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Abstract: Colorectal cancer represents one of the most serious complications of inflammatory bowel
disease. The NLRP3 inflammasome plays a pivotal role in the onset and progression of inflammatory
bowel disease and is also implicated in colorectal cancer. This study aimed to investigate whether
NLRP3 deficiency or glyburide, a sulfonylurea used for diabetes management and known as an
NLRP3 inhibitor, could suppress colitis and its related colorectal tumorigenesis. Mice were divided
into three groups: a control group, a glyburide group, and an NLRP3-deficient group. We investigated
acute colitis and inflammation-related tumor models using azoxymethane and dextran sodium sulfate.
In the colitis model, the colonic inflammation grade was significantly increased in NLRP3-deficient
mice but not in mice administered glyburide. In the colorectal carcinogenesis model, fewer colorectal
tumors were observed in both NLRP3-deficient and glyburide-treated groups. Additionally, a
reduction in the expression levels of inflammatory cytokine genes was detected in the colonic
mucosa of the mice of these groups. These findings suggest that NLRP3 deficiency may exacerbate
acute colitis, while pharmacological inhibition, as well as deficiency of NLRP3, suppresses colitis-
related tumorigenesis, presumably due to the attenuation of chronic inflammation in the colorectum.
Glyburide holds promise as a potential chemopreventive agent for colitis-related colorectal cancer.
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1. Introduction

Colorectal cancer (CRC) is the third most diagnosed cancer and the second leading
cause of cancer-related deaths worldwide [1]. Despite advances in technology for early
detection and treatment, CRC remains a significant health concern. Additionally, CRC
presents as one of the most serious complications of inflammatory bowel disease (IBD),
including ulcerative colitis and Crohn’s disease, both of which have an increasing incidence;
therefore, the number of patients with IBD-related CRC is expected to rise [2].

Inflammasomes are intracellular molecular complexes primarily expressed by innate
immune cells that control the initiation of inflammation in response to danger signals
associated with infection or injury, playing crucial roles in innate immunity. The Nucleotide-
binding oligomerization domain, Leucine-rich Repeat and Pyrin domain-containing 3
(NLRP3), consists of NLRs, caspase-containing apoptosis-associated speck-like protein
(ASC), and procaspase-1. Upon activation of the NLRP3 inflammasome, NLRP3 proteins
recruit the adapter ASC and procaspase-1 for cleavage and activation, leading to the
maturation and secretion of inflammatory cytokines and proptosis [3]. Activation of the
NLRP3 inflammasome is implicated in the onset and progression of inflammatory diseases,
with elevated NLRP3 expression reported in patients with IBD [4]. Furthermore, the
expression of NLRP3 in CRC tissue serves as a poor prognostic factor [5,6], suggesting that
the regulation of NLRP3 may hold therapeutic value for IBD and its related CRC.

Sulfonylurea glyburide (GLB), also known as glibenclamide, is an oral medication used
for individuals with type 2 diabetes. This medication is commonly prescribed in clinical
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practice, but its side effects, including hypoglycemia, weight gain, nausea, heartburn,
bloating, and hemolysis associated with glucose-6-phosphate dehydrogenase deficiency,
should be noted [7]. Inhibition of ATP-dependent potassium channels by GLB in pancreatic
β-cells leads to enhanced insulin secretion. GLB is also reported to operate upstream
of cryopyrin and downstream of P2X7 receptors, resulting in the suppression of NLRP3
inflammasome activation [8].

This study aimed to elucidate the potential preventive effects of GLB on colitis-related
colorectal tumorigenesis. To achieve this objective, murine models of dextran sodium
sulfate (DSS)-induced colitis and azoxymethane (AOM) plus DSS-induced CRC were em-
ployed, which closely resemble human inflammation-related colitis and colon carcinogene-
sis, respectively. The investigation focused on assessing whether the oral administration of
GLB inhibits colitis and its associated tumor development in the inflamed colorectum by
modulating NLRP3, with NLRP3-deficient mice serving as the control group.

2. Results
2.1. Experiment 1 (DSS-Induced Colitis Model)
2.1.1. General Observations

The chemical structure of GLB is shown in Figure 1A. In the DSS-induced colitis model,
mice were divided into three groups: control C57BL/6J (CTRL), NLRP3-knockout (KO)
mice fed a control diet, and GLB-administered C57BL/6J mice; to all three groups, 2% DSS
was administered in drinking water for 7 days (Figure 1B). In this experiment, body weight
loss was noted in all groups and significant decreases in body weight and colon length were
observed in the NLRP3-KO mice compared to those in the CTRL group (Figure 1C), which
presumably reflected colorectal inflammation [4]. Although tendencies of decreased body
weight and colon length were observed in the GLB-administered mice compared to those
in the CTRL group, these differences were not statistically significant (Figure 1C,D). There
was no significant difference in the relative weights of the liver and kidneys among the
three groups. A histopathological investigation also revealed no alterations to these organs,
suggesting no toxicity of NLRP3 deficiency or inhibition in this experimental model.

2.1.2. Effects of GLB and NLRP3 Deficiency in DSS-Induced Colitis

The colonic inflammation grades at the end of the experiment were evaluated based
on inflammation scores (Figure 1E,F). In NLRP3-KO mice, the inflammation scores were
significantly higher than those in the CTRL group. However, administration of GLB
exhibited no significant effect on the colonic inflammation grade when compared to CTRL
mice. These findings suggest that DSS-induced colitis was exacerbated due to NLRP3
deficiency and that pharmacological inhibition of NLRP3 by GLB had no significant effect
on acute colitis.

2.1.3. Expression Levels of Inflammatory Cytokine mRNAs in Colonic Mucosa

The inflammatory cytokines, namely Il1b, Il6, and Tnf, in the colonic mucosa were
assessed (Figure 2). Gene expression levels of these cytokines were notably diminished in
NLRP3-KO mice in comparison to the CTRL group. In mice subjected to GLB treatment,
Tnf levels were substantially reduced in the colonic mucosa, while no significant differ-
ences were observed concerning the other investigated cytokines when compared to the
CTRL group.
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Figure 1. Effects of glyburide or NLRP3 deficiency on colitis induced by DSS (experiment 1). (A) 
Chemical structure of glyburide. (B) Study protocol of DSS-induced colitis. (C) Body weight change 
in the experimental mice. Percentage of weight loss at the end of the study compared to the begin-
ning. (D) Colon length measured from the ileocecal junction to the anal verge. (E) Representative 
photographs of colon sections stained with hematoxylin and eosin. Enlarged pictures of the section 
enclosed within the square in the upper panels are shown in the corresponding lower panels. Scale 
bars: 100 µm for upper panels and 50 µm for lower panels. (F) Inflammation scores. Data represent 
mean ± standard error. * p  <  0.05. CTRL, control (C57BL/6J) mice; DSS, dextran sodium sulfate; GLB, 
glyburide; KO, knockout. 
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Figure 1. Effects of glyburide or NLRP3 deficiency on colitis induced by DSS (experiment 1).
(A) Chemical structure of glyburide. (B) Study protocol of DSS-induced colitis. (C) Body weight
change in the experimental mice. Percentage of weight loss at the end of the study compared to
the beginning. (D) Colon length measured from the ileocecal junction to the anal verge. (E) Repre-
sentative photographs of colon sections stained with hematoxylin and eosin. Enlarged pictures of
the section enclosed within the square in the upper panels are shown in the corresponding lower
panels. Scale bars: 100 µm for upper panels and 50 µm for lower panels. (F) Inflammation scores.
Data represent mean ± standard error. * p < 0.05. CTRL, control (C57BL/6J) mice; DSS, dextran
sodium sulfate; GLB, glyburide; KO, knockout.
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Figure 2. Effect of GLB and NLRP3 deficiency on expression levels of inflammatory cytokines in the
colon of a mouse colitis model. mRNA expression levels of Il1b, Il6, and Tnf in the colonic mucosa
were measured by qRT-PCR with specific primers. Data represent mean ± standard error. * p < 0.05.
CTRL, control C57BL/6J mice; DSS, dextran sodium sulfate; GLB, glyburide; KO, knockout.

2.2. Experiment 2 (AOM/DSS-Induced CRC Model)
2.2.1. General Observations

To further explore the effects of NLRP3 deficiency or inhibition on colon diseases,
we employed a mouse AOM/DSS-induced colorectal tumorigenesis model (Figure 3A).
At the end of the experiment, while the mice in all groups had gained weight, those in
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the NLRP3-KO group showed marked weight gain compared to those in the CTRL group
(Figure 3B). Similarly to the above DSS-induced colitis model, there were no significant
alterations in weights and histological findings in the liver and kidneys among the three
groups. Because GLB has an insulin secretion-stimulating effect, we checked the blood
glucose level, but no significant difference was observed (Figure 3C).
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Figure 3. Effects of glyburide or NLRP3 deficiency on inflammation-related colon tumorigenesis
induced by AOM/DSS (experiment 2). (A) Study protocol of a mouse AOM/DSS-induced CRC
model. (B) Body weight change in the experimental mice. Percentage of weight gain at the end
of the study compared to the beginning. (C) Blood glucose levels at the end of the experiment.
(D) Representative macroscopic pictures of tumors in the colorectum of the experimental mice.
(E) Representative pathological image of the colon tumor in each experimental group. Scale bars:
500 µm. (F) Number of tumors per mouse colon. Data represent mean ± standard error. * p < 0.05.
AOM, azoxymethane; CTRL, control C57BL/6J mice; DSS, dextran sodium sulfate; GLB, glyburide;
KO, knockout.

2.2.2. GLB Administration and NLRP3 Deficiency Suppress Inflammation-Related
Colorectal Tumor Development

Macroscopic colon images revealed the development of tumors in the colorectum of
the experimental mice (Figure 3D). Pathological examinations found that the colorectal
tumors were classified as dysplasia, adenoma, or cancer (Figure 3E). The number of tumors
in the colon was significantly reduced in the GLB and NLRP3-KO groups compared to
the CTRL cohort (Figure 3D,F), suggesting that GLB treatment and NLRP3 deficiency had
suppressed the development of colorectal tumors associated with colitis.

2.2.3. Gene Expression of Inflammatory Cytokines in an AOM/DSS-Induced CRC Model

The gene expression of inflammatory cytokines in the AOM/DSS-induced CRC model
was investigated to assess the effects of NLRP3-KO and GLB on cytokine production.
mRNA expression levels of inflammatory cytokines in colon tissue were examined in each
group. In NLRP3-KO mice, Il1b levels were significantly down-regulated compared to
those in the CTRL group (Figure 4A). However, the expression levels of Il6 showed no
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significant differences among the three groups. Similarly, the levels of Tnf were reduced
in NLRP3-KO animals, although this difference was not statistically significant. In mice
treated with GLB, the levels of both Il1b and Tnf tended to be lower than those in the
CTRL group, but this did not reach statistical significance. These results suggest that GLB
administration and NLRP3 deficiency down-regulated both Il1b and Tnf expression levels
in the colonic mucosa, thereby attenuating colitis.
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Figure 4. Effects of GLB and NLRP3 deficiency on gene expressions in the colon of a mouse colon
tumorigenesis model. mRNA expression levels of (A) Il1b, Il6, and Tnf, and of (B) Cyclind1, Ptgs2,
and Tgfb in the colonic mucosa were measured by qRT-PCR with specific primers. Data represent
mean ± standard error. * p < 0.05. AOM, azoxymethane; CTRL, control C57BL/6J mice; DSS, dextran
sodium sulfate; GLB, glyburide; KO, knockout.

Levels of Cyclind1, Ptgs2 (encoding COX2), and Tgfb1 were significantly reduced in
NLRP3-KO mice compared to those in the CTRL group in the colonic mucosa (Figure 4B).
Ptgs2 expression levels were decreased in the GLB group, but this was not statistically
significant. These findings suggest that treatment with GLB and lack of NLRP3 attenuated
cell proliferation and carcinogenesis in the colorectum.

3. Discussion

The NLRP3 inflammasome serves as a critical mediator of host defenses and plays a
pivotal role in maintaining intestinal homeostasis by regulating the protective functions of
the intestinal epithelium and immune responses to the intestinal microbiota [9]. Evidence
suggests its involvement in the onset and progression of IBD and CRC. Despite numerous
studies investigating the impact of the NLRP3 inflammasome on colonic inflammation, its
role in colitis remains contentious [10–12]. Limited research has explored its contribution
to inflammation-related colon carcinogenesis. In this study, we examined the effects of
NLRP3 deficiency or pharmacological inhibition using the reported inhibitor, GLB, in
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models of DSS-induced colitis and AOM/DSS-induced colon tumorigenesis. This report
represents the first demonstration of the efficacy of the sulfonylurea GLB in mitigating
colonic inflammation-associated tumorigenesis.

In the DSS-induced colitis model, NLRP3 deficiency resulted in severe colitis char-
acterized by significant weight loss and colon shortening. Colonic inflammation scores,
based on pathological indicators such as neutrophil infiltration and crypt disappearance,
were elevated in NLRP3-KO mice, despite the down-regulation of inflammatory cytokine
expression in the colonic mucosa. This finding aligns with previous research [12–14]. Itani
et al. reported severe colitis with increased expression of Th2 cytokines in NLRP3-deficient
mice in a drug-induced colitis model [14]. They found that exogenous IL-1β reduced
colonic Th2 cytokine expression and ameliorated colitis, suggesting that decreased IL-1β
levels altered the immune status and exacerbated colitis.

The administration of GLB in our study also led to a tendency for weight loss and
colon shortening in the experimental mice, but there was no significant difference in colonic
inflammation scores between the GLB and CTRL groups. GLB has been recognized as
an NLRP3 inhibitor and is reported to possess the ability to decrease the production
of inflammatory cytokines [8,15]. The difference between NLRP3 deficiency and GLB
administration appeared to be due to the inhibitory effect on IL-1β. Another reason might
be that GLB affects other pathways besides NLRP3. Recent studies have reported the
protective effects of GLB in dinitrobenzene sulfonic acid-induced colitis by multiple actions,
including blocking cystic fibrosis transmembrane conductance regulator channels on mast
cells, scavenging free radicals, and anti-inflammatory properties [16].

Interestingly, in the AOM/DSS-induced CRC model, NLRP3 deficiency and GLB
treatment significantly reduced the number of tumors in the colorectum. Although Il6 was
not markedly different from the control, the expression of inflammatory cytokines such as
Il1b and Tnf was decreased in the colonic mucosa. In contrast to the present study, previous
reports have indicated that NLRP3 deficiency leads to colorectal tumor progression [12,17].
This inconsistency might be caused by differences in the experimental protocols, including
the administration period and concentration of agents involved.

In our study, we investigated the impact of NLRP3 deficiency and inhibition on
colorectal tumorigenesis, with a particular focus on the reduced levels of Ptgs2 in the colonic
mucosa. COX2, encoded by the Ptgs2 gene, is implicated in Wnt signaling activation and
the development of diseases such as cancer [18]. Furthermore, the administration of a
COX2 inhibitor has been shown to suppress both the number and size of intestinal tumors
in familial adenomatous polyposis [19]. Inflammatory cytokines, such as IL-1β and TNF-α,
have the capacity to induce COX2 expression and prostaglandin E2 production in colon
cancer-associated fibroblasts. The activation of stromal COX2 signaling, in turn, promotes
colon cancer proliferation and invasion [20]. Cyclin D1 and TGF-β1 are also known to play
roles in CRC development and progression [21,22]. Cyclin D1, a key cell cycle regulator, is
often overexpressed in human CRC through COX2 signal activation [21]. Therefore, the
down-regulation of inflammatory cytokines due to NLRP3 deficiency or inhibition may
result in the inhibition of COX2 signal activation, subsequently leading to the suppression
of colorectal tumor development.

GLB is a medication for diabetes mellitus and the control of blood glucose level might
have effects on the development of colorectal tumors because insulin resistance is known
to increase the risk of CRC [23]. However, the mice used in this study were not by nature
diabetic. We examined and compared blood glucose levels in AOM/DSS-administered
mice, revealing that there was no significant difference among the experimental groups.
Other anti-tumor activities of GLB have been reported previously. The proliferation of
endometrial adenocarcinoma and breast cancer cells was reduced by GLB treatment through
blocking the potassium channels [24,25]. GLB also activated the reactive oxygen species-
dependent c-Jun N-terminal kinase pathway, which was thought to be one of the important
mechanisms providing protection against malignancy [26,27]. Colorectal tumorigenesis in
this study might also have been suppressed through the anti-cancer effects of GLB.
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Recently, various inhibitors of the NLRP3 inflammasome have been identified and
developed, including GLB, MCC950, OLT177, and selnoflast [28]. MCC950 is the most used
inhibitor and has been reported to ameliorate spontaneous and DSS-induced colitis [4,29].
MCC950 was also tested as a treatment for rheumatoid arthritis in a phase II clinical trial,
but this failed due to hepatotoxicity [30]. GLB is the first drug shown to inhibit NLRP3
inflammasome activity and acts upstream of cryopyrin and downstream of P2X7 receptors
to suppress NLRP3 inflammasome activation [8]. GLB has been reported to alleviate the
symptoms of several diseases, such as acute pancreatitis and cutaneous leishmaniasis, in
an NLRP3-dependent manner [31,32]. In this study, for the first time, GLB, a drug used
in the treatment of type 2 diabetes in clinical practice worldwide, was found to have the
ability to suppress the development of CRC.

4. Materials and Methods
4.1. Chemicals, Mice, and Diet

AOM was purchased from Wako Pure Chemical Co. (Osaka, Japan). DSS was
purchased from MP Biomedicals LLC (Aurora, OH, USA). Male C57BL/6J mice and
NLRP3-KO mice with a C57BL/6J background, B6.129S6-Nlrp3tm1Bhk/J (Strain 021302),
aged 10 weeks, were obtained from Jackson Laboratory (Bar Harbor, ME, USA). All animals
were housed in plastic cages under controlled conditions of humidity (50% ± 10%), light
(12/12 h light/dark cycle), and temperature (23 ◦C ± 2 ◦C) with free access to water and
food. CRF-1 (Oriental Yeast Co., Ltd., Tokyo, Japan) and CRF-1 mixed with GLB (a free
form, 8 mg/kg, Oriental Yeast Co., Ltd.) were used for the diet. All procedures were
conducted in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and with the Guidelines for the Care and Use of Animals established
by the Animal Care and Use Committee of Gifu University (Gifu, Japan). The experimental
protocol was approved by the Committee of Institutional Animal Experiments of Gifu
University (approval code AG-P-C-20230011).

4.2. Experimental Procedures

The mice were divided into three groups: a control C57BL/6J (CTRL) cohort, NLRP3-
KO mice fed a control diet, and a GLB group administered a diet containing 8 mg/kg GLB.
In the DSS-induced colitis model (Figure 1A), 2% DSS was administered in the drinking
water for 7 days. Then, on the 8th day, all the mice were sacrificed, and their colons were
dissected. In the AOM/DSS-induced CRC model, 10 mg/kg AOM was intraperitoneally
injected on the first day of the experiment. One week after AOM injection, 2% DSS was
administered in the drinking water for 7 days, followed by switching to normal water.
The mice were sacrificed at 21 weeks from the start of the experiment, and their colons
were dissected. The colons were washed with PBS and measured from the ileocecal
junction to the anal verge. They were sectioned longitudinally, and colorectal tumors were
visually counted. The organs, including the colon, were fixed in 10% buffered formalin for
histopathological studies.

4.3. Histopathological Analysis

Following fixation in formalin for at least 24 h, the colons were rolled into ‘Swiss
rolls’ and embedded in paraffin. A histopathological analysis was conducted on paraffin-
embedded sections after hematoxylin and eosin (H&E) staining. Inflammation scores were
established for the colonic mucosa according to a prior study [33].

4.4. RNA Extraction and Quantitative Real-Time PCR

The proximal colonic mucosa of the experimental mice was scraped, and RNA extrac-
tion was carried out using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized
from each RNA sample using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Primers for Cyclind1, Il1b, Il6, Ptgs2, Tgfb1, Tnf, and 18s
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were employed for amplification. Primer sequences used to amplify specific genes have
been previously reported [34–36]. Real-time PCR was performed using the LightCycler
(Roche Diagnostics Co., Indianapolis, IN, USA) with FastStart Essential DNA Green Master
(Roche Diagnostics Co.). Gene expression levels were normalized to those of 18s.

4.5. Statistical Analysis

Differences between the groups were assessed using the Kruskal–Wallis test, and
Steel’s tests were conducted between the groups to determine statistical significance. Tu-
mor incidence was analyzed using Fisher’s exact test. A p-value of < 0.05 was considered
statistically significant. Data were analyzed using R software, version 4.3.2 (The R Founda-
tion for Statistical Computing, Vienna, Austria).

5. Conclusions

In conclusion, the findings of this study support the possibility that inhibition or
KO of NLRP3 suppresses colorectal tumor development caused by chronic inflammation,
although deletion of NLRP3 may exacerbate acute colitis. Since GLB has been used in
clinical practice for a prolonged period, clinical studies can be conducted to investigate the
usefulness of this drug for CRC chemoprevention in patients with IBD. Moreover, further
research should be conducted to clarify how GLB suppresses colorectal carcinogenesis
through means other than NLRP3 inhibition, which may lead to the elucidation of important
mechanisms of inflammation-related colorectal cancer development and progression.
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