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Purpose: Metformin (Met) is widely used to treat a variety of diseases, but its role in ulcerative colitis (UC) has not been fully 
elucidated. This study aimed to clarify the effect of Met on UC, exploring its relationship with NLRP3 inflammasome and elucidating 
the potential mechanisms.
Methods: C57BL/6J mice were administrated with DSS solution to establish UC model. Disease Activity Index (DAI) and 
hematoxylin and eosin staining (HE) were performed to evaluate the impact of Met on UC model. Enzyme-linked immunosorbent 
assay (ELISA), Reverse transcription - quantitative polymerase chain reaction (RT-qPCR), Western blotting (WB), immunohisto-
chemistry, and immunofluorescence were used to detect NLRP3 inflammasome activation in vivo. Furthermore, in vitro, bone marrow- 
derived macrophages (BMDMs) selected to clarify the role of Met on NLRP3 inflammasome activation and the underlying 
mechanisms.
Results: In vivo, Met could significantly inhibit the development of UC, characterized by decreased DAI, increased body weight and 
colorectal length, and the repair of damaged tissue. Met could also block macrophage infiltration and subsequently reduced the level of 
IL-1β, NLRP3, and Caspase-1 in the colorectal tissue, which were mainly expressed by macrophages. In addition, the level of IL-1β in 
serum was remarkedly down-regulated by Met. In vitro, Met could inhibit NLRP3 inflammasome activation and subsequently dampen 
the maturation of pro-caspase-1 and pro-IL-1β. Moreover, Met could simultaneously suppress the activation of NF-κB/p65 signaling 
pathway and disrupt the formation of ASC speck. At last, Met exhibited an anti-oxidant effect, along with upregulating the level of 
UCP2 and NCF1.
Conclusion: Met significantly ameliorated UC by inhibiting NLRP3 inflammasome activation in macrophages. The underlying 
mechanisms not only involved the inhibition of NF-κB signaling pathway activation (first signal), but was also associated with up- 
regulation of UCP2 and NCF1 levels and thus the repression of ROS generation (second signal).
Keywords: metformin, NF-κB, NLRP3 inflammasome, ROS, ulcerative colitis

Introduction
As an inflammatory bowel disease (IBD), Ulcerative colitis (UC) primarily affects the colorectum and is characterised by 
continuous inflammation of the colonal mucosal and submucosal. It poses a global healthcare challenge, showing 
a consistent rise in cases.1 At present, UC treatment included non- targeted therapies (such as aminosalicylic acid, 
glucocorticoids, and immunomodulators) and targeted therapies (such as anti TNF, antiIL-12/IL-23, and antialpha 4 β 7 
integrin).2 In addition, recent studies have also shown that the melanocortin plays a potential therapeutic role in the 
treatment of UC.3 The mechanisms might be that the melanocortin could regulate the balance of inflammation-related 
cytokines. It could reduce the inflammatory response by inhibiting the production of pro - inflammatory cytokines such 
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as tumor necrosis factor-α (TNF-α) and interleukin - 1β (IL-1β).4–6 Although there are many methods, there is no 
effective method for this disease, urgent search for new potential treatments.7

NLRP3 inflammasome is a multiprotein complex, which comprises NLRP3 sensors, the adaptor ASC (apoptosis- 
associated speck-like protein containing a caspase recruitment domain), the effector protein caspase-1, and NEK7 
(NIMA-related kinase 7), a key regulator of NLRP3 inflammasome activation.8 The activation of the NLRP3 inflamma-
some requires two signals: a priming signal and an activation signal. TLR4 activation induces phosphorylation-mediated 
nuclear translocation of nuclear transcription factor kappa-B (NF-κB) p65, stimulating innate immune responses, which 
serves as the priming signal for NLRP3 inflammasome activation.9 Consequently, the upregulation of NLRP3 gene 
expression and Interleukin-1 beta (IL-1β) and Interleukin-18 (IL-18) occurs. Subsequently, various pathogen-associated 
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) such as adenosine triphosphate (ATP), 
Monosodium urate (MSU), Nigericin (Nig) mitochondrial reactive oxygen species (mtROS), and mitochondrial DNA 
(mtDNA) induce NLRP3 oligomerization, and subsequently recruit ASC and pro-caspase-1 to form the NLRP3 
inflammasome.10,11 After being activated, it mediates the generation of inflammation in the body and plays a role in 
fighting against infections. However, overactivated NLRP3 inflammasome is involved in a variety of autoimmune 
diseases, such as atherosclerosis, UC and other inflammatory diseases.12

Current research has found that NLRP3 inflammasome activation and/or elevation of pro-inflammatory cytokines 
are the main pathological mechanisms of UC.13 The essential role of NLRP3 inflammasome in the pathogenesis of UC 
has been explored in mouse model induced by dextran sulfate sodium (DSS). It has been demonstrated that the 
depletion of NLRP3 downregulates the levels of IL-1β and IL-18 in the colorectum and ameliorates DSS-induced 
inflammation.14 However, one study had also found that depletion of NLRP3 made mice more sensitive to DSS- 
induced colitis, which may be related to the gut microbiota.15 These results suggest that the role of NLRP3 
inflammasome in UC models is debatable. In addition, our previous research found that in DSS - induced UC, 
NLRP3 inflammasome activation was enhanced, pro-inflammatory cytokines expression was increased and immune 
cell infiltration in colorectum tissue was significantly increased.15,16 This suggests that blocking the activation of 
NLRP3 inflammasome or downregulating the release of inflammatory factors may improve the occurrence and 
development of UC.

Metformin (Met), a synthetic derivative of guanidine, has over 50 years of clinical experience in treating type 2 
diabetes.17 But recent preclinical and clinical studies have shown that Met also ameliorates chronic inflammation by 
improving metabolic parameters such as hyperglycemia, insulin resistance, and atherogenic dyslipidemia, and Met also 
has a direct anti-inflammatory effect.18 Extensive research has been focused on demonstrating the anti-inflammatory 
effects of Met in cellular studies, animal models, patient records, and randomized clinical trials. Recent studies have 
found that co-administration of empagliflozin and Met demonstrates a protective anti-inflammatory effect on the color-
ectum in DSS-induced rats and improves the macroscopic and microscopic characteristics of the ulcerative colorectum.19 

Met in combination with other small molecules also plays an important role in the treatment of UC through different 
mechanisms, such as MCC950,20 HSP90.21 In addition, previous studies have also shown that Met inhibits mitochondrial 
fission, reduces oxidative stress, and prevents NLRP3 inflammasome activation, thereby alleviating adipose cell 
dysfunction.22 Met is believed to have significant anti-inflammatory effects by inhibiting NF-κB activation and nuclear 
translocation.23 Met downregulates inflammatory cytokines in inflamed human intestinal epithelial HT-29 cells in a dose- 
dependent manner and suppresses azoxymethane-induced colorectal aberrant crypt foci in mice.24 Over the years, 
multiple studies have identified Met as a potential candidate for the treatment of UC.25 However, the underlying 
mechanisms of Met intervention in UC remain unclear.

In this study, we established a mouse UC model by DSS and employed the effect of Met on this model. We verified 
the protective effect of Met by evaluating changes in body weight, DAI scores, and the levels of inflammatory factors 
IL-1β and IL-18 in serum and colorectum tissues. Additionally, we investigated the effect of Met on the NLRP3 
inflammasome in LPS-induced macrophages. These findings reveal novel regulatory mechanisms for the treatment of 
UC and lay the foundation for the potential application of Met in the prevention and treatment of UC patient 
populations.
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Materials and Methods
Mice
Male C57BL/6J mice aged 6–8 weeks were procured from Beijing Vital River Laboratory Animal Technology Co. Ltd 
(Beijing, China). They were housed in a sterile environment with ad libitum access to food and water. Following one 
week of acclimatization, the mice were considered suitable for the formal experiments. Furthermore, all animal 
procedures were approved by the Animal Experimental Ethics Committee of Henan University (HUSOM-2018-303), 
and complied with the relevant requirements of the People’s Republic of China “Laboratory animals - General code of 
animal welfare” (GB/T 42011–2022).

DSS-Induced UC
The methodology for inducing ulcerative colitis with DSS has been outlined in previous literature.16 In brief, UC was 
induced by administering a 3% (w/v) solution of DSS (molecular weight 36000–50000, MP Biomedical, USA) for 
a duration of 7 days. The mice were randomly divided into three groups based on their body weight: the normal group 
(Normal, n=6), the DSS group (DSS, n=6), and the Met group (administered intragastrically at 500 mg/kg/day, n=6).

The Disease Activity Index (DAI) scores, incorporating parameters such as weight loss, stool consistency, and 
presence of occult blood, were evaluated as previously described.16 On the seventh day, all mice were anaesthetised 
with isoflurance and blood was obtained, after which they were euthanised. Additionally, the colorectum of all mice was 
photographed and measured for length. Subsequently, the colorectum was divided into two sections. One section was 
fixed in 4% paraformaldehyde for histological analysis, and the other section was rapidly frozen in liquid nitrogen for 
biochemical detection.

Cell Preparation and Stimulation
Bone marrow-derived macrophages (BMDMs) were obtained from 6-8-week-old C57BL/6 mice according to a previous 
study.26 The cells were cultured in RIPI-1640 medium supplemented with 10% FBS and 30% supernatant from L929 
cells. Do not change the medium during cell culture. Replace half of the bone marrow macrophage induction medium 
after the 3rd day of culture, replace all the medium on the 5th day, and use it for subsequent experiments on the 7th day.

To activate the NLRP3 inflammasome, 1×106 BMDMs were seeded in 6-well plates and incubated for 16 hours. The 
medium was then replaced with opti-MEM, and the cells were stimulated with LPS (200 ng/mL) for 2 hours. 
Subsequently, the cells were treated with Met for 1 hour. And with various NLRP3 activators (2.5 mm ATP for 
30 min, 10 µM nigericin for 30 min, 400µg/mL Alum for 5 h, or 300 µg/mL MSU for 5 h). For NLRC4 inflammasomes 
activation, 10 ng of flagellin (Invivogen, tlrl-epstla-5) was transfected into cells using DOTAP, followed by incubation 
for 6 h. For AIM2 inflammasome activation, the cells were transfected with 0.5 µg/mL poly(dA:dT) via Lipofectamine 
2000 for 4 h.

Western Blotting
Cells and colorectum samples were lysed using Radio Immunoprecipitation Assay (RIPA) buffer containing protease 
inhibitors. Proteins from the supernatants were extracted, separated by 15% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluoride (PVDF) membranes. Western blotting were 
performed using primary antibodies against IL-1β (Abcam, ab9722), P20 (CST, 89332S), Pro-caspase-1 (Abcam, 
ab179515), F4/80 (Abcam, ab6640), NLRP3 (Abcam, ab263899), IKKα (CST, 61295S), ASC (CST, 67824S), P17 
(CST, 63124S), UCP2 (CST, 89326S), AIM2 (CST, 12948S), p65 (CST, 8242S), β-actin (Abclonal, AC004), P-P65 
(CST, 3033S), P-IKKαβ (CST, 2697S), GAPDH (Abclonal, AC002), Brg-1 (CST, 49360S), NCF-1 (Abclonal, A1148). 
The membranes were incubated with primary antibodies at 4°C overnight, and then with the corresponding secondary 
antibodies for 2 hours at room temperature. Protein bands were visualized using PierceTM ECL Western Blotting 
Substrate (ThermoFisher Scientific, USA) and imaged using an automatic chemiluminescence imaging system (Tanon 
5200, Tanon, Shanghai, China).
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ELISA for Cytokines Examination
Supernatants from cell culture or serum from mice were collected to detect the level of IL-1β (#88-7013-77) and TNF-α 
(#88-7324-76) using the corresponding ELISA kits (Invitrogen, ThermoFisher Scientific, USA). The procedure was 
performed according to the manufacturer’s instructions.

Fluorescence Staining
For p65 assay, BMDMs (5 × 105 per dish) were plated in glass-bottom cell culture dishes and incubated overnight. The 
following day, the cells were stimulated with LPS (200 ng/mL) for 2 hours and treated with Met. And then the cells were 
washed twice with precooled PBS. Subsequently, stained with p65 at 4°C overnight, then washed three times, stained cell 
nuclei with DAPI (Solarbio, 10 μg/mL), and analyzed by confocal microscopy after washing.

For the ASC speck assay, BMDMs (5 × 105 per dish) were plated in glass-bottom cell culture dishes and incubated 
overnight. The following day, the cells were stimulated with LPS (200 ng/mL) for 2 hours and then treated with Met. 
Then the cells were fixed with paraformaldehyde, permeabilized with 0.25% Triton X-100 and incubated with ASC 
antibodies overnight. The following day, the cells were incubated with a fluorescent secondary antibody for 1 h. After 
being counterstained with DAPI, the cells were observed using a fluorescence microscope.

For UCP2 and NCF1: After treatment with ATP, the cells washed twice with precooled PBS, stained with UCP2 or 
NCF1 at 4°C overnight, and then the cells washed three times, stained cell nuclei with DAPI (Solarbio, 10 μg/mL), and 
analyzed by confocal microscopy after washing.

ASC Oligomerization
BMDMs were stimulated with LPS (200 ng/mL) for 2 hours and then treated with Met for 1h, followed by stimulation 
with ATP for 30 minutes. Cells were washed twice with precooled PBS, and 300 μL of lysis buffer was added, with 
incubation on ice for 30 minutes. The lysate was centrifuged at 340 g for 10 minutes at 4°C, the supernatant was 
discarded, and the pellets were washed twice with precooled PBS. Disuccinimidyl suberate (2 mm, Adamas-beta) was 
added to the pellets, and samples were rotated at 15 rpm at room temperature for 30 minutes. The samples were then 
centrifuged at 340 g for 10 minutes at 4°C, and the supernatant was discarded. The pellets were resuspended in SDS 
sample buffer and incubated in a water bath at 100°C for 10 minutes. Finally, the samples were analyzed by 
immunoblotting.

ROS Production
BMDMs were plated in 6-well plates and treated as described above. Cells were incubated with DCFH-DA (Beyotime, 
10 μM) at 37°C for 30 minutes, protected from light. Cells were then harvested, washed twice with PBS, and digested 
with trypsin. After centrifugation at 500 g for 5 minutes at 4°C, the supernatant was discarded, and cell pellets were 
washed twice with precooled PBS. Fixed samples were analyzed by flow cytometry.

Histological Examination
After fixation with 4% paraformaldehyde for 24 hours, colorectal tissues were embedded in paraffin to obtain paraffin 
sections. These sections were then stained with hematoxylin and eosin (H&E) observed under an optical microscope. As for 
Immunohistochemical experiment on colorectal tissue, IL-1β, NLRP3 and F4/80 were diluted at a ratio of 1:100 and 
incubated overnight at 4 °C. The next day, washed three times and adding biotinylated secondary antibody and incubate at 
room temperature for 1 hour, washed three times. Subsequently, adding SABC (Strept Avidin-Biotin Complex) onto the 
tissue and incubated for 30 minutes at room temperature. After color development with DAB (3,3′-Diaminobenzidine), stain 
the nuclei with hematoxylin. Histopathological scores were analyzed according to established criteria.

Statistical Analysis
Data were presented as mean ± standard error of the mean (SEM) from three independent experiments. Statistical 
significance was assessed using one-way ANOVA in GraphPad Prism 6.0 software, followed by post hoc testing (Tukey’s 
test). A p-value of ≤ 0.05 (*), ≤ 0.01 (**), or ≤ 0.001 (***) was considered significant.
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Results
Met Treatment Attenuates DSS-Induced UC in Mice
First, we explored the effects of Met in vivo, we administered 3% DSS in the drinking water of mice for 7 days, resulting 
in severe illness characterized by notable body weight loss, rectal bleeding, and diarrhea (Figure 1A). Met significantly 
mitigated the loss of body weight and reduced the DAI (Figure 1B). Additionally, histological examination revealed that 
Met attenuated the reduction in colorectum length induced by DSS (Figure 1C and D). Histopathological analysis 
revealed serious pathological changes in colorectal tissues of mice in the DSS group, such as crypt deformation, goblet 
cell deletion, monocyte infiltration, mucosal injury and necrosis (Figure 1E and F). However, Met could significantly 
ameliorate the above pathological changes.

Met Reduces Macrophage Infiltration in Colorectum Tissue and Inhibits NLRP3 
Inflammasome Activation
Abnormal activation of NLRP3 inflammasome and their mediated pro-inflammatory cytokine production play an 
important role in UC. We found that Met significantly reduced serum levels of IL-1β (Figure 2A) Similarly, Met 
decreased mRNA and protein levels of IL-1β, NLRP3, and caspase-1 compared to DSS treatment alone (Figure 2B–E, 
Supplementary Figure 1). NLRP3 inflammasome activation is one of the major forms of macrophage activation, to 
further explore the role of NLRP3inflammasome in colorectal tissue of Met, by IHC, we found that Met reduced 
macrophage infiltration (Figure 2F and G). Additionally, co-localization studies of F4/80 with NLRP3 demonstrated that 
Met significantly decreased NLRP3 production and activation in macrophages (Figure 2H and I). These results 
collectively suggest that Met suppresses macrophage infiltration and inhibits NLRP3 inflammasome activation in color-
ectum tissue.

Figure 1 Met treatment attenuates DSS-induced UC in mice. Mice were given 3% DSS in drinking water for 7 d to induce acute colitis. Body weight loss (A). DAI (B) 
Macroscopic appearances and colorectum lengths of the mice were measured (C and D). Representative H&E-stained colorectum sections (E and F). **P ≤ 0.01, ***P ≤ 
0.001. Values are mean ± SEM. All of the experiment repeated three times and shown the representative result.
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Met Suppresses NLRP3 Inflammasome-Mediated IL-1β Secretion and Caspase-1 
Activation
To further explore whether Met amelioration of UC is associated with inhibition of NLRP3 inflammasome activation, we 
carried out in vitro experiments. We treated lipopolysaccharide (LPS)-primed BMDMs with Met prior to stimulation with 
ATP. Met inhibited caspase-1 activation (P20) and IL-1β maturation (P17) induced by ATP in a dose-dependent manner 
(Figure 3A and B). However, the production of TNF-α, an inflammasome-independent cytokine, remained unaffected by 
Met (Figure 3C). To determine if Met selectively affected ATP-induced NLRP3 inflammasome activation, we also tested 
other irritants (such as Nig, MSU, and alum). And we found Met effectively inhibited P20 and P17 induced by all 
examined agonists similar to ATP (Figure 3D and E, Supplementary Figure 2). These results indicate that Met is a potent 
and broad inhibitor of NLRP3 inflammasome activation, suggesting its anti-inflammasome in suppressing NLRP3 
inflammasome activation and subsequent IL-1β production.

Met Inhibits NLRP3 Inflammasome Activation via the NF-κB Signaling Pathway
NLRP3 inflammasome mediated cytokine release requires two key stages: priming step: Ligands of Toll-like receptors 
(TLR), such as lipopolysaccharide LPS, bind to their homologous receptors resulting in the translocation of the 

Figure 2 Met reduces macrophage infiltration in colorectum tissue and inhibits NLRP3 inflammasome activation. Serum levels of IL-1β were analyzed by ELISA (A). The 
gene levels of IL-1β, NLRP3 and caspase-1 in colorectum tissues were analyzed by RT-qPCR (B–D). The protein levels of IL-1β, NLRP3 and caspase-1 in colorectum tissues 
was detected by WB (E). Representative IHC stained colorectum sections (F and G). Scale bar corresponds to 500 µm and 100 µm. Results of F4/80/NLRP3/IL-1β 
colocalization labeled macrophage infiltration in colorectum tissues by IF (H and I). **P ≤ 0.01, ***P ≤ 0.001. Values are mean ± SEM. All of the experiment repeated three 
times and shown the representative result.
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transcription factor NF-κB to the nucleus, Then the expression of NLRP3, IL-1β and IL-18 precursors (pro-IL-1β and 
pro-IL-18) was induced. To investigate whether the NF-κB pathway mediated the inhibitory effect of Met on the 
inflammatory response, we assessed the protein levels of NF-κB and Iκκα by WB, and we found the levels of 
phosphorylated P65 and Iκκα/β (p-p65 and p-Iκκα/β) were significantly elevated after LPS stimulation but were dose- 
dependently reduced by Met (Figure 4A). NF-κB activation typically involves the nuclear translocation of NF-κB factors. 
Analysis of NF-κB factor distribution in the cytoplasm and nucleus by WB revealed that nuclear p65 levels were 
markedly decreased in the presence of Met. Conversely, p65 expression in cytoplasmic extracts remained largely 
unchanged following Met treatment, suggesting that Met inhibits NF-κB activation by preventing p65 nuclear transloca-
tion (Figure 4B and C, Supplementary Figure 3).

Then we examined the levels of genes related to the NLRP3 inflammasome under a signal stimulus. Our found that 
Met inhibited the expression of NLRP3, IL-1β, and caspase-1 (Figure 5A–D). Additionally, we examined other 
inflammasomes and found that Met specifically inhibited NLRP3 protein expression (Figure 5E, Supplementary 
Figure 4), this implies that Met may play a role in suppressing inflammation through the NF-κB signaling pathway.

Met Inhibits NLRP3-Mediated ASC Oligomerization and ASC Formation
We further investigated ASC oligomerization, a common mechanism of NLRP3 inflammasome activation. ASC 
molecules within the cell aggregate in the cytoplasm to form supramolecular polymers. This process is tightly regulated 

Figure 3 Met suppresses NLRP3 inflammasome-mediated IL-1β secretion and caspase-1 activation. LPS-primed BMDMs were incubated with Met (10 μM, 20 μM, 40 μM 
unless otherwise indicated) for 1h, followed by treatment with various NLRP3inflammasome agonists. WB analysis of cleaved IL-1β (P17) and cleaved caspase-1 (P20) in 
culture supernatants (Sup) and analysis of pro-IL-1β and pro-caspase-1 in lysates of BMDMs (Input) (A). IL-1β and TNF-α secretion in the culture supernatants was 
determined by ELISA (B and C). Using different NLRP3 inflammasome agonists, WB analysis of P17, P20, pro-IL-1β and pro-caspase-1 (D). IL-1β secretion in the culture 
supernatants was determined by ELISA(E). Data were analyzed by 1-way ANOVA with Tukey’s post hoc test and were expressed as mean ± SEM of three independent 
experiments (n = 3 in each group). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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and occurs rapidly. Typically, only one ASC speck is formed per cell. We found that Met significantly attenuated the 
formation of this ASC complex (Figure 6A). Furthermore, upon NLRP3 inflammasome activation by ATP, ASC 
condensed into large cytosolic specks in each cell, a process inhibited by Met in BMDMs (Figure 6B and C). To confirm 
these findings, we isolated BMDMs from ASC knockout mice and observed that the effect of Met disappeared 
(Figure 6D and E, Supplementary Figure 5). These results indicated that Met inhibits NLRP3-mediated ASC oligomer-
ization and ASC speck straining.

Met Inhibited ROS Production Mainly by Up-Regulating UCP2 and NCF1 Expression
ROS play a critical role in the activation of the NLRP3 inflammasome. Thus, we evaluated ROS levels in BMDMs 
following treatment with Met. Remarkably, we observed a significant reduction in ROS levels (Figure 7A and B). UCP2 
and NCF1 are inner mitochondrial membrane proteins known to directly mitigate ROS generation. We found that Met 
promotes the expressions of UCP2 and NCF1 by IF (Figure 7C). Moreover, the same results were also observed in WB 
(Figure 7D, Supplementary Figure 6).

Discussion
UC is a chronic inflammatory condition affecting the rectum and colorectum, with varying severity among individuals.26 

As of 2023, the global prevalence of UC was estimated at 5 million cases, and its incidence continues to rise 
worldwide.27 Current therapeutic approaches primarily involve anti-inflammatory medications such as aminosalicylic 
acid preparations and glucocorticoids, along with immune-modulating drugs like immunosuppressants, aimed at con-
trolling inflammation and reducing symptoms.28 Despite expanding treatment options, 10–20% of patients still require 
proctocolectomy due to medically refractory disease. Hence, there is an imperative to discover safer and more effective 
drugs for UC treatment.29

Figure 4 Met suppressed the LPS-induced NF-κB Signaling Pathway. LPS-primed BMDMs were incubated with Met (10 μM, 20 μM, 40μM unless otherwise indicated) for 1 h, 
cell lysates were immunoblotted for cleaved p65, p-p65, iκκα, p iκκα/β and β-actin served as loading control (A), p65 was detected by immunofluorescence(B), The 
cytoplasm and nucleus were separated by the kit and p65, p-p65, GAPDH and BRG1 served as loading control (C).
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The pathogenesis of UC is intricate, with the uncontrolled inflammatory response of the intestine being a central 
feature. Elevated levels of NLRP3 and IL-1β have been observed in UC mice, while NLRP3 deficiency in mice leads to 
decreased levels of NLRP3 and IL-1β, accompanied by alleviation of UC symptoms.30–32 Consequently, targeting 
NLRP3 inflammasome activation emerges as a promising therapeutic strategy for UC. In our study, we also observed up- 
regulation of gene and protein levels of NLRP3 and IL-1β in the colorectum tissue of UC mice. In Met group, we 
observed a significant reduction in serum inflammatory factor levels, improved inflammatory infiltration of colorectal 
mucosa, and restoration of colorectal epithelial structure. Furthermore, immunofluorescence analysis revealed co- 
localization of IL-1β and F4/80, as well as NLRP3 and F4/80 in colorectum tissue, indicating the involvement of 
macrophages in the inflammatory response. Met treatment resulted in reduced co-localization signals, suggesting 
alleviation of inflammatory factor production. These findings collectively demonstrate the beneficial effects of Met in 
ameliorating UC in mice. However, there are also limitations in our study. We did not detect the changes in macrophages 
in peripheral blood, lymph nodes and the spleen after Met treatment.

As widely acknowledged, the NLRP3 inflammasome-mediated cytokine release involves two crucial stages: priming 
and activation. During the priming step, ligands of Toll-like receptors (TLR), such as LPS, bind to their respective 
receptors, leading to the translocation of the transcription factor NF-κB into the nucleus. Previous studies have suggested 
that Met was found to block NF-κB signal transduction in colitis mice, thereby reducing the expression of IL-1β, IL-6, 
gamma interferon, and TNF-α, inhibiting the activity of cyclooxygenase-2 and inducible nitric oxide synthase, and 
subsequently alleviating inflammation.33 In our study, we also observed that Met affected the expression of pro-IL-1β and 
NLRP3 at both gene and protein levels. Additionally, Met influenced the expression of p65 and its nuclear translocation. 

Figure 5 Met inhibited NLRP3inflammasome in a NF-κB-dependent manner. LPS-primed BMDMs were incubated with Met (10 μM, 20 μM, 40μM unless otherwise 
indicated) for1h, cell RNA was PCR for NLRP3, IL-1β, caspase-1 (A-C), NLRP3, Pro-casp1, Pro-IL-1β was detected by WB (D), NLRP3, AMI2, ASC was detected by WB 
(E). * P ≤ 0.05, ***P ≤ 0.001. Values are mean ± SEM. All of the experiment repeated three times and shown the representative result.
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This reveals that Met may play a protective role through the NF-κB signaling pathway. In the activation step, proteins 
responsible for recognizing PAMPs or DAMPs activate the NLRP3 inflammasome, leading to the aggregation and 
cleavage of pro-caspase-1 into mature caspase-1. Subsequently, pro-IL-1β and pro-IL-18 are cleaved to produce the 
inflammatory cytokines IL-1β and IL-18.34,35 In this study, we discovered that Met inhibited the activation of NLRP3 
inflammasomes in primary macrophages, thereby blocking caspase-1 cleavage and the release of cytokines IL-1β in 
a dose-dependent manner. Furthermore, Met significantly suppressed the release of IL-1β induced by other DAMPs.

ASC, as one of the crucial components of the NLRP3 inflammasome, interacts with homologous proteins via its 
N-terminal PYD domain and C-terminal CARD domain to recruit NLRP3 and the precursor of caspase-1, thereby 
completing the assembly.36 The formation of ASC specks promotes the autocleavage of the caspase-1 precursor into 
active caspase-1. During the activation of the inflammasome, all ASC molecules within the cell aggregate in the 
cytoplasm to form supramolecular polymers. This process is tightly regulated and occurs rapidly. Typically, only one 

Figure 6 Met inhibits ASC oligomerization and ASC speck formation. LPS-primed BMDMs were treated with 10 μM, 20 μM and 40μM Met and then stimulated with ATP. 
ASC oligomerization by WB (A). Representative immunofluorescence images of ASC speck formation by confocal microscopy (B and C). ASC knockout mice, cell lysates 
were immunoblotted for NLRP3, Pro-casp1, Pro-IL-1β, ASC and β-actin served as loading control (D), ASC oligomerization by immunoblotting (E). Scale bars represent 
200mm(panel). *** P ≤ 0.001. Values are mean ± SEM. All of the experiment repeated three times and shown the representative result.
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ASC speck is formed per cell.37 Our research results indicated that Met could inhibit the formation of ASC oligomers and 
ASC specks. However, how Met regulates ASC oligomers and which domain of ASC it functions through requires 
further investigation. Additionally, in our study, we also conducted verification in ASC knockout mice and further 
confirmed that Met can inhibit NLRP3 inflammasome activation by suppressing ASC oligomerization.

The generation of ROS are key factors triggering the activation of the NLRP3 inflammasome.38 ROS is primarily 
produced through processes such as NADPH oxidation, mitochondrial respiratory chain activity, and lipid peroxidation 
of mitochondrial membranes. Studies have demonstrated that suppressing ROS production can hinder NLRP3 inflam-
masome activation.39 In our study, we discovered that Met could significantly inhibit the release of ROS in BMDMs cells 
in a dose-dependent manner. Uncoupling protein 2 (UCP2), which is located in the inner mitochondrial membrane, 
mainly transports protons from the intermembrane space of mitochondria into the matrix, thereby reducing the 
mitochondrial membrane potential.40 UCP2 plays an important role in regulating ATP production in mitochondria, 
maintaining calcium homeostasis, and eliminating ROS.41 In this study, we found that Met significantly promotes the 
expression of UCP2 protein, indicating that Met may be involved in the UCP2-ROS signaling pathway in mitochondria. 
Prior research has indicated that elevating UCP2 expression in cardiomyocytes decreases mtROS levels and suppresses 
NLRP3 inflammasome activation.42 Furthermore, NCF1 can also impede NLRP3 inflammasome activation by negatively 
modulating ROS expression.43 We also found that Met can promote the expression of NCF1. Further elucidation suggests 
that Met may inhibit the activation of the NLRP3 inflammasome by suppressing the release of ROS, thereby alleviating 

Figure 7 Met inhibited ROS production mainly by up-regulating UCP2 and NCF1 expression. FACS analysis of ROS generation from LPS-primed BMDMs treated for 
1 h with various doses of Met (A). The fluorescence intensity was determined by FlowJo. (B). Immunofluorescence analysis of UCP2 and NCF1 expression (C). WB analysis 
of UCP2 and NCF1 expression (D). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. Values are mean ± SEM. Data are representative of three independent experiments.
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the occurrence and development of UC. Nevertheless, we merely detected the level of ROS. Other parameters such as 
mitochondrial membrane potential, mitochondrial DNA, and mitochondrial respiratory chain were not evaluated.

Conclusion
In conclusion, Met significantly ameliorated UC by inhibiting NLRP3 inflammasome activation in macrophages. The 
underlying mechanisms not only involved the inhibition of NF-κB signaling pathway activation (first signal), but was 
also associated with up-regulation of UCP2 and NCF1 levels and thus the repression of ROS generation (second signal).
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