/- group (N ¼ 3) is colored red. Data are
expressed as means ± SD. *P < .5, **P < .01, and ***P < .005 compared with WT. Ki-67, marker of proliferation Ki(Kiel)-67.
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confirmed a 4-fold increase in CD4þFoxp3þ Tregs caused by
loss of Nox4 (Figure 5H).

Nox4 Deficiency Activates the Canonical TGF-b
Signaling Pathway

Gene set enrichment analysis confirmed up-regulation of the
TGF-b signaling stimulatory gene set in Nox4-/- DEGs compared
withWTDEGs (Figure5I). Given recent studieshighlightinga role
of Nox4 in regulating the canonical TGF-b signaling pathway in
lungfibrosis30 andpancreatic cancer,31we further focusedon the
role of Nox4 in canonical TGF-b signaling in the murine colon.
Activation of canonical TGF-b signaling involves binding of TGF-b
to TGFbR2, which then phosphorylates TGFbR1 to subsequently
induce the phosphorylationof Smad2/3 (pSmad2/3) and Smad4,
ultimately promoting the translocation of pSmad2/3 and Smad4
to thenucleus (Figure6A).WeobservedhighermRNAexpression
of Tgfbr1 in the Nox4-/- colon tissue than in the nontreated WT
colon, whereas there were no differences in the mRNA levels of
Tgfbr2 and Tgfb1 between the 2 groups (Figure 6B). An enzyme-
linked immunosorbent assay (ELISA) showed that an active form
of TGF-b was increased in the Nox4-/- colon compared with the
WT colon (Figure 6C). Consistently, Western blot showed that
TGF-b and TGFbR1 protein levels were increased in the Nox4-/-

colon tissue lysate compared with those of the WT group
(Figure 6D). To validate the TGFbR1-induced phosphorylation of
Smad2/3, total Smad2/3, and Smad4, the cytosol–nuclear frac-
tion of each colon tissue lysatewas evaluated, showing increased
translocation of cytosolic pSmad2/3 and Smad4 to the nucleus of
the Nox4-/- colon compared with theWT colon (Figure 6E). TGF-
bþ cells were expressed in the lamina propria rather than in the
epithelium in the Nox4-/- colon, along with a significantly higher
number of TGF-bþ cells (Figure 6F). Immunofluorescence stain-
ing further showed co-expression of CD11cþ dendritic cells in
TGF-bþ cells in the colon (Figure 6G). Overall, these results
strongly suggested that Nox4 depletion leads to canonical TGF-b
activation in the colon, thereby inducing fibrotic gene expression
and Treg commitment.

Nox4 Deficiency Exacerbates Experimental
Colitis via Inducing the TGF-b Pathway to
Promote Intestinal Inflammation

Based on these results, we further analyzed the bulk
RNA-seq data of DSS-treated WT and Nox4-/- mice to
Figure 5. (See previous page). Loss of Nox4 leads to collage
bulk RNA-seq analysis of freshly isolated distal colon tissues co
and Nox4-/- (n ¼ 3) mice or the 2.5% DSS-treated colitis grou
analysis of the 5124 DEGs comparing the numbers of up-regula
and experimental group. (C) Volcano plot identifying genes sign
more than 2-fold express level difference in Nox4-/- compared
regulated DEGs in Nox4-/- mice. (E) KEGG pathway enrichmen
fied, and the colors indicate statistical significance. (F) T-cell
Nox4-/- DEGs. (G) CIBERSORT analysis of WT and Nox4-/- colo
types are deconvoluted from the RNA-seq data using CIBERS
Nox4-/- distal colon tissue showing the relative number of live
number of CD4þFoxp3þ T cells (bar graph, bottom). (I) Gene se
regulation of the TGF-b gene set is enriched with genes up-regul
FDR, False discovery rate; FSC-A, Forward scatter-area; FSC-H
polysaccharide; NES, Normalized enrichment socre; NK, Natura
SSC-A, Side scatter-area; SSC-H, Side scatter-height.
determine whether the TGF-b signal continuously affects
intestinal inflammation during DSS-induced colitis. Principal
component analysis showed that the W/DSS Nox4-/- tran-
scripts were clearly discriminated from those of W/DSS WT
mice (Figure 7A). A total of 427 DEGs (P < .05; fold change,
>2) were identified between the 2 groups, with 247 up-
regulated genes and 179 down-regulated genes in W/DSS
Nox4-/- mice compared with W/DSS WT mice (Figure 7B).
Notably, in the W/DSS Nox4-/- mice, the expression levels of
TGF-b–related genes such as Asap3 and Tgfbr1, which are
positive regulators of the TGF-b pathway; inflammation-
mediated Th17 cell differentiation genes such as Plekha414

and Batf32,33; and fibrosis-related genes such as Acta1 and
Myo6, which promote the synthesis of collagen,34 were
increased. However, in the W/DSS WT mice, UC-related
genes such as Chic1, Ido1, and Reg3g,35,36 and immune
infiltrate–related genes such as Tmco3,37 Orai2,38 and
Saa2,39 were up-regulated (Figure 7C). Using CIBERSORT,
we confirmed that the proportion of Th17 cells was
increased significantly in the W/DSS Nox4-/- colon compared
with that of the W/DSS WT colon (Figure 7D and E).

GO analysis of the W/DSS WT or W/DSS Nox4-/- DEGs
showed enrichment of up-regulated W/DSS WT DEGs in the
cellular component (GO-CC) related to colitis-mediated
functions such as innate immune response, biotic stimulus,
and cytokine production, and tissue repair programs such as
wound healing and defense response (Figure 8A). Similarly,
up-regulated W/DSS WT DEGs were enriched in biological
processes (GO-BP) of endoplasmic reticulum stress associ-
ated with intestinal inflammation, such as innate immune
response and cytokine production, and tissue
recovery–related processes.40 The DEGs were enriched in
molecular function GO terms (GO-MF) included in the IBD
pathophysiology-related gene set,41 such as calcium ion
binding, peptidase activity, and signal transduction–related
functions (Figure 8A). However, the W/DSS Nox4-/- DEGs
showed a different functional pattern. For GO-CC, the DEGs
were enriched in tissue damage gene sets such as apoptosis,
inflammation, and damage. Furthermore, the top-enriched
gene sets in biological processes were identified as tissue
fibrosis–related gene sets,42 such as the catalytic complex,
cytoskeletal part, and ribonucleoprotein complex. For GO-
MF, highly enriched DEGs were verified as UC-associated
oncogenic gene sets such as protein binding, protein
n synthesis and Treg lineage commitment. (A) Scheme for
mparing transcriptomes from the vehicle group in WT (n ¼ 3)
p in WT (n ¼ 3) and Nox4-/- (n ¼ 3) mice. (B) Venn diagram
ted, contraregulated, and down-regulated within each control
ificantly down-regulated (blue) and up-regulated (red) with a
with WT samples. (D) GO biological process analysis of up-
t analysis of Nox4-/- DEGs. The top 14 pathways are identi-
subpopulation evaluated by CIBERSORT based on WT and
n tissue. The relative proportions of 11 different immune cell
ORT. (H) Flow cytometry analysis of freshly isolated WT or
cells gated on CD4þFoxp3þ T cells (top, histogram) and the
t enrichment analysis based on WT or Nox4-/- DEGs. Positive
ated in the Nox4-/- mouse colon. BC, B cell; DC, Dendritic cell;
, Forward scatter-height; ES, Enrichement score; LPS, lipo-
l killer; PC, Plasma cell; PMN, Polymorphonuclear leukocyte;
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Figure 6.Nox4 suppresses activation of canonical TGF-b signaling in vivo. (A) Scheme representing the canonical TGF-b
signaling pathway. (B) Reverse-transcription quantitative PCR analysis of the expression of indicated TGF-b regulatory genes
in the WT or Nox4-/- mouse colon tissue; these mice differ from those used for RNA-seq (n ¼ 3). Black dots represent untreated
WT mice, and red dots represent untreated Nox4-/- mice. (C) Active TGF-b level in WT (black) or Nox4-/- (red) colon tissue
lysates measured by enzyme-linked immunosorbent assay. (D) Immunoblotting of TGF-b and TGFbR1 protein levels in WT or
Nox4-/- colon tissue extracts; b-actin was used as an internal control. The band size was quantified by ImageJ. (E) Immu-
noblotting of pSmad2/3, Smad2/3, and Smad4 protein levels in cytosolic and nucleic fraction extracts from WT and Nox4-/-

colon tissues. Smad2/3 was used as the pSmad2/3 control proteins, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and HDAC were used as the cytosol and nucleus control proteins, respectively. The band size was quantified by
ImageJ. Representative immunofluorescence images of WT or Nox4-/- colon sections stained with (F) TGF-b (red) and 40,6-
diamidino-2-phenylindole (DAPI) (blue), or (G) TGF-b (green), CD11c (violet), and DAPI. Data are expressed as means ± SD.
**P < .01, and ****P < .001 compared with WT. Cy, Cytosel; KO, Knock-out; LP, Lamina propria; Nu, Nucleus; P,
phosporelated.
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Figure 8. Related physio-
logic features in the WT
and Nox4-/- mouse colon.
GO-term analysis of the
up-regulated gene sets in
(A) W/DSS WT DEGs and
(B) W/DSS Nox4-/- DEGs.
(C) Active TGF-b levels in
W/DSS WT or W/DSS
Nox4-/- colon tissue ly-
sates determined by
enzyme-linked immuno-
sorbent assay. Data are
expressed as means ± SD.
****P < .001 compared
with W/DSS WT.
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kinase activity, histone acetyltransferase activity, and
oxidoreductase activity (Figure 8B). KEGG pathway analysis
indicated that the DEGs in W/DSS WT were enriched in the
Toll-like receptor pathway, Janus kinase–signal transducer
and activator of transcription pathway, and mitogen-
activated protein kinase pathway, whereas DEGs in W/DSS
Nox4-/- were enriched in the TGF-b, T-cell receptor, and
mammalian target of rapamycin pathways (Figure 7F). The
heatmap confirmed that the expression levels of TGF-b
target genes were increased significantly in DEGs of the W/
Figure 7. (See previous page). TGF-b signaling and its downs
Nox4-/- mice. (A) Local Fisher discriminant analysis plot for princ
distinguished between W/DSS WT (green) and W/DSS Nox4-/-

colonic cells sorted from W/DSS WT or W/DSS Nox4-/- were sub
regulated (purple) and down-regulated (yellow) genes. (C) Volca
WT (white) and W/DSS Nox4-/- (red). CIBERSORT analysis of W
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means ± SD. ****P< .001 compared with W/DSS WT. JAK-STAT
pathway; MAPK, mitogen-activated protein kinase; mTOR, Ma
value; TCR, T cell receptor.
DSS Nox4-/- group compared with those of the W/DSS group
(Figure 7G).

These findings suggest that TGF-b signaling and its
related fibrogenic and T-cell signals are increased consis-
tently in the colons lacking Nox4, contributing to the
maintenance of more severe inflammation. In line with
these results from RNA-seq analyses, Western blot showed
that TGF-b and TGFbR1 protein levels were increased in the
W/DSS Nox4-/- colon lysate compared with those of the W/
DSS WT colon lysate (Figure 7H). ELISA confirmed that the
tream molecules are up-regulated in DSS-induced colitis
ipal component analysis. Two-dimensional scores are readily
(red) samples. The shared areas indicate 95% CIs. (B) Total
ject to RNA-seq. The heatmap of RNA-seq data showing up-
no plot identifying significantly up-regulated genes in W/DSS
T and Nox4-/- colon tissues. The relative proportions of (D) 11
deconvoluted from the RNA-seq data using CIBERSORT. (F)
he W/DSS WT and W/DSS Nox4-/- DEGs. The bubble colors
level. (G) Heatmap of the expression of TGF-b–related genes
FbR1 protein levels from W/DSS WT or W/DSS Nox4-/- distal

e band size was quantified by ImageJ. (I) Flow cytometric plots
WT and W/DSS Nox4-/- colon tissues. Data are expressed as
, Janus kinase–signal transducer and activator of transcription
mmalian target of rapamycin; NK, natural killer cell; p-val, P
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Figure 9. Loss of Nox4 disrupts tissue repair from DSS-induced colitis. (A) Experimental scheme for the recovery phase
from DSS-induced murine colitis. (B) Body weight change for WT and Nox4-/- mice with DSS-induced colitis and recovery
phase measured daily (n ¼ 5). (C) Survival probability of the recovery phase after DSS-induced colitis in WT and Nox4-/- mice
until day 15 (n ¼ 5 per group). (D) Representative H&E staining images of colon tissues with the recovery phase after DSS-
induced colitis in WT and Nox4-/- mice. (E) Quantification of colon length and DAI score. DAI: severity, inflammatory
severity (0–3); extent, inflammation extent (0, none; 1, mucosa; 2, submucosa; and 3, transmural), and epithelial change. Data
are expressed as means ± SD. ****P < .001 compared with 2% DSS; WT vs. 2% DSS; Nox4-/-; ####P < .001 compared with
2.5% DSS; WT vs. 2.5% DSS; Nox4-/-.
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active TGF-b level was increased by 2-fold in the W/DSS
Nox4-/- colon compared with the W/DSS WT colon
(Figure 8C).

Flow cytometry analysis showed an increase in total CD4þ

T cells in theW/DSSWT colon; however, approximately 59%
of the CD4þ cells expressed RORgTþ, a marker of Th17 cells,
in theW/DSSNox4-/- colon,whichwas greater than that of the
W/DSS WT colon (Figure 7I). Together, these findings
confirmed an association of DSS-induced inflammation in the
Nox4-/- colon with Th17 cell lineage commitment.
Nox4 is Required for Intestinal Recovery After
DSS-Induced Experimental Acute Colitis

Finally, we investigated whether Nox4 is required for re-
covery of intestinal inflammation (Figure 9A, left). Body
weight began to improve inW/DSSWTmice on day 9 (2 days
after DSS treatment), whereas the body weight of W/DSS
Nox4-/- mice continuously reduced after 2.5% DSS adminis-
tration and more rapid weight reduction was observed in the
recovery phase. None of the W/DSS Nox4-/- mice that expe-
riencedmore than 30%weight loss survived (Figure 9B, 2.5%
DSS; Nox4-/- group); hence, the overall survival probability
was diminished significantly in W/DSS Nox4-/- mice
(Figure 9C).We further performedexperiments using 2%DSS
administration to enter the recovery phase (Figure 9A, right).
After 2% DSS administration, the 2% DSS; Nox4-/- group
showed a significant reduction in weight loss compared with
the 2% DSS; WT group (Figure 9B), although there was no
significant difference in survival rate (Figure 9C).

During the recovery phase, 2% DSS; WT mice displayed
epithelial repair, mucosal healing, and only moderate



Table 1.Antibodies Used in This Study

Antibody Dilution Vendor Catalog

NOX4 1:100 LsBio LS-C313066

Cytochrome B245 1:1000 Bio-Rad MCA4685

F4/80 1:500 Cell Signaling 70076

CD163 1:1000 Novus NB110-59935

CD127 1:1000 eBioscience 14-1271-82

Ki-67 1:1000 Abcam ab16667

TGF-b 1:100 Genetex GTX21279

TGFbR1 1:100 R&D Systems MAB5871

pSmad2/3 1:1000 Cell Signaling 8828

Smad2/3 1:1000 Cell Signaling 8685

Smad4 1:1000 Cell Signaling 46535

CD11c 1:300 Cell Signaling 97585

b-actin 1:5000 Abcam ab8227

GAPDH 1:5000 Abcam ab8245

HDAC1 1:1000 Abcam ab280198

PE anti-mouse CD4 1:100 BioLegend 100408

Pacific blue anti-Foxp3 1:100 BioLegend 126409

Alexa 488 anti-RORgT 1:100 R&D Systems IC9125G-025

Cy3 AffiniPure donkey anti-mouse 1:500 Jackson Immunoresearch 715-165-151

Donkey anti-mouse IgG Alexa 488 1:500 Invitrogen A-21202

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDAC, Histone deacetylase; PE, Phycoerythrin.
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inflammation onday15. Conversely, the 2%DSS;Nox4-/-mice
still showed crypt atrophy, extended goblet cells, and severe
immune cell infiltration (Figure 9D). In addition, colon length
did not differ between the 2% DSS; Nox4-/- group compared
with the 2% DSS; WT group (Figure 9E, left), and the DAI
showed that the 2% DSS; Nox4-/- group had more severe
symptoms that the WT group (Figure 9E, right).

Collectively, these results indicate that Nox4 is crucial in
the recovery process, and its absence can slow down the
recovery rate.
Table 2.Primer Sequences Used in This Study

Genes Sequence

TNF F: GGTGCCTATGTCTCAG
R: GCCATAGAACTGATGA

Il1b F: TGGACCTTCCAGGATG
R: GTTCATCTCGGAGCCT

Col1a1 F: CCTCAGGGTATTGCTG
R: CAGAAGGACCTTGTTT

Col3a1 F: GACCAAAAGGTGATGC
R: CAAGACCTCGTGCTCC

Tnc F: GAGACCTGACACGGAG
R: CTCCAAGGTGATGCTG

Tgfb1 F: TGATACGCCTGAGTGG
R: CACAAGAGCAGTGAGC

Tgfbr1 F: TGCTCCAAACCACAGA
R: CCCAGAACACTAAGCC

Tgfbr2 F: CCTACTCTGTCTGTGG
R: GACATCCGTCTGCTTG

F, forward; R, reverse.
Discussion
This study provides evidence that lack of Nox4 leads to

activation of TGF-b signaling in the normal colon, followed
by a shift to a moderate fibrogenic phenotype and Treg
recruitment as a type 2 immune response. Consequently,
Nox4-/- mice suffered from more intense mucosal damage,
an increased immune response, and more severe fibrosis
from DSS-induced colitis than WT mice, resulting in recov-
ery failure leading to death.
Accession
number

CCTCTT
GAGGGAG

NM_013693

AGGACA
GTAGTG

NM_008361

GACAAC
GCCAGG

NM_007742

TGGACAG
AGTTAG

NM_009930

TATGAG
TTGTCTG

NM_011607

CTGTCT
GCTGAA

NM_011577

GTAGGC
CATTGC

NM_009370

ATGACC
AACGAC

NM_009371
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Although a previous study reported that Nox4 does not
play a role in fibrosis in the murine colitis model, an in-
crease in Tgfbr1 expression was detected with 2.5% DSS-
induced colitis in Nox4-/- mice.17 This result was observed
after 6 days of administration of 2.5% DSS and 9 days after
recovery with water for only 3 days. In our experiment,
2.5% DSS was administered for 14 days, which induced
more severe damage in the colon. This is in line with a
previous study showing differences in the severity of tissue
damage depending on the DSS concentration and duration
of administration in the establishment of the DSS-induced
murine colitis model.43

Although Nox4 is considered to be closely related to
tissue fibrosis, its specific role in fibrosis progression re-
mains controversial. Nox4-induced ROS promotes cell
apoptosis and mesenchymal cell differentiation and activa-
tion, leading to tissue fibrosis.18,19,30,44,45 Nox4 was reported
to play a critical role in the murine lung, leading to alveolar
cell death and subsequent bleomycin-induced fibrosis by
myofibroblast activation,18,30 and to attenuate Carbon tet-
rachloride (CCl4)-induced liver injury, hepatocyte apoptosis,
and liver fibrosis.45 Conversely, another study showed that
Nox4 contributed to protecting against renal fibrosis in
murine kidneys with chronic renal injury by inhibiting
tubular cell apoptosis and oxidative stress.20 Specifically,
Nox4 reduced Hif1a expression and antioxidant molecules in
the Kelch-like ECH-associated protein 1 (Keap1) – Nuclear
factor (erythroid-derived 2) (Nrf) pathway, thereby inhib-
iting ROS production, suggesting that Nox4 may positively
regulate antioxidant activity in the kidney.20

Similarly, our results showed that loss of Nox4 caused
increased oxidation-reduction signaling with a consequent
increase of ROS levels in the mouse colon tissue. The in-
crease in ROS caused by deletion of Nox4 in the murine
colon is similar to the previously reported role of Nox4 in
the kidney, which inhibits ROS and regulates downstream
signaling. These results correlated with the finding that
Nox4 suppressed ROS production in the colon and inhibited
TGF-b signaling and its downstream fibrosis-related and
type 2 immunity–related signals. Based on the functional
enrichment analysis results of DEGs identified in the Nox4-/-

colon, collagen-associated signaling was up-regulated,
consistent with changes in collagen protein level, and Treg
cell lineage activation was up-regulated along with positive
regulation of type 2 immunity. These data suggest that
increased ROS stimulate the TGF-b–mediated immune
response, such as type 2 immunity for host defense, and also
activated immune suppression by Treg cells for immune
tolerance.46

The TGF-b signaling pathway is broadly associated with
tissue physiology, including collagen synthesis47 and Treg
cell lineage commitment.48 Moreover, the loss of Nox4
altered the subsets of T cells stimulated by consistently
activated TGF-b in the normal and inflammatory colons.
TGF-b signaling can directly induce the differentiation of
Foxp3þ Tregs and RORgTþ Th17 cells from naïve CD4þ T
cells.49,50 Under normal conditions (ie, without DSS treat-
ment), Nox4-/- mice showed significantly increased infil-
tration of Foxp3þ Treg cells. Tregs are involved in immune
suppression, especially against commensal bacteria in the
intestine. Infiltration of Foxp3þ Tregs along with increased
ROS in the Nox4-/- colon triggered TGF-b activation,
proinflammatory cytokine (Tnf and Il1b) expression, and
F4/80þ macrophage infiltration. Therefore, the increase
in Tregs is considered to be owing not only to TGF-b
activation, but also represents a defense mechanism to
regulate the inflammatory immune response in the Nox4-/-

mouse colon.
After induction of DSS-induced inflammation, the Treg

population decreased and RORgTþ Th17 cells expanded.
This result shows that Nox4 regulates the Treg/Th17 bal-
ance during colitis; however, further studies are needed to
determine the underlying mechanism. Recent studies have
shown that Th17 cells are more abundant in patients with
active IBD and play a causative role in IBD-associated
colorectal cancer.51–53 Colorectal cancer typically shows a
compact infiltrate of proinflammatory cytokine-producing
cells. Among the tumor-infiltrating immune cells, T cells
are switched into functional populations that secrete a large
number of Th17-driven cytokines (interleukin [IL]17A, IL12,
and IL22), tumor necrosis factor-a, and IL6. This population
then promotes colon tumorigenesis and survival via signal
transducer and activator of transcription 3/nuclear factor-
kB activation.54 Although we did not identify the role of
Nox4 in colorectal cancer, Helfinger et al15 reported that
Nox4 can recognize DNA damage and suppress the oxidation
of Protein kinase B (AKT), thereby playing a protective role
in the DSS/Azoxymethane (AOM) murine colorectal cancer
model. Although they did not describe the immune response
of DSS/AOM-induced colorectal cancer in Nox4-/- mice, our
findings suggest that Th17 cells and related cytokines may
enhance the survival and growth of colorectal cancer in
Nox4-/- mice.

Increased oxidative stress has long been implicated in
the development of murine colitis. The NOX family has been
suggested as a major contributor to intestinal inflammation
progression.7,55 Nox1 and Duox2 are expressed in the in-
testinal epithelium and are the primary sources of ROS in
the gastrointestinal tract; a deficit of these genes is related
to increased disease severity of colitis. Recently, several
studies have shown that deletion of Nox4 induces more
severe colitis16,17 and increases the risk of colorectal can-
cer.15 Conditional deletion of Nox4 in fibroblasts and
enterocytes was reported to lead to a higher tumor burden,
especially from endothelial cells, and fibroblast-specific
deletion of Nox4 resulted in more rapidly developed tu-
mors than the epithelial cell–specific deletion of Nox4 mice.
We found that Nox4 is expressed in a nonepithelial cell
population, suggesting that Nox4 may determine the
severity of colonic damage by regulating ROS-driven TGF-b
signaling in the colonic epithelial cells.

In conclusion, we elucidated that genetic deletion of
Nox4 leads to the progression of more severe fibrotic colitis
and subsequent recovery failure. Loss of Nox4 increased
oxidative stress in the colon tissues and subsequently acti-
vated canonical TGF-b signaling permanently. Furthermore,
TGF-b–mediated T-cell lineage commitment (Treg and Th17
cells) and fibrosis-related signal influenced colitis
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progression. Our findings on the role of Nox4 in murine
colitis highlight that regulation of the redox signal can be a
valuable target for the successful treatment of patients with
IBD.

Materials and Methods
Mice and Model Establishment

All animal experimental protocols were approved by
the Institutional Animal Care and Use Committee (IACUC
2017-0258). Eight-week-old C57BL6/J male mice were
used for in vivo experiments. Animals were housed in a
specific pathogen-free facility under a 12-hour light-dark
cycle and fed PicoLab Rodent Diet 20 (LabDiet, St. Louis,
MO).

Nox4-null mice (Nox4-/-) were established using clus-
tered regularly interspaced short palindromic repeats and
CRIPR-assocated protein 9 (CRISPR/Cas9) technology with
the deletion of exon 4 (Figure 1A). In addition, to test the
influence of immune cells expressing Nox family members
on fibrotic features in DSS colitis, we also generated Nox2-
null (Nox2-/-) mice (Figure 1B).

Previous studies have reported that Nox4-/- mice are
susceptible to damage by a DSS regimen.16,17 In this study,
WT or Nox4-/- 8-week-old male mice were administered
2.5% DSS (MP Biochemicals, Santa Ana, CA) in drinking
water for 14 days to induce fibrotic colitis; fresh DSS solu-
tion was prepared every 2 days.24 For the recovery phase,
mice were administered 2% (w/v) DSS in the drinking
water for 5 days, followed by a recovery period of 10 days
with autoclaved tap water. Control mice received only
autoclaved tap water. Daily weight changes and the DAI of
mice were recorded.56 DSS-induced colitis activity was
scored according to body weight loss (0–4), stool frequency
(0–3), and rectal bleeding (0–3).

Pathologic Analysis
Mice were killed and immediately perfused with ice-cold

PBS in the left ventricle. The colon tissue was fixed with ice-
cold 4% paraformaldehyde overnight at 4�C. The colon tis-
sue was processed into a Swiss roll, then dehydrated,
paraffin-embedded, and sectioned (5 mm). The sections
were deparaffinized with xylene 3 times for 20 minutes
each, absolute EtOH 3 times for 10 minutes each, 90% EtOH
twice for 10 minutes each, and 75% EtOH for 10 minutes,
and then stained with H&E. The sectioned tissue slides were
dehydrated and mounted with a Shandon synthetic mount
solution (Thermo Scientific).

Immunohistochemistry
During an inflammatory reaction in the colon, immune

cell infiltration is characterized by an increase in proin-
flammatory cytokines in the colitis tissue.57 To assess the
immunologic phenotype in DSS-induced WT and Nox4-/-

mice, we performed immunohistochemistry of immune cell
markers in the colon sections. Paraffin-embedded mouse
colon sections were heated at 60�C for 1 hour and cooled to
room temperature (22�Cw25�C). Deparaffinization and
tissue rehydration were performed in xylene, graded
ethanol, and distilled water, as described earlier. Antigen
retrieval was performed using Target Retrieval Solution
(Dako) at high pressure for 15 minutes, and cooled down at
4�C for 1 hour. Sections were incubated with 3% H2O2 for
30 minutes to block endogenous peroxidase, followed by a
reaction with Protein Block, Serum Free reagent (Dako) at
room temperature for 2 hours. The sections were incubated
with primary antibodies overnight at 4�C (Table 1). The
sections were washed using PBS and incubated with
Envisionþ system horseradish peroxidase–labeled polymer
anti-rabbit or mouse secondary antibody (Dako) at room
temperature for 20 minutes. Slides were developed with a
liquid 3,30-diaminobenzidine tetra hydrochlorideþ sub-
strate chromogen system (Dako), counterstained with
Mayer’s hematoxylin (Dako) solution, dehydrated, and moun-
ted. For immunofluorescence staining, primary antibody in-
cubation was performed as described earlier, followed by
incubation with cyanine-3 (Cy3)-labeled goat anti-mouse IgG
(Jackson ImmunoResearch) or Alexa488-labeled donkey anti-
rabbit IgG (Invitrogen) at room temperature for 1 hour.
Slides were washed using PBS, counterstained with
4,6-diamino-2-phenylindole (Sigma), and mounted using Pro-
Long Gold Antifade Reagent (Invitrogen).

TGF-b Activity
The level of active TGF-b was measured using a TGFbR1

kinase ELISA system according to the manufacturer’s in-
structions (Promega, Madison, WI). To measure active
TGFbR1, freshly isolated colon lysates were activated with 1
N HCl.

RNA-seq
Total RNA was isolated using TRIzol reagent (Invi-

trogen). RNA quality was assessed by an Agilent 2100 bio-
analyzer using the RNA 6000 Nano Chip (Agilent
Technologies, Amstelveen, The Netherlands), and RNA
quantification was performed on an ND-2000 spectropho-
tometer (Thermo, Inc).

According to the manufacturer’s instructions, library
construction was performed for control and test RNAs using
the QuantSeq 3ʹ mRNA-Seq Library Prep Kit (Lexogen, Inc).
In brief, each 500 ng total RNA sample was hybridized with
an oligo-dT primer containing an Illumina-compatible
sequence at its 50 end, and reverse-transcription was
performed. After degradation of the RNA template, second-
strand synthesis was initiated by a random primer con-
taining an Illumina-compatible linker sequence at its 50 end.
The double-stranded library was purified using magnetic
beads to remove all reaction components. The library was
amplified to add the complete adapter sequences required
for cluster generation. The library was purified from PCR
components. High-throughput sequencing was performed as
single-end 75-bp sequencing using the NextSeq 500 plat-
form (Illumina, Inc).

QuantSeq 3ʹ mRNA-Seq reads were aligned using Bow-
tie2.58 Bowtie2 indices were either generated from the
genome assembly sequence or the representative transcript
sequences for aligning to the genome and transcriptome. The
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alignmentfilewas used for assembling transcripts, estimating
their abundances, and detecting DEGs between untreatedWT
(W/O WT) and Nox4-/- (W/O Nox4-/-) distal colon samples
and W/DSS WT and W/DSS Nox4-/- distal colon samples
based on counts from unique and multiple alignments using
coverage in bedtools.59 The read count data were processed
based on the quantile normalization method using the EdgeR
package of R software (version 3.6.1) with Bioconductor
(http://www.bioconductor.org).60 The raw count data were
first preprocessed using quality-control checks and lowly
expressed genes were removed.We then normalized the data
using the trimmed mean of M values method. We defined
DEGs using linear models in DESeq2 v1.22.1 and applied
significance criteria based on Benjamini–Hochberg false-
discovery rate–adjusted P values less than .05.

Three-dimentional principal component analysis was
performed using Python (version 3.6 or higher) (Python
software foundation) with the following libraries installed:
NumPy (for generating sample data) (Numpy community),
Pandas (for loading the data set) (Pandas development team),
Scikit-learn (for applying principal component analysis)
(Scikit-learn community), and Matplotlib (for visualizing
data) (Matplotlib development team). To explore the func-
tional processes and pathways, we performed functional
enrichment analysis for eachmodule’s eigengenes separately.
We used the Database for Annotation, Visualization, and In-
tegrated Discovery online tool version 6.8 to extract signifi-
cant GO functional terms, including biological processes,
molecular function, and cellular components, as well as KEGG
pathways. The results of the KEGG pathway were visualized
using Prism 9 (GraphPad software), and Enrichment Map
(Enrichemnt map developers) was sorted based on enrich-
ment score and false discovery rate values. To ensure the
accuracy of the analysis, we performed gene set permutations
100 times. We selected significant items based on a P value
threshold of less than .05. Gene set enrichment analysis for
comparisons of 2 sample groups (Nox4-/- vs WT) was per-
formed in Gene set enrichment analysis v4.3.2 (Broad Insti-
tute, Cambridge, MA) using updated guidelines. To identify
the cell types present and estimate their relative subsets, we
used the CIBERSORT tool available at http://cibersort.
stanford.edu. We used the RNA expression profiles of each
sample to characterize the infiltration of 22 immune cell types
and obtained an abundance ratio matrix of 15 immune cell
types based on a significance threshold of P < .05.
Reverse-Transcription Quantitative PCR
Freshly isolated colon tissues were immersed in RNAlater

stabilization solution (Invitrogen; Thermo Fisher Scientific,
Inc) and incubated overnight at 4�C. Total RNAextractionwas
performed with TRIzol reagent (Invitrogen; Thermo Fisher
Scientific) following the manufacturer’s instructions.
Contaminating genomic DNA was removed with Recombi-
nant DNase1 (Takara Bio, Inc, Shiga, Japan), and the RNAwas
quantified using a Nanodrop spectrophotometer (Thermo
Fisher Scientific). One milligram template RNA was reverse-
transcribed using the ImProm-II reverse transcription Sys-
tem (Promega).
Western Blot
Freshly isolated colon tissues were immersed in RIPA

solution (Sigma Aldrich). Colon lysates were loaded on 8%–
15% polyacrylamide gels and transferred to polyvinylidene
fluoride membranes (Millipore). Specific primary antibodies
were used to detect the expression of proteins (Table 1).
After incubation with horseradish peroxidase–conjugated
secondary antibodies, membranes were developed using
Signal West Femto Maximum Sensitivity Substrate (Thermo
Scientific) with the LAS chemiluminescent imaging system
(Amersham).
Flow Cytometry
To detect CD4þ and Foxp3þ Tregs or RORgT þ Th17 cells

in the colon, single cells were isolated from the colon sections,
as described previously.61 The cells were blocked with frag-
ment crystallizable (Fc) Block (BD Biosciences) in
fluorescence-activated cell sorter (FACS) buffer (0.5% fetal
bovine serum, 10 mmol/L EDTA, and 0.05%NaN3 in PBS) for
30minutes at 4�C, followed bywashingwith FACS buffer. The
cells were incubated with phycoerythrin-conjugated anti-
mouse CD4 (BioLegend) and Pacific blue–conjugated
anti-mouse Foxp3 (BioLegend) or Alexa 488-conjugated
anti-mouse RORgT (R&D Systems) for 1 hour at 4�C. After
washing with FACS buffer, the cells were sorted after gating
for the live CD4þ and Foxp3þ cell fractions on a FACS Aria II
cell sorter (BD Biosciences) for quantification.
Statistical Analysis
Data are presented as the means ± SD. Significant dif-

ferences were evaluated by Student t test, Mann–Whitney U
tests, or 1-way analysis of variance as appropriate using
Prism9 (GraphPad Software). P < .05 was considered sta-
tistically significant.
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