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Abstract
Background  Inflammation and oxidative stress play an important role in the pathophysiology of inflammatory 
bowel disease (IBD). This study aimed to explore the effects of copper chaperone Antioxidant-1 (Atox1) on 
macrophages in a mouse model of intestinal inflammation.

Methods  A mouse model of TNBS-induced colitis was established and verified using the disease activity index. Atox1 
conditional knockout mice were applied. The proportion of macrophages in colonic lamina propria mononuclear 
cells and ROS production were analyzed using flow cytometry. Inflammatory cytokines were measured using ELISA. 
Expression of macrophage M1/M2 polarization markers, p47phox, NLRP3, and Caspase-1 p20 was measured using 
quantitative RT-PCR and Western blotting.

Results  Atox1 expression was up-regulated in colon tissues of TNBS-induced colitis mice. Macrophages isolated from 
TNBS-induced colitis mice showed M1 polarization and nuclear translocation of Atox1. Inhibiting copper chaperone 
activity decreased p47phox, ROS production, and M1 polarization induced by CuCl2 in macrophages. TNBS induced 
up-regulation of inflammatory cytokines, M1 polarization markers, and p47phox expression in mice, an effect which 
was preempted by Atox1 knockout. Inflammatory cytokines and expression of M1 polarization markers, p47phox, 
NLRP3, Caspase-1 p20 were also increased in macrophages isolated from TNBS-induced colitis mice. These changes 
were alleviated in mice with Atox1 knockout. The effects of Atox1 on macrophage polarization were mediated via the 
ROS-NLRP3 inflammasome pathway.

Conclusion  Atox1 plays a pro-inflammatory role, promotes M1 polarization of macrophages, and increases the 
concentrations of pro-inflammatory cytokines in intestinal tissue by regulating the ROS-NLRP3 inflammasome 
pathway. Atox1 is a potential therapeutic target in IBD.
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Introduction
Inflammatory bowel disease (IBD), including ulcerative 
colitis and Crohn’s disease, is a chronic, potentially life-
threatening inflammatory disorder of the digestive tract 
[1, 2]. IBD has a complex pathophysiology involving the 
interplay of immunological, environmental, microbial, 
and genetic factors [3, 4]. There is a growing appreciation 
that oxidative stress and inflammatory responses contrib-
ute to the occurrence and progression of IBD, affecting 
mitochondrial function [5, 6]. Thus, the use of antioxi-
dants to scavenge reactive oxygen species (ROS) and sup-
press inflammation is considered a therapeutic strategy 
for IBD [7].

Inflammation boosts the uptake of copper (Cu), leading 
to increased Cu levels in inflamed colon tissues [8]. Cu 
induces inflammation and microglia activation through 
the ROS/NF-κB pathway [9]. Antioxidant-1 (Atox1) is 
a small metallochaperone protein that plays a crucial 
role in intracellular Cu trafficking and homeostasis [10]. 
Atox1 provides copper to P-type ATPases that transport 
copper, which are essential for the proper functioning of 
numerous cellular processes, including redox homeo-
stasis, energy production, and cell signaling [11]. Atox1 
is also a crucial regulator of cell proliferation, cell cycle, 
metastasis, and DNA repair and represents a potential 
target in cancer therapy including colon cancer [12–14]. 
Moreover, in a study, Atox1 expression was found to be 
higher in active ulcerative colitis samples, was negatively 
correlated with CD8+ T cell infiltration, and showed 
excellent diagnostic value for ulcerative colitis [15]. Atox1 
up-regulates ROS production in endothelial cells by reg-
ulating the NOX organizer p47phox, and thus, may be a 
therapeutic target in inflammatory diseases such as ath-
erosclerosis [16]. However, the effects of Atox1-mediated 
inflammation in the progression of Crohn’s disease and 
the underlying mechanisms are not well characterized.

In addition to inflammation, an imbalance of M1/M2 
macrophage polarization is another important factor in 
the pathophysiology of IBD [17]. M1 subtype macro-
phages produce pro-inflammatory cytokines, such as 
IL-6, TNF-α, and IL-1β, while M2 subtype macrophages 
suppress inflammation [18]. M1 and M2 subtypes mac-
rophages are increasingly acknowledged as potential 
therapeutic targets for IBD [19]. Moreover, Cu has been 
shown to promote M1 polarization of macrophages by 
increasing ROS production [20], and this effect may vary 
depending on the concentration of Cu [21]. However, the 
effects of copper chaperone Atox1 on macrophage polar-
ization and the underlying signaling pathways remain 
largely uncharacterized.

To fill the knowledge gap, in the current study, we 
detected Atox1 expression and M1/M2 macrophage 
polarization in colon tissues of trinitrobenzene sulfonic 
acid (TNBS)-induced mice models. The TNBS-induced 

experimental mouse model exhibits a colitis-like pheno-
type with histopathological and morphological changes 
similar to that in Crohn’s disease [22, 23]. Using cop-
per chaperone inhibitor and Atox1-knockout mice, we 
explored the impact of Atox1 on ROS production, M1/
M2 macrophage polarization, and inflammation. Our 
findings suggest a “copper-Atox1-ROS-NLRP3 inflam-
masome” regulatory axis in inflammatory disorders and 
demonstrate that Atox1 may regulate macrophage polar-
ization, suggesting its potential as a therapeutic target 
for IBD and highlighting the importance of Atox1 as a 
key mediator in the complex network of inflammatory 
processes.

Materials and methods
Ethical approval
The study was approved by the Ethics Committee of 
the Zhejiang Academy of Traditional Chinese Medicine 
([2023]043). All animal experiments were conducted in 
accordance with the Guide for the Care and Use of Labo-
ratory Animals.

Bioinformatics analysis
The single-cell RNA-seq data of patients with Crohn’s 
disease were downloaded from the GEO database (acces-
sion number: GSE134809). The unique molecular iden-
tifier (UMI) count matrix was converted to anndata 
objects using Scanpy package v1.4.4. Batch correction 
was performed using the RunHarmony function in its R 
package (version 1.0). Uniform Manifold Approximation 
and Projection (UMAP) was used for data visualization. 
The effect size was evaluated using Cohen’s d statistic to 
estimate the magnitude of differentially expressed genes.

Experimental animals
The Atox1 knockout mouse model (C57BL/6J) was gen-
erated by CRISPR/Cas-mediated genome engineering 
(Cyagen Biosciences) through the insertion of the LoxP 
site flanking exon 2 of the Atox1 gene. The Atox1 hetero-
zygous flox-labeled mice (Atox1+/−) were backcrossed 
with C57BL/6J mice five times to obtain F1 generation 
positive mice stably expressing the allele. A different litter 
of Atox1+/− mice was crossed to obtain the homozygous 
floxed Atox1 allele (Atox1−/−). Next, the sexually mature 
Atox1 knockout mice were mated with Lyz2Cre mice 
(Cyagen Biosciences) to establish mice with mutated 
Atox1, specifically in the macrophage.

Animal experimental design and establishment of TNBS-
induced colitis model
Male C57BL/6J mice (age: 7–8 weeks, SPF grade) were 
purchased from Cyagen Biosciences. Mice were ran-
domly assigned to following groups (6 mice/group), 
i.e., wild type (WT) mice as control, WT mice treated 
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with 2,4,6-Trinitrobenzenesulfonic acid (TNBS), 
Atox1−/− mice, Atox1−/− mice treated with TNBS 
(Atox1−/−+TNBS), Atox1+/− mice, Atox1+/− mice treated 
with TNBS (Atox1+/−+TNBS), and Atox1+/−+TNBS 
mice treated with Cu chaperone inhibitor DCAC50 
(Atox1+/−+TNBS + DCAC50). The detailed procedure for 
induction of colitis is described elsewhere [24]. Briefly, 
after overnight fasting, a single dose of TNBS (4  mg in 
0.25 mL of 50% ethanol) was administered to the mice 
intracolonically under anesthesia for 96  h. To evaluate 
the therapeutic effect of DCAC50 on TNBS-induced 
colitis, Atox1 conditional knockout mice received intra-
gastrical DCAC50 for 72 h (50 mg/kg/d; Sigma-Aldrich) 
[25] before TNBS and 72 h after TNBS induction. Mice 
were examined daily for diarrhea and rectal bleeding. 
Disease activity index (DAI) was determined by scor-
ing changes in body weight, presence of blood in stool, 
and stool consistency, as described previously [26]. After 
72–96 h of TNBS instillation, the mice were euthanized, 
and the colon tissues were collected.

Hematoxylin and eosin (H&E) and immunofluorescence 
staining
The colon tissues were fixed in a 4% paraformaldehyde 
solution for 24  h and then dehydrated and embed-
ded in paraffin. Subsequently, 4-µm thick sections were 
prepared. The sections were deparaffinized in xylene, 
and hydrated by passage through graded alcohol series 
(decreasing concentrations). The sections were stained 
with H&E. For immunofluorescence staining assay, the 
sections were incubated in 3% H2O2 (Sigma–Aldrich) at 
37  °C for 30  min, and washed with phosphate-buffered 
saline (PBS; Gibco). Subsequently, sections were boiled 
in 0.01  M citric acid buffer at 95  °C for 20  min, cooled 
to room temperature, and washed with PBS. Blocking 
was performed with 5% bovine serum albumin for 1 h at 
room temperature. Sections were stained overnight with 
anti-Atox1 (1:100; Invitrogen, MA5-18452) or anti-F4/80 
(1:50; Abcam, ab300421) antibody at 4  °C, followed by 
Alexa Fluor 555-labeled Donkey Anti-Rabbit IgG (H + L) 
(1:200; Beyotime Biotechnology, A0453) or Alexa Fluor 
488-labeled Goat Anti-Mouse IgG (H + L) (1:200; Beyo-
time Biotechnology, A0428) antibody for 1  h at room 
temperature. Next, diluted DAPI (4′,6-diamidino‐2‐phe-
nylindole) was added and the sections were incubated in 
the dark for approximately 15 min. Positively stained cells 
were visualized using a confocal laser scanning micro-
scope (Leica Microsystems).

Flow cytometry analyses
After 72  h of TNBS instillation, colonic lamina propria 
mononuclear cells were isolated from colon tissues of 
TNBS-induced colitis mice as previously described [27] 
and stained with anti-CD45, anti-CD11b, anti-F4/80, 

and anti-Ly6C antibodies for flow cytometry analysis 
[28]. CD45+CD11b+F4/80+Ly6C− cells were considered 
as macrophages. The cells were analyzed using a flow 
cytometer (Beckman Coulter, Brea, CA, USA).

Isolation and treatment of murine macrophages
Macrophages were obtained from the intestinal mucosa 
of mice as previously described [27] and laid over 6-well 
culture plates (2 × 106 cells/well) in RPMI 1640 media 
containing 10% FBS and 1% penicillin/streptomycin at 
37 °C with 5% CO2. Macrophages were pre-treated with 
20 µM DCAC50 for 24 h, followed by treatment with 100 
µM copper (II) chloride dihydrate (CuCl2; Wako Pure 
Chemicals, Osaka, Japan) for 4  h. Otherwise, macro-
phages were treated with 1 mM of ROS scavenger N-ace-
tyl cysteine (NAC; Selleck) for 24  h or 5 µM of NLRP3 
specific inhibitor MCC950 (Selleck) for 24 h.

Cu measurements
Copper levels in colon tissue were determined using 
a copper colorimetric assay kit (E-BC-K300-M; Elab-
science Biotechnology Co. Ltd.). 20 µL of colon tissue 
homogenate was added to a 96-well plate, and 300 µL of 
detection reagent was mixed. The intracellular copper 
content was measured by Cell Copper (Cu) Colorimet-
ric Assay Kit (E-BC-K775-M; Elabscience Biotechnology 
Co. Ltd.). 2 × 106 macrophages were mixed with 200 µL 
of lysis buffer for 10  min on ice. Subsequently, macro-
phages were centrifugated at 12,000 g for 10 min at 4 °C, 
and the cell supernatant was collected. Then, 100 µL of 
cell supernatant was added into wells of a 96-well plate, 
and 50 µL of detection reagent was mixed. The plate was 
incubated at 37 °C for 5 min and optical density was read 
at 580 nm using a microplate reader.

Measurement of ROS
ROS levels within the macrophages were assessed using 
a fluorescent DCFH-DA probe (Beyotime Biotechnol-
ogy). Briefly, the DCFH-DA probe was added into the cell 
culture medium to a final concentration of 10 µM. After 
incubation for 20 min in the dark at 4 °C, the fluorescence 
was determined using flow cytometry.

Quantitative RT-PCR
Total RNA was isolated from the tissue homogenate and 
macrophages using TRIzol® reagent (Thermo Fisher Sci-
entific, Inc.). cDNA was synthesized using the Prime-
Script kit (Takara Biotechnology). The cDNA synthesis 
conditions were 37  °C for 60 min, followed by 85  °C for 
5  min and 4  °C for 5  min. Quantitative RT-PCR using 
SYBR green PCR master mix (Applied Biosystems) 
was performed using an ABI 7500 real-time PCR sys-
tem (Applied Biosystem). The PCR cycling conditions 
were as follows: 95  °C for 10  min followed by 40 cycles 
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at 95  °C for 15  s and 60  °C for 45  s followed by a final 
extension step of 95  °C for 15  s, 60  °C for 1  min, 95  °C 
for 15 s, and 60 °C for 15 s. The primers used for PCR are 
listed in Table 1. The relative expressions of Nos2, Il12b, 
Il10, Arg1, and p47phox were obtained using the 2−ΔΔCt 
method by designating Actb as the control gene.

Western blot analysis
Protein was extracted from the tissue homogenate and 
macrophages using RIPA lysis buffer (Sigma-Aldrich). 
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents 
(Thermo Fisher Scientific) were used to prepare the cyto-
solic fraction and nuclear extracts. Equivalent quanti-
ties (25 µg) of protein were separated by SDS-PAGE gel, 
transferred onto a nitrocellulose membrane (Millipore), 
blocked with 5% skim milk overnight at 4  °C, followed 
by overnight incubation with primary antibodies against 
Atox1 (1:10000; Abcam, ab154179), p47phox (1:1000; 
Abcam, ab181090), NLRP3 (1:500; Abcam, ab263889), 
Caspase 1 p20 (1:1000; Invitrogen, PA5-99390), iNOS 
(1:20000; Abcam, ab178945), IL-12p40 (1:1000; Abcam, 
ab133752), IL-10 (1:2000; Abcam, ab1333575), Arg-1 
(1:1000; Abcam, ab2333548), Lamin B1 (1:1000; Abcam, 
ab229025), and β-actin (1:5000; Proteintech Group, Inc., 
60066-1-AP) at 4 °C. Subsequently, the membranes were 
washed thrice with Tris-buffered saline with 0.1% Tween-
20 and incubated with the HRP-conjugated secondary 
antibody (1:10000; ZSGB-BIO, ZB-2301, ZB-2305) for 
1  h at 37  °C. Signals were visualized with an enhanced 
chemiluminescence system.

ELISA
The colon tissues were homogenized in PBS on ice and 
then centrifugated at 500  g for 10  min at 4  °C and the 
supernatant was collected and analyzed. The cell culture 
medium was centrifugated at 1000 g for 20 min at 4  °C 

to remove impurities and cell debris, and the supernatant 
was collected and analyzed. The levels of TNF-α (E-EL-
M3063; Elabscience, Houston, TX, USA), IFN-γ (E-EL-
M0048c; Elabscience), IL-6 (E-EL-M0044c; Elabscience), 
IL-1β (E-EL-M0037c; Elabscience), IL-18 (E-EL-M0730c; 
Elabscience), and IL-17 (BMS6001TEN; Invitrogen) were 
determined using commercial ELISA kits. The opti-
cal density was measured at 450 nm using a microplate 
reader.

Luciferase reporter assays
Mus musculus p47phox (NM_001286037.1) promoter 
fragment (676 bp) spanning from − 593 to + 82 nt of the 
p47phox transcription start site was amplified by prim-
ers (Forward 5ʹ-​G​A​A​G​C​T​G​G​C​C​T​T​G​A​A​C​C​C​T​T-3ʹ, 
Reverse 5ʹ-​A​T​G​G​C​G​A​A​T​G​A​A​G​G​T​G​T​C​C​C-3ʹ) and 
cloned into pGL3-basic vectors (Promega). The pGL3-
p47phox promoter reporter vector was transfected into 
cells using Lipofectamine 3000 (Invitrogen). After 48  h, 
the luciferase activity was evaluated using the Dual-
Luciferase Reporter Assay System (Promega) as per the 
manufacturer’s recommendations.

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were conducted using the Magnetic ChIP kit 
(Millipore), according to the manufacturer’s instructions. 
Cells were immobilized using 1% formaldehyde and frag-
mented in the presence of MNase and by sonication. 
Rabbit polyclonal antisera to Atox1 [29] and rabbit IgG 
control polyclonal antibody (Proteintech, 30000-0-AP) 
were used for immunoprecipitation assays. After wash-
ing and reverse-crosslinking, the precipitated DNA was 
amplified by primers (Forward 5ʹ-​G​C​C​A​T​G​G​T​G​T​C​G​G​T​
A​G​A​A​C​A-3ʹ, Reverse 5ʹ-​C​C​G​T​G​A​C​A​G​G​G​A​C​A​C​T​T​C​T​
C-3ʹ) and quantified by PCR.

Statistical analysis
All experiments were performed in triplicate and quanti-
tative data were expressed as mean ± standard deviation 
(SD). Between-group differences were assessed for statis-
tical significance using the Student’s t-test, while ANOVA 
followed by Dunnett’s multiple comparison test was used 
for multi-group comparisons. All statistical analyses were 
performed using GraphPad Prism 8.4.2 (GraphPad Soft-
ware). P values < 0.05 were considered indicative of statis-
tical significance.

Results
Atox1 expression was up-regulated in TNBS-induced colitis 
mice
The single-cell RNA-seq data of patients with Crohn’s 
disease were downloaded from the GEO database. The 
UMAP plot of cell types in patients with Crohn’s dis-
ease is shown in Fig.  1A, in which macrophages were 

Table 1  The primer sequences used in the study
Gene Forward/Reverse Sequences
Mus muscu-
lus Nos2

Forward 5ʹ-​G​A​G​C​A​A​C​T​A​C​T​G​C​T​G​G​T​G​G​T-3ʹ
Reverse 5ʹ-​C​G​A​T​G​T​C​A​T​G​A​G​C​A​A​A​G​G​C​G-3ʹ

Mus muscu-
lus Il12b

Forward 5ʹ-​A​G​T​G​A​C​A​T​G​T​G​G​A​A​T​G​G​C​G​T-3ʹ
Reverse 5ʹ-​C​A​G​G​A​G​T​C​A​G​G​G​T​A​C​T​C​C​C​

A-3ʹ
Mus muscu-
lus Il10

Forward 5ʹ-​G​T​A​G​A​A​G​T​G​A​T​G​C​C​C​C​A​G​G​C-3ʹ
Reverse 5ʹ-​T​A​G​A​C​A​C​C​T​T​G​G​T​C​T​T​G​G​A​

G​C-3ʹ
Mus muscu-
lus Arg1

Forward 5ʹ-​T​C​G​G​A​G​C​G​C​C​T​T​T​C​T​C​A​A​A​A-3ʹ
Reverse 5ʹ-​C​A​C​A​G​A​C​C​G​T​G​G​G​T​T​C​T​T​C​A-3ʹ

Mus muscu-
lus p47phox

Forward 5ʹ-​C​G​T​T​C​T​C​G​G​A​A​G​C​G​C​C​T​T​A​G-3ʹ
Reverse 5ʹ-​G​G​A​T​T​G​T​C​T​C​T​G​C​C​C​T​C​C​A​G​

C-3ʹ
Mus muscu-
lus Actb

Forward 5ʹ-​G​C​G​T​G​A​C​A​T​C​A​A​A​G​A​G​A​A​G​
C-3ʹ

Reverse 5ʹ-​A​T​G​C​C​A​C​A​G​G​A​T​T​C​C​A​T​A​C​C-3ʹ
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Fig. 1  Atox1 expression was increased in TNBS-induced colitis mice. (A) Uniform Manifold Approximation and Projection (UMAP) plot of cell types in 
patients with Crohn’s disease (GSE134809). (B) Violin plot showing the expression of Atox1 in macrophages from the inflamed and uninflamed areas of 
patients with Crohn’s disease. TNBS-induced colitis mice were evaluated by (C) body weight loss, expressed as a percentage of the initial weight, and (D) 
clinical disease activity index (DAI). (E) Representative images of histological analysis in TNBS-induced colitis mice. (F, G) Western blot analyses of Atox1 
expression in colonic tissues of TNBS-induced colitis mice. (H) Biochemical analysis of Cu content in colonic tissues of TNBS-induced colitis mice. (I) Rep-
resentative images of immunofluorescence analyses of colonic mucosa in control and TNBS-induced colitis mice showing F4/80 + cells and Atox1 + cells. 
The merged images show co-localization of Atox1 with F4/80. Results of ELISA showing the mucosal production of the pro-inflammatory cytokines (J) 
IL-6, (K) TNF-α, (L) IFN-γ, and (M) IL-17 in control and TNBS-induced colitis mice. DC, dendritic cell; ILC, innate lymphoid cell; MNP, mononuclear phagocyte; 
pDC, plasmacytoid dendritic cell. Scale bar, 100 μm. *P < 0.05, ***P < 0.001 vs. inflamed or control
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identified by expressing MERTK, CTSC, CTSD, GLUL, 
PLD3, CD14, CD68, and FCGR3A [30]. Atox1 expres-
sion in macrophages was elevated in the inflamed areas 
compared to the uninflamed area of the colon in patients 
with Crohn’s disease (Fig. 1B). Next, colitis mice models 
were induced by TNBS for 4 days. As shown in Fig. 1C, 
model mice showed a significant decrease in body weight 
than control mice on days 2, 3, and 4. The disease activ-
ity index (DAI) was also significantly increased in the 
model mice compared to the control mice on days 2, 3, 
and 4 (Fig. 1D). Histological examination of the colonic 
tissue of model mice showed significantly decreased vil-
lus height, disrupted crypt architecture, and obvious 
signs of inflammation (Fig. 1E). Moreover, the colonic tis-
sue of model mice showed up-regulation of Atox1 pro-
tein expression and a decrease in Cu content (Fig. 1F-H). 
Immunofluorescent images showed the co-localization of 
Atox1 with macrophages at day 3 after TNBS induction 
(Fig. 1I). Moreover, the levels of pro-inflammatory cyto-
kines (IL-6, TNF-α, IFN-γ, and IL-17) in colonic tissues 
were significantly elevated on day 3 after TNBS induction 
(Fig. 1J-M).

TNBS induction regulated M1/M2 macrophage polarization 
and up-regulated Atox1 nuclear translocation
We investigated the characteristics of macrophage polar-
ization in TNBS-induced colitis mice. The percentage 
of macrophages in colonic lamina propria mononuclear 
cells isolated from TNBS-induced colitis mice was mark-
edly increased compared with control mice (Fig.  2A). 
Macrophages isolated from the intestinal mucosa of 
TNBS-induced colitis mice showed increased mRNA lev-
els of iNOS and IL-12p40 (M1 polarization markers) and 
decreased mRNA levels of IL-10 and Arg-1 (M2 polar-
ization markers) compared with control mice (Fig.  2B-
C). Moreover, macrophages isolated from the intestinal 
mucosa of TNBS-induced colitis mice showed upregula-
tion of Atox1 nuclear translocation and a decrease in Cu 
content (Fig.  2D-E). These results indicated that TNBS 
induction increased macrophage percentage, promoted 
M1 polarization, inhibited M2 polarization, and up-reg-
ulated nuclear translocation of Atox1.

Fig. 2  Macrophage polarization in TNBS-induced colitis mice. (A) Results of flow cytometry showing the percentages of macrophages (CD45+CD11b+

F4/80+Ly6C−) among the colonic lamina propria mononuclear cells isolated from control and TNBS-induced colitis mice. Results of quantitative RT-PCR 
showing the mRNA expressions of (B) M1 polarization markers (iNOS and IL-12p40) and (C) M2 polarization markers (IL-10 and Arg-1) in the macrophages 
isolated from the intestinal mucosa of control and TNBS-induced colitis mice. (D) Western blot assay to determine Atox1 expression and (E) biochemical 
analysis of Cu content in macrophages isolated from the intestinal mucosa of control and TNBS-induced colitis mice. *P < 0.05, ***P < 0.001 vs. control
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Copper chaperone inhibitor DCAC50 suppressed 
CuCl2-induced ROS production and M1 polarization of 
macrophages
To explore the effect of Atox1 on ROS production in the 
macrophages isolated from the intestinal mucosa of mice, 
macrophages were treated with CuCl2 in the absence or 
presence of DCAC50, a recently developed small-mole-
cule copper chaperone inhibitor [25]. As shown in Sup-
plementary Fig.  1, CuCl2 treatment up-regulated Atox1 
nuclear translocation in macrophages. CuCl2 treatment 
increased ROS accumulation, an effect that was largely 
inhibited by DCAC50 pretreatment (Fig.  3A). CuCl2 
treatment up-regulated the mRNA and protein expres-
sions of p47phox, whereas DCAC50 pretreatment largely 
alleviated these changes (Fig.  3B-C). Next, a luciferase 
reporter assay was conducted to explore the relationship 
between Atox1 and p47phox. The results showed that 
CuCl2 treatment increased the activity of the p47phox 
promoter, which was decreased by DCAC50 (Fig.  3D). 
ChIP-PCR assay showed that the binding between the 
p47phox promoter and Atox1 was increased by CuCl2 
and decreased by DCAC50 (Fig. 3E).

Moreover, CuCl2 treatment led to increased mRNA 
levels of iNOS and IL-12p40 but decreased mRNA levels 
of IL-10 and Arg-1; these effects were partly inhibited by 
DCAC50 pretreatment (Fig. 3F-G). These results suggest 
that inhibiting copper chaperone activity counteracts the 
effects of CuCl2 on ROS production and macrophage 
polarization in colitis.

Atox1 knockout suppressed the progression of TNBS-
induced colitis by decreasing pro-inflammatory cytokines 
and inhibiting M1 polarization of macrophages
We then detected the effects of Atox1 on inflammation 
in TNBS-induced colitis using mice homozygous for 
the conditional Atox1 allele (Atox1−/−); WT mice were 
used as control. TNBS treatment led to a decrease in 
body weight and an increase in DAI scores in WT mice 
(Fig. 4A-B). However, these TNBS-induced changes were 
largely ameliorated in Atox1−/− mice models (Fig. 4A-B). 
Histological analysis showed that TNBS-treated Atox1−/− 
mice had ameliorated intestinal inflammation, increased 
villus height, and preserved intestinal crypt architec-
ture compared to TNBS-treated WT mice (Fig.  4C). 

Fig. 3  DCAC50 reduced CuCl2-induced ROS production and M1 polarization in macrophages. Macrophages isolated from the intestinal mucosa of mice 
were pre-treated with DCAC50, followed by CuCl2 treatment. (A) Results of flow cytometry to determine ROS production. (B) Results of quantitative 
RT-PCR and (C) Western blot assay to estimate mRNA and protein expression of p47phox. (D) Luciferase activity and (E) ChIP-PCR assays to measure the 
binding of p47phox promoter with Atox1. Results of quantitative RT-PCR to determine the mRNA expressions of (F) iNOS, (F) IL-12p40, (G) IL-10 and (G) 
Arg-1. **P < 0.01, ***P < 0.001 vs. control. ##P < 0.01, ###P < 0.001 vs. CuCl2
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Following TNBS treatment, IL-6, TNF-α, IFN-γ, and 
IL-17 levels were significantly elevated in the colon tis-
sue of WT mice, but were lower in Atox1−/− mice models 
(Fig. 4D-G). TNBS treatment led to an increase in mRNA 
levels of iNOS and IL-12p40 but a decrease in mRNA 
levels of IL-10 and Arg-1 in the intestinal mucosa of WT 
mice, and these effects were attenuated in Atox1−/− mice 
models (Fig.  4H-I). TNBS-treated WT mice showed 
upregulation of both mRNA and protein levels of 
p47phox (Fig. 4J-K). Atox1 knockout in mice suppressed 
TNBS-induced p47phox up-regulation (Fig. 4J-K). These 

results demonstrate that Atox1 knockout attenuated the 
development of colitis in mice by alleviating inflamma-
tion and suppressing M1 polarization of macrophages.

Atox1 knockout inhibited pro-inflammatory cytokines and 
macrophage M1 polarization
To investigate the impact of Atox1 on macrophages in 
colitis, the percentage of macrophages among colonic 
lamina propria mononuclear cells isolated from Atox1−/− 
and WT mice with or without TNBS induction was mea-
sured by flow cytometry. As shown in Fig.  5A-B, after 

Fig. 4  Atox1 knockout decreased the levels of pro-inflammatory cytokines after TNBS-induced colitis. Atox1−/− mice and wild-type (WT) littermates 
received TNBS. Colitis induction was evaluated by (A) body weight loss, expressed as a percentage of the initial weight, and (B) clinical DAI. (C) Representa-
tive images of histological analysis. Results of ELISA showing the mucosal production of the pro-inflammatory cytokines (D) IL-6, (E) TNF-α, (F) IFN-γ, and 
(G) IL-17. Results of quantitative RT-PCR showing the mucosal mRNA expression of (H) iNOS, (H) IL-12p40, (I) IL-10 and (I) Arg-1. (J) Results of quantitative 
RT-PCR and (K) Western blot assay showing the mucosal expression of p47phox mRNA and protein, respectively. Scale bar, 100 μm. **P < 0.01, ***P < 0.001 
vs. WT. #P < 0.05, ###P < 0.001 vs. WT + TNBS
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TNBS induction, Atox1−/− mice showed a decreased 
percentage of macrophages compared with WT mice. 
Atox knockout in macrophages was observed in Atox1−/− 
mice with or without TNBS induction (Fig.  5C). TNBS 
promoted the production of TNF-α and IL-6, which was 
partly suppressed by Atox1 knockout (Fig.  5D). TNBS 
induction increased the mRNA levels of iNOS and IL-
12p40 but decreased the mRNA levels of IL-10 and Arg-
1, an effect which was largely reversed by Atox1 knockout 
(Fig. 5E,F).

Atox1 participated in regulating macrophage polarization 
by affecting ROS production and NLRP3 inflammasome
Macrophages isolated from the intestinal mucosa of 
control or TNBS-induced mice were treated with NAC 
or MCC950 to investigate the effects of Atox1 on ROS 
production and NLRP3 inflammasome activation. Mac-
rophages isolated from TNBS-induced mice showed 
higher mRNA and protein levels of iNOS and IL-12p40, 
and lower mRNA and protein levels of IL-10 and Arg-1 
compared to those isolated from control mice; these 
effects were restored by NAC or MCC950 treatment 
(Fig. 6A-D). These findings indicated the involvement of 

Fig. 5  Atox1 knockout inhibited macrophage M1 polarization. (A, B) Flow cytometry analysis of the percentage of macrophages (CD45+CD11b+F4/80+L
y6C−) among the colonic lamina propria mononuclear cells isolated from Atox1−/− and WT mice with or without TNBS. Atox1−/− mice and WT littermates 
received TNBS and the macrophages were isolated. (C) Western blot assay of Atox1 expression. (D) Results of ELISA showing the levels of pro-inflamma-
tory cytokines TNF-α and IL-6. Results of quantitative RT-PCR showing the mRNA expressions of (E) iNOS, (E) IL-12p40, (F) IL-10 and (F) Arg-1. **P < 0.01, 
***P < 0.001 vs. WT. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT + TNBS
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ROS production and NLRP3 inflammasome activation 
in regulating macrophage polarization. TNBS induc-
tion led to ROS accumulation in macrophages, an effect 
that was abrogated by Atox1 knockout (Fig.  6E). TNBS 
treatment resulted in up-regulation of p47phox, NLRP3, 
and Caspase-1 p20 proteins in macrophages, an effect 
that was counteracted by Atox1 knockout (Fig.  6F). 
Moreover, TNBS-induced increased concentrations of 

pro-inflammatory IL-1β and IL-18 were partly restored 
by Atox1 knockout in macrophages (Fig.  6G). Col-
lectively, these observations imply a potential role of 
Atox1 in regulating ROS production and NLRP3 inflam-
masome activation, thus affecting the polarization of 
macrophages.

Fig. 6  Atox1 knockout inhibited ROS production and NLRP3 inflammasome activation in macrophages. Macrophages isolated from the intestinal mu-
cosa of control and TNBS-induced mice were treated with NAC or MCC950. (A, B) Quantitative RT-PCR and (C, D) Western blot analyses of the expression 
of iNOS, IL-12p40, IL-10, and Arg-1. Macrophages were isolated from Atox1−/− mice and WT littermates with or without TNBS treatment. (E) Flow cytometry 
analysis of ROS production. (F) Western blot assay to estimate the protein expressions of p47phox, NLRP3, and Caspase-1 p20. (G) Results of ELISA show-
ing the levels of pro-inflammatory cytokines IL-1β and IL-18. ***P < 0.001 vs. control or WT. ###P < 0.001 vs. TNBS or WT + TNBS
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Atox1 knockout suppressed M1 polarization of 
macrophages, pro-inflammatory cytokines, and NLRP3 
inflammasome activation in TNBS-induced colitis mice
The Atox1 expressions in colonic tissues of WT, Atox1 
heterozygous knockout (Atox1+/−), and Atox1 homozy-
gous knockout (Atox1−/−) mice with or without TNBS 

treatment are shown in Supplementary Fig.  2. TNBS 
treatment induced a decrease in body weight and an 
increase in clinical DAI scores in WT mice, an effect 
that was alleviated by Atox1 knockout (Fig.  7A-B). His-
tological analysis showed that following TNBS treatment, 
Atox1+/− and Atox1−/− mice had ameliorated intestinal 

Fig. 7  Atox1 knockout decreased pro-inflammatory cytokines and NLRP3 inflammasome activation in TNBS-induced colitis mice. Atox1−/− and Atox1+/− 
mice and WT littermates received TNBS with or without DCAC50 treatment. Colitis induction was evaluated by (A) body weight loss, expressed as a per-
centage of the initial weight, and (B) clinical DAI. (C) Representative images of histological analysis. (D) Results of ELISA showing the mucosal production 
of the pro-inflammatory cytokines TNF-α and IL-6. Results of quantitative RT-PCR showing the mucosal mRNA expression of (E) iNOS, (E) IL-12p40, (F) IL-10 
and (F) Arg-1. (G) Western blot assay to estimate the mucosal expression of p47phox, NLRP3, and Caspase-1 p20 protein; (H) Results of ELISA showing 
the levels of pro-inflammatory cytokines IL-1β and IL-18. Scale bar, 100 μm. ***P < 0.001 vs. WT. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT + TNBS. ΔP < 0.05, 
ΔΔP < 0.01, ΔΔΔP < 0.001 vs. Atox1+/−+TNBS
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inflammation, increased villus height, and preserved 
intestinal crypt architecture compared to TNBS-treated 
WT mice (Fig. 7C). Following TNBS treatment, Atox1+/− 
and Atox1−/− mice also showed decreased mucosal pro-
duction of pro-inflammatory TNF-α and IL-6 and mRNA 
levels of iNOS and IL-12p40, and increased mRNA lev-
els of IL-10 and Arg-1 compared to TNBS-induced WT 
mice (Fig.  7D-F). Moreover, TNBS-induced up-regula-
tion of p47phox, NLRP3, Caspase-1 p20, IL-1β, and IL-18 
in WT mice were attenuated in Atox1+/− and Atox1−/− 
mice (Fig.  7G-H). Furthermore, the effect of Atox1+/− 
was weaker than Atox1−/− and inhibited by DCAC50 
(Fig. 7A-H). TNBS-induced intestinal inflammation and 
expressions of p47phox, NLRP3, and Caspase-1 p20 in 
colonic tissues were also inhibited by DCAC50 (Supple-
mentary Fig. 3A-B).

Discussion
IBD is characterized by immune dyshomeostasis in the 
digestive tract [31]. Macrophages play a critical role in 
intestinal immune homeostasis and have been identified 
as a potential therapeutic target for IBD [32]. Our study 
highlighted the relationship between Atox1 and macro-
phages in the pathogenesis of IBD. Atox1 was found to 
promote M1 polarization of macrophages and increase 
the concentrations of pro-inflammatory cytokines in 
intestinal tissue by regulating the ROS-NLRP3 inflam-
masome pathway (Fig.  8), suggesting its important role 
in the pathogenesis of IBD. TNBS elicits a colitis-like 
phenotype with histopathological and morphological 
changes mimicking Crohn’s disease [22, 23]. The results 
regarding body weight, DAI, and histological staining on 
day 3 after TNBS induction were consistent with those 
on day 4, suggesting that the peak intestinal inflamma-
tion activity was reached on day 3 and that mice might 
have begun adapting to the insult by day 4. These findings 
were consistent with those of previous studies [22, 24].

A previous study has implicated the Atox1 gene in the 
causation of ulcerative colitis [15]. Similarly, our study 

demonstrated the upregulation of Atox1 in patients with 
Crohn’s disease and the TNBS-induced mouse model of 
Crohn’s disease. Our observations are consistent with 
previous studies which showed that Atox1 promotes 
macrophage M1 polarization and production of pro-
inflammatory cytokines. These findings indicate that 
macrophages represent a novel therapeutic target in IBD 
given their role in promoting intestinal inflammation [33, 
34]. Similarly, Cu has been shown to promote M1 polar-
ization of macrophages [20]. However, a lower concen-
tration of Cu was found to promote the expression of M2 
polarization-related genes, indicating a concentration-
dependent effect of Cu [21]. Cu also induces inflamma-
tion through the NF-κB pathway [9]. In addition, NF-κB, 
a crucial transcription factor regulating inflammatory 
responses [35], may induce the upregulation of copper 
transporter CTR1, which in turn promotes Cu uptake 
and affects the Atox1 translocation or transcriptional 
activity, suggesting a potential mutual regulation between 
inflammation and Atox1.

Recent studies have suggested a pivotal role of ROS in 
the pathophysiology of IBD and its potential as a thera-
peutic target to curb disease progression [2, 6]. Our 
observations are consistent with previous studies show-
ing markedly decreased ROS levels in Atox1−/− mice [16, 
36, 37]. However, in addition to its role as a copper chap-
erone, Atox1 is known to protect against oxidative stress. 
For example, Tat fusion protein Tat-ATOX1 was shown 
to inhibit ROS production in STZ-exposed RINm5F cells 
[38] and LPS-induced Raw 264.7 cells [39]. Our observa-
tions are consistent with previous studies in which Atox1 
knockout reduced p47phox, ROS production, and M1 
polarization, suggesting the important implications of 
the Atox1-p47phox-ROS-M1 polarization axis in modu-
lating inflammation during the progression of IBD [16, 
40, 41]. NLRP3 inflammasomes are implicated in the 
secretion of IL-1β and IL-18 and Caspase-1-mediated 
pyroptosis, a potential programmed cell death process 
[42], and associated with the onset and progression of 

Fig. 8  Schematic illustration of Atox1 function in regulating ROS-NLRP3 inflammasome pathway during IBD
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IBD [43]. In the present study, Atox1 knockout in TNBS-
induced mice inhibited ROS-induced NLRP3 inflam-
masome activation. These findings are consistent with 
previous studies in which Cu was shown to promote 
pyroptosis by inducing ROS production, leading to the 
formation of the NLRP3 inflammasome, and suggest-
ing the involvement of the Atox1-induced trafficking in 
ROS-induced NLRP3 inflammasome activation [43, 44]. 
Inhibition of Atox1 activity with DCAC50 [25] inhibited 
CuCl2-induced p47phox expression and macrophage M1 
polarization and the therapeutic effects of Atox1 knock-
out in TNBS-induced mice, suggesting the involvement 
of copper chaperone-induced Cu trafficking in TNBS-
induced colitis.

In addition to functioning as a Cu-dependent tran-
scription factor for p47phox, Cu chaperone Atox1 was 
also associated with intracellular Cu-trafficking by trans-
ferring Cu to ATP7A that delivers Cu to Cu-containing 
secretory enzymes and functions in the Cu egress to 
maintain the level of intracellular Cu [45]. Our results 
showed that the Atox1 protein expression was increased 
while Cu content was decreased in colonic tissues and 
macrophages of TNBS-induced colitis mice. These data 
suggested that TNBS-induced Atox1 upregualtion may 
promote Cu efflux bytransferring Cu to ATP7A. More-
over, Cu supplement could polarize macrophages to pro-
inflammatory M1 phenotype by activating Cu-transport 
signaling such as ATP7A in macrophages [46], suggesting 
that ATP7A-mediated Cu efflux may also involve in the 
macrophage polarization, contributing to the inflamma-
tion of IBD.

Some limitations of this study should be acknowledged. 
First, we did not verify Atox1 expression levels in clini-
cal specimens from patients with Crohn’s disease and 
only performed bioinformatics analysis of clinical data. 
Second, there is a need to perform RNA-sequencing 
and pathway-enrichment analysis to elucidate the role 
of Atox1 in macrophages during the inflammatory pro-
cess. Third, further experiments are required to validate 
the roles of the ROS-NLRP3 inflammasome pathway in 
mediating the impact of Atox1 on macrophage polariza-
tion. In addition, DCAC50 inhibits not only Atox1 but 
also Cu chaperone CCS. Thus, the potential involvement 
of other Cu chaperones in inducing macrophage polar-
ization and inflammation in IBD cannot be ruled out. 
Future studies should also investigate the in vivo role of 
nuclear Atox1 in other IBD animal models such as dex-
tran sodium sulfate-induced ulcerative colitis. Although 
Cu trafficking contributes to inflammation and the onset 
of IBD, translating the findings from animal models to 
humans has inherent limitations. Therefore, it is impera-
tive to establish an alternative Cu trafficking model to 
gain further insights into the molecular mechanisms of 
IBD and guide therapeutic strategies.

Conclusions
We report Atox1 up-regulation in colon tissues of TNBS-
induced colitis mice models. Using in vitro and in vivo 
experiments, our study suggests that pro-inflammatory 
Atox1 promotes M1 polarization of macrophage and 
production of pro-inflammatory cytokines in intes-
tines through the ROS-NLRP3 inflammasome pathway. 
This study advances our understanding of the biological 
effects of Atox1 and the underlying mechanisms in IBD. 
Targeting Atox1 may represent a novel ROS-dependent 
therapeutic approach for IBD.
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