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KEYWORDS Abstract Inflammatory bowel disease (IBD) is a chronic relapsing gastrointestinal disorder,
Colitis; while the treatment effect is not satisfactory. Immune responsive gene 1 (IRG1) is a highly ex-
Gasdermin D; pressed gene in macrophage in response to inflammatory response and catalyzes the production
Gasdermin E; of itaconate. Studies have reported that IRG1/itaconate has a significant antioxidant effect. This
Inflammation; study aimed to investigate the effect and mechanism of IRG1/itaconate on dextran sulfate so-
IRG1 dium (DSS)-induced colitis in vivo and in vitro. In vivo experiments, we found IRG1/itaconate ex-

erted protective effects against acute colitis by increasing mice weight, the length of colon,
reducing disease activity index and colonic inflammation. Meanwhile, IRG1 deletion aggravated
the macrophages/CD4"/CD8" T-cell accumulation, and increased the release of interleukin (IL)-
1B, tumor necrosis factor-a (TNF-a), IL-6, the activation of nuclear factor-«B (NF-kB)/mitogen-
activated protein kinase (MAPK) signaling pathway, and gasdermin D (GSDMD) mediated pyrop-
tosis. Four-octylitaconate (4-0l), aderivative of itaconate, attenuated these changes, therefore
relieved DSS-induced colitis. In vitro experiment, we found 4-Ol inhibited the reactive oxygen
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species production, thereby inhibiting the activation of MAPK/NF-kB signaling pathway in
RAW264.7 and murine bone-marrow-derived macrophages. Simultaneously, we found 4-0Ol inhib-
ited caspase1/GSDMD-mediated pyroptosis to reduce the release of cytokines. Finally, we found
anti-TNF-a agent reduced the severity of DSS-induced colitis and inhibited gasdermin E (GSDME)-
mediated pyroptosis in vivo. Meanwhile, our study revealed that 4-Ol inhibited caspase3/GSDME-
mediated pyroptosis induced by TNF-« in vitro. Taken together, IRG1/itaconate exerted a pro-
tective role in DSS-induced colitis by inhibiting inflammatory response and GSDMD/GSDME-medji-
ated pyroptosis, which could be a promising candidate for IBD therapy.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

Inflammatory bowel disease (IBD) is a chronic relapsing
gastrointestinal disorder that mainly includes ulcerative
colitis and Crohn’s disease.'* Ulcerative colitis mainly af-
fects the colon, and the typically clinical symptoms are
mucopurulent bloody stools, abdominal pain, weight loss,
and limb weakness.*” In recent years, the incidence of IBD
has been increasing year by year. However, the exact path-
ogenesis of IBD has not yet been clarified, and genetic and
environmental factors are recognized as the main patho-
genic factors, and are closely related to intestinal immuno-
regulatory disorders.®” At the same time, chronic IBD is
highly correlated with the occurrence of colorectal cancer,
and inflammation—abnormal crypt—adenoma—cancer is the
basic path of colitis-related colorectal cancer.®° IBD that are
not effectively treated will increase the risk of colorectal
cancer. Therefore, IBD treatment is one of the current
research hotspots and is significant for the prevention and
treatment of colorectal cancer.

Intestinal epithelial cells play a crucial role in mucosal
immune response and are also the main components of the
intestinal barrier, which prevent bacteria and other anti-
gens from entering the circulatory system from the intes-
tinal lumen.'®"" When IBD persists, it disrupts the intestinal
barrier, culminating in erosion of the intestinal epithelium,
ulceration, and decreased defensin production, resulting in
massive cellular (neutrophils, macrophages, dendritic cells,
and natural killer cells) infiltration of the lamina propria.'?
Meanwhile, studies have shown that the expressions of
nuclear factor-xB (NF-xB) is significantly increased in
macrophages of patients with IBD."*'* NF-kB is an impor-
tant transcription factor involved in inflammation and im-
mune response. Many molecules are regulated by NF-«B,
such as tumor necrosis factor-a. (TNF-a), interleukin (IL)-
1B, IL-6, and iNOS."'® Elevated expression of NF-kB in
macrophages promotes the increased expression of proin-
flammatory cytokines in colonic epithelial cells, which in
turn enhances the intestinal inflammatory response.

In recent years, many studies have demonstrated that
pyroptosis plays an important role in the development of
IBD."”~"° Pyroptosis is an inflammation-inducing pro-
grammed cell death, characterized by rapid membrane
rupture and release of inflammation-inducing cellular

contents. NOD-like receptor family pyrin domain containing
3 (NLRP3) and caspase-1 activities are increased in macro-
phages of patients with active IBD, and the production of
IL-18 and IL-18 is increased.?’ NLRP3 inflammasome can
initiate pyroptosis by cleaving gasdermin D (GSDMD) to form
N-terminal domain of GSDMD (GSDMD-N). GSDMD-N can
cause cell membranes to rupture and inflammatory factors
(IL-1B and IL-18) to be released, which can further exac-
erbate the inflammatory response and ultimately lead to
intestinal epithelial damage.?"?? In addition, GSDME,
another member of the gasdemin family, can also cause
pyroptosis. Unlike GSDMD, GSDME is specifically cleaved by
caspase-3, and caspase-3 can be activated by TNF-o.2%
Currently, TNF-o. has been used as a classical biological
therapeutic target in the clinical treatment of Crohn’s
disease.?>"?® Owing to the high levels of TNF-o produced in
DSS model, we speculate GSDME-mediated pyroptosis play a
critical role in this model.

Immune responsive gene 1 (IRG1) is a highly expressed
gene in macrophage mitochondria in a pro-inflammatory
state, which catalyzes the production of itaconate. IRG1/
itaconate has a significant antioxidant effect. Itaconate is
electrophilic, easily binds to the cysteine residues of KEAP1
and promotes its alkylation, so that nuclear factor E2-related
factor 2 (Nrf2) dissociates from Keap1 and is activated. Nrf2
continues to activate and initiate some column downstream
pathways, such as inhibiting reactive oxygen species (ROS)
production, further inhibiting the NF-xB pathway, and
reducing oxidative stress.?’ It has also been reported that the
itaconate derivative 4-octyl-itaconate (4-0l) has an inhibitory
effect on macrophage pyroptosis and reduces the release of
inflammatory factors such as IL-1B.2% In addition, our previous
study has showed 4-0l significantly reduced the release of
TNF-a..>” Whether 4-0l can inhibit GSDME-mediated pyrop-
tosis to alleviate DSS-colitis remains undetermined. In this
study, we therefore used DSS to create an IBD model to
investigate the protective effect of IRG1/itaconate.

Materials and methods

Drugs and chemicals

Dextran sulfate sodium salt (DSS, 36,000—50,000 Da) was
purchased from MP Biomedicals (Irving, CA, USA). 4-Ol,
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etanercept (TNF-a inhibitor), and nigericin (NG) were pur-
chased from Med Chem Express (New Jersey, USA). Lipo-
polysaccharide (LPS) was purchased from Sigma—Aldrich
(St. Louis, MO). Z-DEVD-FMK was purchased from Selleck.cn
(Houston, UAS). Murine TNF-o and G-CSF were purchased
from PeproTech (Rocky Hill, UAS). Myeloperoxidase (MPO)
assay kit (Nanjing Jiancheng Institute of Biotechnology,
Nanjing, China) was used to detect serum MPO. Enzyme-
linked immunosorbent assay (ELISA) kits (DAKEWE Bioengi-
neering, Shenzhen, China) was used to detect levels of
serum IL-1B, TNF-a, and IL-6. Antibodies against Nrf2
(12721), NF-xB p65 (8242), phospho—NF—«B p65 (3033),
ERK1/2 (4695), phospho- ERK1/2 (8544), p38 (8690), phos-
pho-p38 (9216), cleaved-caspase-3 (9664), and GSDMD
(36,425) were purchased from cell signaling Technology
(Beverly, MA, USA). Antibodies against F4/80 (ab6640) and
DFNA5/GSDME (ab215191) were purchased from Abcam
(USA). Antibodies against heme oxygenase-1 (HO-1,
27,282—1) and GAPDH (10,494—1) were purchased from
Proteintech (Wuhan, China). Antibodies against JNK
(A4867), phospho-JNK (AP0631), and NLRP3 (A5652) were
purchased from ABclonal (Wuhan, China). PE anti-mouse
F4/80 flow antibodies was purchased from Biolegend (Cal-
ifornia, USA).

Animals and experimental procedures

Male 6—10-week-old C57BL/6J wild-type (WT) and IRG1~/~
mice on the C57BL/6J background were purchased from
China Three Gorges University (Hubei, China) and Cyagen
company, respectively. Animals were housed in cages at
around 22 °C under a 12-h light/dark cycle, and they had
free access to food and water. The experimental proced-
ures were approved by the Ethical Committee for the use
of experimental animals of the Huazhong University of
Science and Technology. To explore the effect of IRG1/
itaconate in protecting against DSS-induced IBD, mice were
divided into the following four groups (n = 6 each group):
(1) WT: WT mice were administrated with normal water;
(2) DSS+WT: WT mice were administrated with 3% DSS via
drinking water; (3) DSS+IRG1~/~; (4) DSS + IRG1~/~+4-0l:
IRG1~/~ mice were administrated with 3% DSS and 4-Ol
(50 mg/kg) via intraperitoneal injection. To further explore
the protective role of anti-TNF-a agent, IRG1~/~ mice were
random divided two groups (n = 5 each group): (1) DSS; (2)
DSS + etanercept: Etanercept (10 mg/kg) was adminis-
tered to mice via intraperitoneal injection. The body
weight and disease activity index (DAl) of mice were
recorded every day for 7 days. At last, the mice were
anesthetized, the blood of the eyeball were collected.
Their intestines and spleens were also collected after being
sacrificed.

Histological analysis and inflammation scores

Colon tissue were immediately fixed in 4% formaldehyde so-
lution and made into wax blocks. Then wax blocks were
stained with hematoxylin and eosin (H&E) and Alcian blue-
periodic acid schiff (AB-PAS). Histopathological inflammation

scores were determined by loss of epithelial surface, infil-
tration of immunocytes, and destruction of crypt.

Immunofluorescence staining

Colon tissue sections were treated accordingly as described
previously.*° Anti-F4/80 was used and DAPI staining solution
was added to label the nucleus.

MPO assay

MPO assay kit was used to detect MPO activity in serum
according to the manufacturer’s instruction.

ELISA assay

The serum levels of IL-18, TNF-a, and IL-6 were detected by
ELISA kits. Briefly, 100 pL of cytokine standard and (or)
diluted serum were added to the wells, then 50 puL of bio-
tinylated antibody was added, and plates were incubated
at 37 °C for 90 min. After washing for four times, 100 uL of
streptavidin-HRP was added, and plates were incubated at
37 °C for 30 min. After washing for four times again, 100 uL
of TMB was added. After incubation at 37 °C for 10—15 min,
100 ulL of stop solution was added. The absorbance was test
at a wavelength of 450 nm within 10 min.

ROS assay

2',7'-Dichlorodihydrofluorescein  diacetate  (DCFH-DA)
(Beyotime, Wuhan, China) was used as a fluorescent probe to
measure the level of ROS production.

Murine bone-marrow-derived macrophages (BMDM)
isolation and differentiation

C57BL/6 mice were sacrificed and disinfected with 75%
alcohol. The mouse femur was taken and placed in PBS
containing penicillin-streptomycin. The two segments of
femur were subtracted with ophthalmic scissors, and then
rinsed with a syringe. After centrifugation, the supernatant
was discarded. Red blood cell lysate was added, and the
supernatant was centrifuged again. RPMI-1640 medium
containing double penicillin-streptomycin and 20 ng/mL G-
CSF was added and cells were planted on 6-well plates. On
the 7th day, the transformation degree of BMDMs was
detected by flow cytometry.

Cell culture

RAW264.7 and NCM460 cells were cultured in DMEM with
10% FBS obtained from Gibco-BRL (Grand Island, NY) in a
humidified incubator at 37 °C with 5% CO,.

Lactate dehydrogenase (LDH) release assay

The LDH release was detected by LDH Cytotoxicity Assay Kit

(Beyotime, Wuhan, China). The methods were followed by
previous study.>’
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Flow cytometry

Cell apoptosis was performed using APC-Annexin V/7-AAD
Apoptosis Detection Kit (BioLegend, California, USA).
Briefly, cells were washed in PBS for three times, then
stained with 5 uL APC-Annexin V and 10 pL 7-AAD for 25 min
at room temperature in the dark. The data were analyzed
by FlowJo software.

Quantitative real-time PCR (qRT-PCR)

RNA from colon tissue and cells were taken following the in-
structions, then reverse transcribed into cDNA. qRT-PCR was
conducted on a StepOne Plus Real-Time PCR System (Thermo
Fisher Scientific) to detect the mRNA level. GAPDH was used
as an internal reference, and the fold change was calculated
using the 2724t method. The primers used are listed as fol-
lows: GAPDH F: CATCACTGCCACCCAGAAGACTG; R: ATGC-
CAGTGAGCTTCCCGTTCAG; IL-1B F: GGGCCTCAAAGGAAA
GAATC; R: TACCAGTTGGGGAACTCTGC; TNF-a. F: CCTGTAGCC
CACGTCGTAG, R: GGGAGTAGACAAGGTACAACCC; IL-6 F:
AGTTGCCTTCTTGGGACTGA, R: TCCACGATTTCCCAGAGAAC;
16sRNA F: GTGGTGCATGGTTGTCGTCA, R: ACGTCGTCCCCAC
CTTCCTC.

Western blot analysis

The proteins of tissue and cells were extracted, and the
protein concentration was determined using a BCA kit
(Beyotime, Wuhan, China). Electrophoresis and membrane
transfer were performed as previously described.?? The
membrane was incubated with the primary and secondary
antibody. The membrane was imaged with ECL reagents.

A B =—s— Control 1(WT)
28 —— DpsS(WD)
== DSS(IRGI™")
—— DSS+401(IRGI™)

1 Control group (WT)
2 DSS group (WT)

3. DSS group (IRG17)
4. DS$+4-01 (IRG1*)

N
o

4 groups (n=6)
4-01 via intraperitoneal injection

¥ ¥

Body weight (g)

2 3 4

Statistical analysis

The results were expressed as mean + SD, and two-tailed
Student’s t-test or one-way ANOVA followed by post-hoc
test was used to compare differences. P values less than
0.05 were considered statistically significant; *P < 0.05;
**P < 0.01; ***P < 0.001.

Results

IRG1 deletion aggravated the severity of DSS-
induced acute colitis

In order to explore the effect of IRG1 deletion on DDS-
induced colitis in mice, WT mice and IRG1~/~ mice were
given different treatments. The treatment methods were
shown in Figure 1A. The weight and DAI score of each mouse
were measured every day. The weight loss of IRG1~/~ mice
was more obvious than that of WT mice, and the weight loss
of IRG1~'~ mice significantly reduced after receiving 4-Ol
treatment (Fig. 1B). At the same time, as shown in
Figure 1C, the mean DAI score of the WT group was signif-
icantly lower than that of the IRG1~/~ mice group. After
receiving 4-Ol treatment, the DAl score of the IRG1~/~ mice
significantly reduced. After treating with DSS for 7 days, the
colon was taken. The colon length of the WT mice group
was shorter than that of the control group, but it was
significantly longer than the IRG1~/~ mice group. When
mice in the IRG1~/~ group received 4-Ol treatment, the
colon length became significantly longer (Fig. 1D, E). The
results of immunohistochemistry also showed that the WT
mice group was more infiltrated with inflammatory cells
than the control group, while the inflammatory cell

C E

Control ( WT)
6 +— bss (WT)
== DSS(RGI")
——  DSS+-OI(IRGI™)

Colon length(cm)

¥
L1111 1
tt ottt

DSS via drinking water Day

50x HE

200x HE

inflammation scores

|

Control DSS  DSS DSS+4-OI Control

WwT IRG1 WL

Figure 1

DSS DSS+4-01
IRGI+ WT  IRGI™-

IRG1 deletion aggravated the severity of DSS-induced acute colitis. (A) The treatment methods. (B) Mice body weight.

(C) The mean DAI score. After treating with DSS for 7 days, the colon was taken. (D, E) The colon length of the WT mice and IRG1~/~
mice group. (F) The immunohistochemistry of colon. (G) The inflammation scores. Data are shown as the mean + SD, ***P < 0.001.
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infiltration in the IRG1~/~ mice group were more obvious.
Furthermore, 4-0l significantly alleviated these changes
(Fig. 1F). In addition, the inflammation score of the IRG1~/
~ mice was significantly higher than that of the WT group,
and the inflammation score of the IRG1~/~ mice signifi-
cantly reduced after receiving 4-0l treatment (Fig. 1G).

IRG1 deletion aggravated the macrophages/T-cell
accumulation and bacterial translocation in DSS-
induced colitis

PAS stain showed that DSS obviously destroyed the mucus
layer and goblet cells. The mucus layer of IRG1~/~ mice was
damaged more obviously than that in the WT group, and
after 4-0Ol treatment, the positive rate of PAS staining
significantly increased in IRG1~/~ mice (Fig. 2A, B). Immu-
nohistochemical staining showed that the infiltration of
CD4*/CD8* T cells in WT mice receiving DSS treatment was
more obvious than that of control group. And the CD4"/
CD8" T cells of IRG1~'~ mice were more obvious than that
of WT group, which were significantly reduced in 4-Ol
treated mice (Fig. 2C). Next, F4/80 was used to label the
intestinal macrophages, and immunofluorescence staining
showed that the degree of macrophages infiltration in
IRG1~'~ group was significantly higher than that of WT mice
group. When the IRG1~'~ group received 4-Ol treatment,
the degree of macrophage infiltration significantly reduced

100x PAS p>

100um
(i

Z
£
x
=3
(=3
(S}
Control DSS DSS DSS+4-01
IRG1*-

B E 600 -
- —_
<
E

401 - - -+ 401 - - = +
wr IRG1+ WT IRGI*

F

s
401 - - -+ _ R
wrIRGIF wT IRGI+
Figure 2

(Fig. 2D, E). MPO, a heme protein, is rich in neutrophils. We
detected the MPO content in the serum of mice, and the
results showed that the level of serum MPO significantly
increased with DSS, which was more obvious in the IRG1~/~
mice group. When IRG1~/~ mice received 4-0l treatment,
the serum MPO significantly reduced (Fig. 2F). 16sRNA is
present in all bacteria. We used RT-PCR to detect the
bacterial content in the spleen. The results showed that
DSS caused bacterial translocation, and the bacterial
translocation was more obvious in IRG1~/~ mice, which
decreased after receiving 4-0l treatment (Fig. 2G).

IRG1/4-0l inhibited the release of proinflammatory
cytokines and the activation of NF-«kB signaling
pathway

DSS destroys the intestinal epithelium and causes bacterial
translocation, which causes obvious oxidative stress in the
body, and promotes the release of pro-inflammatory fac-
tors. We tested the serum levels of IL-1B, TNF-o, and IL-6,
and the results showed that the serum levels of pro-in-
flammatory factors significantly increased after the mice
were treated with DSS. The level of serum IL-1B, TNF-a, and
IL-6 in the IRG1~/~ mice group were significantly higher
than those of the WT group, which significantly decreased
after receiving 4-0Ol treatment (Fig. 3A—C). Next, we
extracted the intestinal tissue RNA, and the RT-PCT results

100x CD4

100x CD8

Control DSS DSS
WT IRG1"

DSS+4-0O1

=/

DAPI

F4/80

Merge

Control DSS DSS DSS+4-01

WwT IRG1+

IRG1 deletion aggravated the macrophages/T-cell accumulation and bacterial translocation. (A, B) PAS stain showed

the mucus layer of IRG1~/~ mice was damaged more obviously than that in the WT group. (C) Immunohistochemical staining showed
the CD4* and CD8™ T cells of IRG1~/~ mice were more obvious than those of WT group. (D, E) Immunofluorescence staining showed
that the infiltration of macrophages in IRG1~/~ group was significantly higher than that of WT mice group. When the IRG1~/~ group
received 4-0Ol treatment, the degree of macrophage infiltration was significantly reduced. (F) The level of serum MPO. (G) The level
of 16sRNA in the spleen was detected by RT-PCR. Data are shown as the mean + SD, **P < 0.01; ***P < 0.001.
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also showed that the expressions of IL-13, TNF-o, and IL-6
mRNA in the IRG1~/~ group were significantly higher than
those of the WT group, which significantly decreased with
4-0l treatment (Fig. 3D—F). Nrf2/HO-1 and NF-kB signaling
pathway are closely related to the occurrence and devel-
opment of inflammation. Nrf2/HO-1 has the effect of anti-
oxidative stress and inhibits inflammation. We extracted
intestinal tissue proteins, and the results showed that DSS
obviously activated the NF-kB signaling pathway and
inhibited the expression of Nrf2/HO-1. Furthermore, the
expression of p-p65 in the IRG1~/~ group was significantly
increased, and the expression of Nrf2/HO-1 protein signif-
icantly reduced compared with the WT group (Fig. 3G—J).

4-0l inhibited the ROS production, thereby
inhibiting the activation of MAPK/NF-kB signaling
pathway

Stimuli such as LPS can obviously activate MAPK/NF-«xB
signaling pathway. To explore the anti-inflammatory ac-
tion of 4-0l, RAW264.7 cells were pretreated with 4-0l for
1 h, and then LPS was added for 24 h. Western blot showed
LPS significantly activated the MAPK/NF-kB signaling
pathway, while 4-0l significantly reduced the expression
levels of p-JNK, p-P38, p-ERK, and p-P65, and promoting
the expression of Nrf2/HO-1 (Fig. 4A—G). LPS can cause a
sharp increase in the level of ROS in the body, which can
cause serious damage to the cell structure. Then, we
investigated the effects of LPS and 4-Ol on ROS.
RAW264.7 cells were treated with LPS and 4-Ol for 8 h. The
results showed that LPS promoted ROS production of
macrophage in vitro. After 4-Ol treatment, the level of
ROS significantly reduced (Fig. 4H, I). These suggested
that 4-OI might inhibit the production of ROS by promoting
the expression of NRF2/HO-1, thereby inhibiting the

IL-1(pg/ml)

Z
]
£
4
z

WT IRGI- WT IRG1+

Figure 3

MAPK/NF-kB signaling pathway. In order to further verify,
we extracted and successfully induced BMDM cells, and
the flow cytometry showed that the macrophage purity
reached 90% (Fig. 4J). Then we used the same treatment
for BMDMs. Western blot showed 4-0l significantly inhibi-
ted the expression of p-P38, p-ERK, and p-Pé65, and pro-
moted the expression of Nrf2/HO-1 (Fig. 4K and L).

4-0l inhibited GSDMD medicated-pyroptosis in
macrophages

GSDMD, one member of the gasdermin family, can cause
pyroptosis. During the infection process, the body can
activate the inflammasome by cleaving caspase-1. The
activated caspase-1 cleaves GSDMD to form holes on the
cell membrane. Simultaneously, activated caspase-1 can
cleave the IL-1B precursor to produce mature IL-18,
thereby causing inflammation. Therefore, we further
explored whether 4-Ol can inhibit the production of in-
flammatory factors by inhibiting macrophage pyroptosis,
thereby attenuating DSS-induced colitis. First, we extrac-
ted intestinal tissue proteins, and the results showed that
the expression of GSDMD-N and NLRP3 were significantly
increased after the mice receiving DSS, which was more
obvious in the IRG1~/~ group. When IRG1~/~ mice received
4-0l treatment, the expression of NLRP3 and GSDMD-N was
significantly reduced (Fig. 5A—C). Then, we treated BMDM
cells with LPS (100 ng/ml), changed the medium and added
4-0l for 45 min before adding NG (15 uM). Pl assays showed
that 4-Ol reduced the Pl-positive cells (Fig. 5D). LDH
release assay showed that 4-Ol inhibited cell death
(Fig. 5E). Western blot results showed that 4-0l significantly
reduced the expression of caspase-1 and GSDMD-N
(Fig. 5F—I). ELISA results showed that 4-Ol significantly
reduced IL-1B release (Fig. 5J).

G H

IS

w

»

65/GAPDH (fold increase)

p-P
s

DSS = + o+ +
401 = - +
WwT IRG1™

HO-1/GAPDH (fold increase) S

Nrf2/GAPDH (fold increase)

WwT IRG1" WT IRG1

IRG1/4-0l inhibited inflammatory response. (A—C) The serum levels of IL-13, TNF-«, and IL-6 were detected by ELISA.

(D—F) The expressions of IL-1B, TNF-a, and IL-6 mRNA of colon tissue were detected by RT-PCR. (G—J) The expression of p-p65 in
the IRG1~/~ group was significantly increased, and the expression of Nrf2/HO-1 protein was significantly reduced compared with
the WT group, and these changes were significantly reduced after IRG1~/~ mice received 4-Ol treatment. Data are shown as the

mean =+ SD, *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4 4-0l inhibited the ROS production, thereby inhibiting the activation of MAPK/NF-kB signaling pathway. (A—G) 4-Ol
significantly reduced the expression levels of p-JNK, p-P38, p-ERK, and p-P65, and promoting the expression of Nrf2/HO-1 in
RAW264.7 cells. (H, 1) LPS promoted macrophage ROS production and 4-0l inhibited the ROS production in RAW264.7 cells. (J) Flow
cytometry results showed that the macrophage purity reached 90%. (K, L) 4-Ol significantly inhibited the expression of p-P38, p-
ERK, and p-P65, and promote the expression of NRF2/HO-1 in BMDMs. Data are shown as the mean + SD, *P < 0.05; **P < 0.01;

***P < 0.001.

Anti-TNF-a therapy relieved the severity of DSS-
induced colitis

The treatment methods were shown in Figure 6A. Immu-
nohistochemical staining showed that etanercept signifi-
cantly decreased the severity of DSS-induced colitis in
IRG1~'~ mice (Fig. 6B). The colon length of DSS group was
shorter than that of the DSS + anti-TNF-a group (Fig. 6C,
D). The level of serum MPO in DSS + anti-TNF-o group was
lower than that of DSS group (Fig. 6E). The ELISA assay
showed that the level of serum TNF-a significantly
decreased with anti-TNF-a therapy (Fig. 6F). Western blot
showed that etanercept decreased the expression of
GSDME-N (Fig. 6G).

4-0l inhibited caspase3/GSDME medicated-
pyroptosis induced by TNF-a

Then we treated NCM460 cells with TNF-a (50 ng/ml) and 4-
Ol for 36 h. The flow cytometry showed that TNF-a. signifi-
cantly increased 7-AAD-positive cell percentages, while 4-
Ol attenuated this change (Fig. 7A, B). Next, we used cas-
pase-3 special inhibitors (Z-DEVD-FMK, 50 pM) and TNF-a
(50 ng/ml) to treat NCM460 cells. The flow cytometry
showed that Z-DEVD-FMK reduced the 7-AAD-positive cells
(Fig. 7C, D). To further explore the underlying mechanism,
we extracted cell proteins, and we found 4-0lI significantly

reduced the expression of cleaved-caspase-3 and GSDME-N
(Fig. 7E—G). This showed that 4-Ol might inhibit GSDME
activation by inhibiting caspase-3 activation, thereby
inhibiting GSDME mediated-pyroptosis.

Discussion

In recent years, with the development of society and the
changes of human diet, the incidence of IBD is increasing
which seriously affects people’s daily life. Therefore, it is
very important to find a targeted treatment strategy for
IBD. This study was to explore the therapeutic effect of
IRG/4-0l on DSS-induced colitis. The results showed that
IRG/4-0l significantly alleviated DSS-induced colitis by
inhibiting inflammatory response and gasdermins-mediated
pyroptosis. This provides some promising prospects for the
treatment of IBD.

The IRG1 encodes the aconitic acid decarboxylase in
mitochondria, which catalyzes decarboxylation of cis-aco-
nitic acid, an intermediate product of the tricarboxylic acid
cycle (TAC), to itaconate.>® IRG1 can change the metabolic
environment of macrophages by affecting the mitochon-
drial TAC. IRG1 and its metabolites play an anti-inflamma-
tory and antioxidant effect through a variety of
pathways.>*3° 4-0l, a derivative of itaconate, can activate
Nrf2 and drive Nrf2 dependent gene expression in macro-
phages. Nrf2 is considered to be a key control factor in the
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Figure 5 4-0Ol inhibited GSDMD medicated-pyroptosis in vivo and in vitro. (A—C) 4-Ol treatment significantly reduced the

expression of NLRP3 and GSDME-N in vivo. (D) Pl assays showed that 4-Ol reduced the PI-positive cells. (E) The LDH release assay.
(F—1) 4-0I significantly reduced the expression of caspase-1 and GSDMD-N. (J) ELISA results showed that 4-Ol significantly reduced
IL-1B release. Data are shown as the mean 4 SD, *P < 0.05; **P < 0.01; ***P < 0.001.

process of infection and inflammation. Nrf2 activation can
increase the activation of HO-1 and enzymes involved in the
synthesis of glutathione, which is the main protective agent
against oxidative stress.>® In addition, Nrf2 activation can
inhibit IL-1B generation.?” This may be due to the direct
inhibition of IL-1B gene transcription by Nrf2 or the indirect
inhibition of ROS production, ultimately inhibiting IL-1B
production.

Since the first reported in 1985 that a hamster model of
ulcerative colitis was prepared with DSS, a large number
studies have proved that DSS-induced colitis model was
similar to that of human ulcerative colitis.** *° Our results
also showed that DSS caused intestinal epithelial barrier
damage, extensive infiltration of inflammatory cells and
destruction of intestinal tissue, especially in IRG1~/~ mice.
This indicated that IRG1 had a protective effect on DSS-
induced colitis. After IRG1~/~ mice received 4-Ol treat-
ment, the body weight loss, DAI score, and inflammation
score significantly decreased. Kim et al*' also reported that
4-0l administration alleviated the severity of colitis, and
Wang et al*? reported that dimethyl itaconate (DI), another
itaconate derivative, suppressed DSS-induced colitis-asso-
ciated colorectal cancer. However, one study showed that

unmodified itaconate aggravated DSS-induced colitis.*
Maybe the function of unmodified itaconate is different
from that of its derivatives. DI and 4-Ol can induce a strong
electrophilic stress response, in contrast to unmodified
itaconate. DI and 4-Ol can inhibit cytokine production and
play an anti-inflammatory effect, while itaconate treat-
ment suppressed IL-1B secretion but not pro-IL-18 levels.*
Therefore, the anti-inflammatory effects of exogenous
unmodified itaconate and its derivatives are not exactly the
same, and it also prompts us speculate that itaconate is an
immunoregulatory as opposed to purely immunosuppressive
metabolite.

The destruction of intestinal epithelial barrier by DSS
can cause bacteria to enter blood and induce bacterial
translocation. Bacterial translocation and LPS can cause
inflammatory reaction, and NF-kB/MAPK signaling pathway
plays important roles as the body fights infection.* In the
present study, we found that the level of 16sRNA in spleen
of IRG1~'~ mice group was significantly higher. Further-
more, the in vivo experiments showed that the NF-xB/MAPK
signaling pathways significantly activated in the IRG1 defi-
ciency group. In vitro experiments showed that 4-Ol
significantly inhibited the activation of NF-kB/MAPK
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pathways in RAW264.7 and BMDM cells. Studies have re-
ported that LPS could cause a sharp increase in the level of
ROS, which caused severe inflammatory response.“®*” To
further investigate the underlying mechanisms of 4-0l in
inhibiting the NF-kB/MAPK signaling pathway, we tested the
effect of 4-Ol on ROS. The results showed that 4-0l signif-
icantly decreased the ROS production and activated Nrf2/
HO-1 pathway, which suggested that 4-Ol might inhibit
MAPK/NF-kB signaling pathway by inhibiting the production
of ROS through promoting the expression of Nrf2/HO-1.
Over the years, many studies have tried to understand
the roles of pyroptosis in colitis.'®*® Pyroptosis mainly re-
lies on inflammasomes to activate some proteins of the
caspase family to cut and activate gasdermin protein. The
activated gasdermin protein is translocated to the mem-
brane to form holes, and IL-1B and IL-18 are released. The
classical pathway of pyroptosis mainly involves caspase-1
cutting the N-terminal sequence of GSDMD, activating IL-18
and IL-1B. IL-1B is an important proinflammatory cytokine,
which can further cause macrophage pyroptosis.“”>° Thus,
we speculated that the role of pyroptosis was further
expanding the inflammatory response in macrophages,
forming a vicious circle in the DSS model. Furthermore,
studies reported that the production of IL-18 and IL-18 in
the patients with active IBD increased, and the activity of
caspase-1 in macrophages increased. Our study revealed
that the expression of GSDMD-N in the DSS group signifi-
cantly increased, which indicated that GSDMD-mediated

pyroptosis played a crucial role in DSS-induced colitis.
Meanwhile, the expression of GSDMD-N was significantly
higher in the IRG1~/~ group than that of the WT group,
which decreased after receiving 4-Ol treatment. There-
fore, we hypothesized that 4-Ol reduced the degree of
colitis by inhibiting the macrophage pyroptosis. To further
test our hypothesis, we used LPS and NG to induce pyrop-
tosis in vitro, and the results showed that 4-0l significantly
reduced the activation of GSDMD, caspase-1 and the
release of IL-18. Hooftman et al?® also reported 4-Ol could
reduce the macrophage pyroptosis. Therefore, IRG1/4-0l
might play an important role in inhibiting the GSDMD-
mediated pyroptosis of macrophages, reducing inflamma-
tory response and alleviating colitis. Interestingly, two
studies used GSDMD~'~ mice to explore the effect of
GSDMD on DSS-induced colitis and reported conflicting roles
of GSDMD."®®" The effect of GSDMD in regulating inflam-
matory response may not be unilateral. GSDMD can induce
pyroptosis to promote cytokine production and aggravate
inflammatory response; it may also reduce inflammation
through pathways such as cyclic GMP—AMP synthase. Ulti-
mately, GSDMD exerts its effect through the sum of multi-
ple pathways. Our study was to explore the effect of IRG1
deficiency on DSS-induced colitis, and in vivo and in vitro
experiments showed that IRG1/4-0I significantly inhibited
GSDMD-N production and cytokine release, therefore
reduce inflammation, which was different from directly
knocking out of GSDMD.
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In recent years, Shao’s team discovered that GSDME,
another member of the gasdemin family, can be cleaved
and activated by caspase-3 to cause pyroptosis, which can
act as an inhibitory factor in tumors.?> Zhai et al** also
reported inhibiting caspase3/GSDME-mediated pyroptosis
induced by TNF-« attenuated rheumatoid arthritis. Previous
results showed DSS produced a large amount of TNF-o
through activation of MAPK/NF-«B signaling pathway and
GSDMD-mediated pyroptosis in macrophages, so we specu-
lated that TNF-o might activate caspase-3 to cause GSDME-
mediated pyroptosis. Our study showed that etanercept, a
TNF-a inhibitor, significantly decreased the expression of
GSDME-N and the severity of colitis. In vitro experiments,
we also found that 4-0Ol inhibited the formation of GSDME-N
by inhibiting the activation of caspase-3 caused by TNF-a.
Indeed, TNF inhibitors have been clinically important target
drugs for the treatment of IBD. Our findings provided
another possible mechanism for IRG1/4-0I through the in-
hibition of the caspase3/GSDME pathway induced by TNF-a..

To sum up, our research results revealed that IRG1/4-0l
alleviated DSS-induced colitis by inhibiting ROS-medicated
MAPK/NF-kB signaling pathway and GSDMD/GSDME-medi-
ated pyroptosis (Fig. 8). Taken together, these data show
that IRG1/itaconate may be a potential target for treating
IBD.
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