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Abstract

Background and Aims: NLRP3 inflammasome is known to be involved in inflammatory bowel diseases. 
However, it is controversial whether it is pathogenic or beneficial. This study evaluated the roles of 
NLRP3 inflammasome in the pathogenesis of inflammatory bowel disease in IL-10-/- mice and humans.
Methods: NLRP3 inflammasome in colonic mucosa, macrophages, and colonic epithelial cells 
were analysed by western blotting. The NLRP3 inflammasome components were studied by 
sucrose density gradient fractionation, chemical cross-linking, and co-immunoprecipitation. The 
role of NLPR3 inflammasome in the pathogenesis of colitis was extensively evaluated in IL-10-/- 
mice, using a specific NLPR3 inflammasome inhibitor glyburide.
Results: NLRP3 inflammasome was upregulated in colonic mucosa of both IL-10-/- mice and 
Crohn’s patients. NLRP3 inflammasome activity in IL-10-/- mice was elevated prior to colitis onset; 
it progressively increased as disease worsened and peaked as macroscopic disease emerged. 
NLRP3 inflammasome was found in both intestinal epithelial cells and colonic macrophages, as 
a large complex with a molecular weight of ≥ 360  kDa in size. In the absence of IL-10, NLRP3 
inflammasome was spontaneously active and more robustly responsive when activated by LPS 
and nigericin. Glyburide markedly suppressed NLRP3 inflammasome expression/activation in IL-
10-/- mice, leading to not only alleviation of ongoing colitis but also prevention/delay of disease 
onset. Glyburide also effectively inhibited the release of proinflammatory cytokines/chemokines 
by mucosal explants from Crohn’s patients.
Conclusions: Abnormal activation of NLRP3 inflammasome plays a major pathogenic role in the 
development of chronic colitis in IL-10-/- mice and humans. Glyburide, an FDA-approved drug, may 
have great potential in the management of inflammatory bowel diseases.
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1. Introduction

Inflammatory bowel diseases [IBD], including ulcerative colitis [UC] 
and Crohn’s disease [CD], result from dysregulation of the mucosal 
immunity in the gastrointestinal tract.1 Murine models of IBD, with 
distinctive phenotypes that in many ways resemble human IBD, 
are invaluable tools for understanding the molecular and cellular 
mechanisms leading to IBD.2,3 Interleukin-10 deficient [IL-10-/-] mice, 
which spontaneously develop colitis under conventional housing or 
specific pathogen-free [SPF] conditions but not when germ free, are 
one of the most widely used murine models of IBD.4 The fact that 
patients with IL-10R mutations spontaneously developed Crohn’s 
disease at a very young age [< 1 year old],5 further underscores the 
importance of IL-10 signalling and the relevance of using the IL-10-/-  
mouse model of colitis in understanding the pathogenesis of IBD, 
particularly Crohn’s disease.

Nucleotide-binding domain leucine-rich repeat-containing recep-
tors [NLRs] are a family of intracellular innate immune receptors 
with more than 22 and 33 members in humans and mice, respec-
tively.6 Those receptors, believed to play essential roles in host-
microbes and host-environment interactions as well as immune 
regulation,7 have attracted significant attention in the areas of 
intestinal mucosal immunity and inflammation.8,9 One of the best-
characterised members of the NLRP [NOD-like receptor family, 
pyrin domain-containing] subfamily is NLRP3.7 NLRP3 has been 
shown to respond to a large spectrum of pathogens as well as immu-
nogens or endogenous danger signals.10–13 Homotypic interactions 
between the pyrin domain of NLRP3 and the adaptor protein mol-
ecule ASC, an apoptosis-associated speck-like protein containing a 
caspase-recruitment domain, bridges the association of caspase-1 to 
NLRP3 in a large protein complex referred to as the NLRP3 ‘inflam-
masome’.14 Activated caspase-1 converts the cytosolic precursors 
of proinflammatory cytokine IL-1β into biologically active forms, 
which plays a vital role in the pathogenesis of several autoinflam-
matory diseases.15 However, previous studies aimed at characterising 
the NLRP3 inflammasome complex and its activation have been per-
formed in vitro using cell culture models or cell-free systems.

Abnormal NLRP3 inflammasome activity has been incriminated 
in the pathogenesis of several autoinflammatory diseases.15 Although 
current data indicate a potential role of NLRP3 inflammasome in 
IBD pathogenesis, the molecular mechanism is still elusive. Data 
from human specimens and from murine colitis models indicate that 
excessive expression of IL-1β plays a key role in the pathogenesis of 
IBD.16 Only a few recent reports have examined the potential role of 
NLRP3 inflammasome in murine models of colitis, and the conclu-
sions are inconsistent.17–20 Whereas the reasons for this inconsistency 
are unknown, with strong possibilities of either well-recognised vari-
able effects of microbiota at different facilities where experiments 
were performed or variations of genetic backgrounds, these con-
flicting data emphasise the need for further investigation of the role 
of NLRP3 inflammasome in IBD. Moreover, there is a total lack of 
human-relevant data with regard to the function of NLRP3 inflam-
masome in human IBD.

In this study, using both IL-10-/- mice and mucosal explant culture 
of resected colon from IBD patients, we extensively examined the 
involvement of NLRP3 inflammasome in colonic inflammation. We 
demonstrated a time-dependent progressive increase in the expres-
sion and activity of NLRP3 inflammasome prior to colitis onset 
in IL-10-/- mice, and this increase peaked when disease phenotypes 
emerged. NLRP3 inflammasome was expressed and hyperactive 
in both macrophages and intestinal epithelial cells of IL-10-/- mice. 
Inhibition of specific NLRP3 inflammasome by glyburide resulted 

in potent alleviation of ongoing chronic colitis [therapeutic] and 
marked prevention/delay of the disease onset in IL-10-/- mice, as well 
as suppression of multiple proinflammatory cytokines/chemokines 
by mucosal explants of CD patients.

2. Materials and Methods

2.1. Animals
IL-10-/- mice and wild-type [WT] mice on the C57BL/6 background 
were housed in Helicobacter-positive specific pathogen-free [SPF] 
conditions at Johns Hopkins Animal Facility under controlled tem-
perature [25°C] and photoperiods [12:12 h light-dark cycle]. Care 
and experimentation of mice were performed in accordance with 
institutional guidelines under protocols approved by the Institutional 
Animal Care and Use Committee.

2.2. Patients
Patients with clinically and histologically proven diagnosis of CD 
[n = 10; six for mucosal explant culture and four for western blot 
analysis] and UC [n = 4], as well as healthy controls [n = 4; CTRL: 
subjects who underwent colonoscopy or surgery because of colon 
cancer or abdominal problems but showed negative histological 
findings in the gut], were included in this study at the Meyerhoff IBD 
Center at Johns Hopkins Hospital. The patients’ demographic infor-
mation is shown in Supplementary Table S1, available at ECCO-
JCC online. The study using human tissues was approved by the 
Johns Hopkins Medicine Institutional Review Boards [JHM IRBs]. 
Written informed consent was received from all participants before 
inclusion in the study.

2.3. Antibodies
Antibodies [Abs] used were purchased from Santa Cruz 
Biotechnology [Santa Cruz, CA; ASC, NLRP3, TNF-α, IL-1β 
and IL-4], Cell Signaling [Danvers, MA; caspase-1 and NLRP1], 
Biolegend [San Diego, CA; IL-6 and IL-23p19], Biosource [Grand 
Island, NY; IFN-γ], eBioscience, [San Diego, CA; NOD2], Sigma 
[St Louis, MO; α-Actin], Invitrogen [Carlsbad, CA; Alexa Fluor 
488 donkey anti-rabbit, Alexa Fluor 594 donkey anti-goat and 
Alexa Fluor 568 donkey anti-rat], and Rockland Immunochemicals 
[Gilbertsville, PA; secondary IRDye antibodies]. Antibody to vacu-
olar ATPase [V-ATPase] was described previously.21

2.4. Protein extraction from colonic mucosa of mice 
and human biopsies
Mucosa scraped from the isolated colon of mice at 4°C, or human 
colonic biopsies, were snap-frozen and stored at −80°C. Protein 
extraction was performed as we previously described.22

2.5. Evaluation of colitis
Macroscopic disease was defined as the presence of visible signs 
of any of the following: circumferential colon wall thickening and 
oedema [mucosal hyperplasia], loose/watery stool, rectal prolapse, 
or ulceration.23 Colon weights in grams without caecum, which were 
measured after faeces were flushed out with cold phosphate-buffered 
saline [PBS], were correlated with macroscopic disease. The sections 
of proximal and distal colon were stained with haematoxylin and 
eosin [H&E] according to standard protocols. Histological scoring 
[HS] was performed as described by Berg et  al. (0 to 4 for each 
colon segment [proximal or distal] and 0 to 8 for a combined score 
[proximal + distal]).24

738 L. Liu et al



2.6. Isolation of peritoneal macrophages and 
colonic macrophages and epithelial cells
Peritoneal macrophages and colonic epithelial cells [CECs] were pre-
pared as we previously described.22,25 Cells were plated at 2 million 
per well on six-well plates and stimulated with or without 100 ng/
ml of ultra-pure lipopolysaccharide solution [LPS] [Sigma-Aldrich, 
St Louis, MO] for 18 h and then washed with Hank’s Balanced Salt 
Solution [HBSS] and treated with ATP [5 mM] in fetal bovine serum 
[FBS]-free Dulbecco Modified Eagle Medium [DMEM] medium for 
4 h, followed by incubation with or without nigericin [20 μM] or 
z-VAD [20 mM] in FBS-free DMEM medium for 6 h. To test the 
effects of IL-10, cells in selected wells were incubated with IL-10 
[100 ng/ml] 3 h before LPS treatment. Following treatment, culture 
media and cells were harvested. Colonic macrophages [C-MΦ] were 
obtained from the colon of 3-month-old IL-10-/- mice, using MACS® 
CD11b Microbeads [Miltenyi Biotec Inc., San Diego, CA].

2.7. Analysis of colonic NLRP3 inflammasome 
complexes by sucrose density gradient fractionation, 
cross-linking, and immunoprecipitation
Preparation and fractionation of sucrose density gradients [10–30% 
step gradient, 2.5% increment] were performed as we described 
previously,26,27 except that sucrose, instead of OptiPrep, was used. 
In cross-linking experiments, scraped colonic mucosa was incu-
bated with 2 mM disuccinimidyl suberate [DSS] [Thermo Scientific, 
Waltham, MA] in PBS buffer for 15  min at 4°C. Cross-linking 
was quenched with Tris buffer [by adding 1 M Tris, pH7.8, to a 
final concentration of 20 mM] for 15  min at room temperature. 
Immunoprecipitation [IP] of inflammasome components was per-
formed as we described previously.28

2.8. Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis, western blot analysis, and 
immunohistochemistry
Protein extraction, western blot and immunohistochemistry were 
performed as we previously described.21,22,29

2.9. RNA isolation and real-time polymerase chain 
reaction analysis
Mouse colonic mucosa RNA was extracted with Trizol [Invitrogen, 
Carlsbad, CA], and reverse-transcribed to cDNA using a high capac-
ity cDNA reverse transcription Kit [Applied Biosystem, Carlsbad, 
CA]. Polymerase chain reaction [PCR] amplification was carried out 
using 12.5µl DreamTaq™ Green PCR Master Mix [Fermentas, Glen 
Burnie, MD] [see primer sequences in Supplementary Table S2, avail-
able at ECCO-JCC online].

2.10. Glyburide treatment of IL-10-/- mice
For therapeutic effects, 6-month-old IL-10-/- mice were randomly 
divided into two groups: glyburide treatment group [n = 28] and con-
trol group [n = 20]. Mice were injected intraperitoneally with 400 μl 
glyburide in PBS [at three different doses: 0.5, 5.0, 50 mg/kg] once 
a day for 3 consecutive days and then every other day for a total of  
2 weeks. Control mice received the formulation vehicle (dimethyl sul-
phoxide [DMSO]/10% 2-hydroxypropyl-β-cyclodextrin [2.5:97.5]) 
in 400  μl PBS. Mice were sacrificed on Day 15. For the disease-
preventive study, 1-month-old IL-10-/- mice were randomly divided 
into two groups: glyburide [5 mg/kg] treatment group [n = 16] and 
control group [n = 30], as described in the therapeutic studies above.  
Mice were treated for 2.5 months and sacrificed when 3.5 months 

old. Colitis was evaluated as described above. Mucosal protein 
extraction and analyses were done as described above. NLRP3, 
ASC and IL-1β were analysed by western blotting and cytokines/
chemokines by multiplex enzyme-linked immunosorbent assay 
[ELISA] [see Supplementary Methods, available at ECCO-JCC 
online].

2.11. Culture of colonic mucosa explants from 
patients with severe Crohn’s disease
Colonic mucosa was isolated from surgically resected colon from 
patients with severe Crohn’s disease [n = 6]. Explant culture was car-
ried out as described by Baba et al.30 The culture supernatants were 
collected for cytokines/chemokines analysis by multiplex ELISA [see 
Supplementary Methods].

2.12. Profiling cytokines/chemokines by multiplex 
ELISA 
The goal for the cytokine study is to determine specifically what 
immunological pathways have been affected when NLRP3 inflam-
masome is inhibited by glyburide. The rationale for selection of 
cytokines/chemokines measured and the lists of the cytokines/
chemokines were described in Supplementary Methods.

2.13. Statistical analysis
The data were analysed using SPSS [version 14.0; SPSS, Inc., Cary, 
NC, USA]. Statistical analyses were done using a Student’s t test for 
two groups study, and expressed as mean ±  standard error of the 
mean [SEM]. The data were evaluated with one-way analysis of vari-
ance [ANOVA] for three groups study and confirmed using Tukey’s 
test for multiple comparisons; p-values < 0.05 were considered sta-
tistically significant.

3. Results

3.1. Morphological and molecular characterisation 
of chronic colitis in IL-10-/- mice
IL-10-/- mice housed at Johns Hopkins MRB Animal Facility exhib-
ited no macroscopic disease at 1 month of age, whereas 24% of these 
mice had macroscopic colitis at 2 months and 43% by 3 months 
of age [Figure 1A]. Macroscopic colitis was characterised by colon 
enlargement and wall thickening, diarrhoea or poorly formed stool 
pellets, and/or rectal prolapse [Figure  1B]. Based on the presence 
of macroscopic disease, IL-10-/- mice of the same age were divided 
into two groups: without or with colitis. We found that fresh colon 
weight could be used as an accurate indicator of macroscopic dis-
ease in IL-10-/- mice [Figure 1C]. The degree of thickness or enlarge-
ment of the colon wall in the colitis group was highly correlated 
with the colon weight [compare Figure 1B with 1C]. Histological 
analysis supported our macroscopic classification: mice with macro-
scopic colitis exhibited marked microscopic disease, with shrinkage 
of goblet cells, loss of crypts, and excessive regenerative hyperplasia 
or leukocyte infiltration [Figure 1D].

Since IL-10-/- mice with or without macroscopic colitis 
showed a significant difference in histology, we postulated that 
these two groups could be classified as two progressive stages of 
chronic colitis. To test this possibility, we measured the expres-
sion of multiple cytokines at both RNA and protein levels. In 
the group without macroscopic colitis, although neither macro-
scopic nor histological abnormalities were present, the mRNA 
levels of major proinflammatory cytokines, including IL-18, 
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tumour necrosis factor [TNF]-α, interferon gamma [IFN-γ] and 
IL-17F, were significantly elevated compared with those in WT 
mice [Figure  1E]. The disease groups exhibited not only much 
higher levels of IFN-γ and IL-17F [and IL-17A, data not shown] 
than those in ‘non-disease’ group, but mice with macroscopic 
disease also manifested a unique expression of IL-1α and IL-25. 
As a negative control, no change was found in the expression of 
IL-22 receptor-1 [IL-22R1] among the three groups. Furthermore, 
western blot [Figure  1F] showed elevations of three proinflam-
matory cytokines, IL6, IL-23/p19, and TNF-α, in the group with 
macroscopic disease compared with those in WT or IL-10-/- mice 
with no macroscopic disease. Although the mRNA level of TNF-α 
appeared similar between IL-10-/- mice with and without macro-
scopic disease [Figure 1E], the protein level of TNF-α was higher 
in the disease group [Figure  1F]. These histological and bio-
chemical results supported our notion that IL-10-/- mice without 

macroscopic colitis could be considered as having already an 
early stage of colitis at the biochemical level.

3.2. NLRP3 inflammasome components in IL-10-/-  
mice were constitutively expressed at low 
levels, and upregulated/activated before onset of 
macroscopic or even microscopic disease
We first analysed the expression of all major components of the 
NLRP3 inflammasome, including NLRP3, ASC, caspase-1, and 
IL-1β, as well as the levels of the active forms of caspase-1 [p20] 
and IL-1β [p17]. The dynamic expression of these components in 
WT mice and IL-10-/- mice was compared at different developmental 
stages [1, 2, and 3 months old], with IL-10-/- mice being divided into 
two distinct groups: with or without macroscopic colitis. As shown 
in Figure 2A, all major components of the NLRP3 inflammasome 
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were dramatically elevated in the IL-10-/- mice with macroscopic 
disease. More importantly, even in IL-10-/- mice without macro-
scopic disease, these components were found to increase gradually 
with age. The NLRP3 levels in IL-10-/- colon were elevated at a very 
early stage [1 month] when no microscopic disease had developed, 
increased continuously with time, and remained at a high plateau 
throughout the 3-month experimental period. In IL-10-/- mice with 
macroscopic disease, the levels of ASC, IL-1β-p17, and caspase-
1-p20 peaked at 2s month old. Even in IL-10-/- mice without mac-
roscopic disease, these proteins at 3 months old reached to a high 
level almost comparable to that in the IL-10-/- mice with macroscopic 
disease. Surprisingly, NOD2, a member of the intracellular NLRP 

family and one of the best characterised IBD-associated genes,31 was 
upregulated at a much later stage and remained high throughout the 
disease course.

To determine if regulation occurs at the transcription level, 
we measured the mRNA expression of NLRP3 inflammasome by 
RT-PCR [Figure 2B]. The levels of NLRP3 and ASC expression, as 
well as NOD2, were significantly elevated in IL-10-/- mice with mac-
roscopic disease, compared with the group of WT and IL-10-/- mice 
without macroscopic disease. These data indicate that NLRP3, ASC, 
and NOD2 are all upregulated in the colonic mucosa of IL-10-/- mice, 
both transcriptionally and translationally. In contrast, the mRNA 
expression of caspase-1 or IL-1β was not changed.
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3.3. NLRP3, but not NLRP1 or NLPR6, was present in 
the same complex with ASC, and caspase-1 in vivo 
in colonic mucosa
NLRP3 inflammasome complex was first analysed by sucrose den-
sity gradient fractionation of the Triton X-100-solubilised colonic 
mucosa extracts of WT and IL-10-/- mice. NLRP3 [but not NLRP1 
or NLRP6], ASC, and caspase-1 were present in identical density 

fractions, suggesting that they are present in the same multiprotein 
complex, with a molecular weight of approximately 250–350 kDa 
[Figure 3A]. NLRP1 and NLRP6 were present in larger complexes 
[300–700 kDa] than NLRP3. The three NLRP proteins tested were 
present in different complexes [complex size: NLRP1  > NLRP6   
> NLRP3]. NOD2, another member of NLRP family, appeared to be 
in the same complex with NLRP6. Surprisingly, we found that the 
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NLRP3 complex of the same size was also assembled in WT mice 
[Figure 3A]. Although the expression of NLRP3 and ASC, and of 
caspase-1, were much higher in IL-10-/- mice than in WT mice, the 
size of the complex remained unchanged.

We further performed chemical cross-linking and co-immuno-
precipitation [co-IP] in order to provide direct evidence for the pres-
ence of multiprotein NLRP3 inflammasome in the colonic mucosa of 
IL-10-/- mice. As shown in Figure 3B-a, after cross-linking with DSS, 
NLRP3 mobility on SDS-PAGE was severely retarded [molecular 
weight shifted from 105 kDa to ~ 350 kDa], indicating that it forms 
a complex of similar size as observed by density gradient fractiona-
tion [Figure 3A]. Saponin, which was intended to increase the cross-
linking efficiency by permeabilising the cell membranes, did not make 
any major difference. When the cross-linked mucosal extracts were 
subjected to co-IP with either anti-NLRP3 or anti-ASC, followed 

by SDS-PAGE and western blot for anti-caspase-1, both NLPR3 
and ASC, but not NLRP1, co-precipitated caspase-1 [Figure 3B-b]. 
Similar results were observed when co-IP with samples that were not 
cross-linked [Figure 3B-c]. These data, together with those from den-
sity gradient fractionation [Figure 3A], strongly supported our con-
clusion that the NLRP3/ASC/caspase-1 complex was indeed formed 
in vivo, with a molecular mass of ~ 350 kDa.

3.4. Activation of NLRP3 inflammasome occurred in 
both epithelial cells and macrophages in the colon
We purified CECs and examined the expression of ASC, a key com-
ponent of the NLRP3 inflammasome, as well as the activation of 
caspase-1. As shown in Figure 4A, both ASC and activated caspase-1 
[casp-1/p20] were markedly increased in the CECs of IL-10-/- mice 
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compared with those of WT. The presence of the NLRP3 inflam-
masome in CECs was confirmed by immunofluorescent microscopy 
[Figure 4B]. Because the available reliable antibodies against NLRP3 
and ASC were both generated from the same host [rabbit], immu-
nofluorescent localisation was performed using consecutive sections 
of paraffin-embedded proximal colon from IL-10-/- mice. Although 
NLRP3 inflammasome is thought to be most abundantly expressed in 
macrophages,32–34 we found that the expression of NLRP3 and ASC 
was found more abundant in the CECs of IL-10-/- mice [Figure 4B] 
compared with that in lamina propria [Figure  4B-b, indicated by 
yellow arrows], where immune cells are present and have been 
reported to express NLRP3 inflammasome.35 The higher expres-
sion of NLRP3 and ASC in CECs than in colonic macrophages was 
further confirmed by western blot [Figure 4C]. Unlike NLRP3/ASC, 
NOD2 expression had a more dispersed distribution throughout the 
mucosa, with a marked co-localisation with nuclei [Supplementary 
Figure S1, available at ECCO-JCC online]. Nevertheless, in IL-10-/- 
mice, both NLRP3 and ASC expressions were elevated in the colonic 
macrophages when compared with those in WT mice [Supplementary 
Figure S2, available at ECCO-JCC online].

3.5. Activation of NLRP3 inflammasome in both 
macrophages and colonic epithelial cells was 
spontaneous and more robust in the absence of IL-10, 
and could be potently suppressed by IL-10
First, in both macrophages and CECs from IL-10-/- mice, the 
NLRP3 inflammasome activation was both more spontaneously 
active and more robust after 18 h of LPS stimulation than in WT 
mice [Figure 5A]. Second, NLRP3 inflammasome activation could 
be potently suppressed by IL-10 in both macrophages and CECs 
[Figure  5B]. NLRP3 inflammasome can be activated by a variety 
of agents, including the microbial toxins nigericin and adenosine 
triphosphate [ATP].12 We demonstrated that IL-10 effectively inhib-
ited the LPS-induced production of TNF-α in macrophages [RAW 
264.7] [Supplementary Figure S3, available at ECCO-JCC online], 
and that the morphological changes of macrophages caused by LPS/
nigericin-induced activation of NLRP3 inflammasome were dramat-
ically rescued by IL-10 treatment [Supplementary Figure S4, avail-
able at ECCO-JCC online]. In both macrophages and CECs isolated 
from IL-10-/- mice, LPS/nigericin-induced NLRP3 inflammasome 
activation could be potently dampened, with a similar efficiency, by 
the pan-caspase inhibitor z-VAD or IL-10 [Figure 5B].

It is also interesting to note that the NOD2 expression in IL-10-/-  
macrophages was hypersensitive to LPS [Supplementary Figure 
S5, available at ECCO-JCC online]. In macrophages isolated from 
IL-10-/- mice, 1 ng/ml LPS was sufficient to maximally induce NOD2 
expression (No NOD2 additional induction at higher concentrations 
[10 or 100 ng/ml] of LPS), whereas in WT macrophages a similar 
level of NOD2 could be achieved only when LPS was increased to 
100 ng/ml [Figure S5].

3.6. Glyburide administration effectively inhibited 
the activation of NLRP3 inflammasome and resulted 
in alleviation of chronic colitis
Glyburide, an inhibitor of ATP-sensitive potassium [KATP] channels,36 
is widely used for the treatment of type 2 diabetes.37 It was recently 
demonstrated to be a selective and potent inhibitor of the NLRP3 
inflammasome in macrophages as well as in a mouse model of LPS-
induced endotoxaemia.38,39 In contrast to the control mice which 
exhibited > 10% body weight loss, glyburide-treated mice showed 

an average of 7% body weight increase [Figure 6A]. This increase 
in body weight was accompanied by a significant decrease in colon 
weight [Figure 6B] and a marked improvement of histological dis-
ease [including an increased number of goblet cells, a decreased 
number of infiltrating inflammatory cells, and dramatically reduced 
hyperplasia; Figure 6C]. At the molecular level, western blot analy-
sis of colonic mucosa showed that glyburide treatment dramatically 
decreased the expression of ASC, NLRP3, and activated caspase-1 
and IL-1β [Figure 6D]. It is important to note that lower doses of 
glyburide [0.5 or 5.0 mg/kg] exhibited a similar therapeutic effect [as 
50 mg/kg] on the IL-10-/- colitis [Figure S6].

3.7. Glyburide treatment of IL-10-/- mice before 
disease onset prevented or delayed the 
spontaneous colitis
We further determined whether the spontaneous colitis could be 
prevented when giving glyburide to 1-month-old IL-10-/- mice 
that had not developed the macroscopic disease. Among the 16 
1-month-old IL-10-/- mice treated with glyburide every other day 
for 2.5  months, only two developed mild macroscopic colitis 
[12.5%] [Figure 7A]. This is in sharp contrast to the age-matched 
[3.5-month] untreated mice [vehicle controls], 56.7% [17 of  30] 
of which developed macroscopic colitis. Whereas the colon of the 
control mice exhibited apparent inflammation [loss of goblet cells 
and infiltration of inflammatory cells], glyburide-treated IL-10-/- mice 
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exhibited microscopically normal mucosa, with markedly improved 
histological scores [Figure 7B]. At molecular levels, glyburide-treated 
IL-10-/- mice exhibited markedly lower levels of multiple major pro-
inflammatory cytokines/chemokines compared with those in vehi-
cle controls, including IL-1β [Figure  6D; western blots], IFN-γ, 
IL-17A/F, TNF-α, IL-6, MIG, MIP1α, and MCP1 [Figure 7C; mul-
tiplex ELISA].

3.8. NLRP3, ASC, and IL-1β were elevated in the 
colonic mucosa of patients with active IBD
To test the relevance of our mouse findings to the human IBD, we 
first examined, by western blot, whether the expression of NLRP3 
and ASC were also elevated in human IBD. As shown in Figure 8, 
both proteins were significantly elevated in the colonic mucosa of 
CD patients, compared with those of healthy controls, but did not 
reach statistical significance in UC vs healthy controls [Figure 8A, 
B]. A significant increase of IL-1β expression in the colon of Crohn’s 
patients was also observed [by ELISA] compared with that in healthy 
controls [Figure 8C]. UC patients also exhibited a significant increase 
in IL-1β expression compared with healthy controls [though to a 
lesser extent relative to Crohn’s vs healthy controls].

3.9. Glyburide inhibited the release of major 
proinflammatory cytokines and chemokines by 
colonic mucosal explants isolated from resected 
colon of Crohn’s patients
The mucosal explants from patients with severe Crohn’s disease 
actively secreted multiple proinflammatory cytokines/chemokines 
during 24-h culture, but glyburide treatment effectively suppressed 

their release [Figure  9A]. Among 10 cytokines/chemokines which 
were selected for analysis based on the mouse data [Figure 7C], eight 
exhibited a similar suppressive response to glyburide in mouse mod-
els vs human [as summarised in Figure 9B].

4. Discussion

We describe here compelling evidence, both in vitro and in vivo, that 
the NLRP3 inflammasome plays a critically pathogenic role in IBD 
in both IL-10-/- mice and humans.

We found that both transcriptional and translational levels of 
NLRP3 and ASC were significantly increased in the colonic mucosa 
of IL-10-/- mice before the onset of microscopic or macroscopic coli-
tis [Figure 2], compared with those of WT mice. Since the NLRP 
family of proteins are known to be ‘danger-sensing’ innate immune 
receptors,40 early elevation of NLRP3 expression would suggest that 
NLRP3 may act as a ‘first stress-responder’ of the cellular surveil-
lance/defence system to sense and respond to microbial or ‘danger 
signals’ and transduce the signals downstream to activate the expres-
sion of other molecules such as ASC and caspase-1. Although ASC 
elevation occurs after NLRP3, ASC may function as a rate-limiting 
factor in the progress of colitis development. Interestingly however, 
unlike NLRP3 and ASC, the elevation of NOD2 expression in IL-10-/-  
mice occurs at a much later stage when mice exhibit macroscopic 
disease. These data suggest that involvement of NLPR3 in the patho-
genesis of colitis may occur at the early stage of colitis.

Although Zhang et  al. have demonstrated that IL-1β receptor 
antagonist or caspase-1 inhibitors ameliorated colitis,41 these data 
could not differentiate which exact NLRP inflammasome was 
involved, as both IL-1β and caspase-1 are common downstream 
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targets of multiple NLRP inflammasome including NLRP1, NLRP3, 
and NLRP6, which are all present in the colonic mucosa of IL-10-/-  
mice [Figure 3]. We demonstrated that NLRP3 was co-sedimented 
with ASC and caspase-1 [equilibrated in the identical density frac-
tions], demonstrating that it is the NLRP3 inflammasome complex 
[but not NLRP1 or NLRP6 complex] that is activated in the IL-10-/-  
mice compared with the WT mice. Chemical cross-linking and co-
immunoprecipitation further confirm the assembly of the multi-pro-
tein NLRP3 complex in the colonic mucosa of IL-10-/- mice.

Previous in vitro experiments in cell culture models suggested 
that the NLRP3 inflammasome contains NLRP3, ASC, and cas-
pase-1.42 However, so far there has been no direct evidence that 
this complex is indeed assembled in vivo. We found the NLRP3 

inflammasome complexes from isolated peritoneal macrophages 
were 400–750 kDa [Figure S7], in the range of the reported sizes 
[estimated to be 500–700 kDa in size or even larger in the in vitro cell 
culture system overexpressing ASC32–34]. Interestingly, our colonic in 
vivo data showed a smaller size [250–300 kDa], which is likely to 
be the physiological size of the NLRP3 complex in vivo [at least 
in colonic mucosa]. It is likely that either the in vitro overexpres-
sion system gives rise to non-physiological artefacts, or this smaller 
size is unique to the intestinal mucosa. Assuming a ‘minimal unit’ 
of NLRP3 inflammasome contains one copy of each of the three 
major components [NLRP3 = 104 kDa, caspase-1 = 20–50 kDa, and 
ASC = 24 kDa], its total molecular weight would be approximately 
178 kDa [104 + 50 + 24]. Thus, based on our calculated size of the 
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complex by density gradient and DSS cross-linking, we propose that 
the NLRP3 inflammasome may function in vivo as a complex con-
taining dimers of the ‘minimal units’, including two copies of each 
major component, with a total molecular weight of 356 kDa in size 
[178 kDa x 2].

The NLRP3 inflammasome proteins are constitutively expressed 
at low levels and assembled into multi-protein complexes under the 
normal physiological conditions of WT mice [Figure 3]. Although 
it was suggested that the large NLRP3 inflammasome forms only 
when activated by in vitro cell systems,10,12 we found that the size of 
the NLRP3 complex appeared to be similar to that at basal [normal] 
conditions [WT]. This would suggest that the NLRP3 inflammasome 
is functionally operative under normal conditions. Such observation 
is surprising, but not totally unexpected, given that previous stud-
ies have shown that mice deficient in NLRP3 or caspase-1 manifest 
greater intestinal injury and inflammation than those occurring in 
WT mice upon exposure to DSS.17 These findings suggest a protec-
tive role of the NLRP3 inflammasome in the development of DSS-
induced colitis,17 although other studies indicate a pathogenic role of 
the NLRP3 inflammasome in both the DSS model19 and the IL-10-/-  
model of colitis.41 Thus, it is conceivable that ‘baseline’ activity of 
the NLRP3 inflammasome or its downstream targets [activation of 
caspase-1 and IL-1β] is necessary for the normal functions of the 
intestine. Disruption of such an activity, as in the case of gene knock-
outs, impairs the host’s ability to handle ‘adverse situations’ such as 
DSS insults or lack of IL-10, leading to pathological consequences. 
This may explain the results of the gene knockout experiments.

Innate immunity cells, including granulocytes, monocytes, and 
dendritic cells, express NLRP3 and ASC.35 In terms of epithelial 
cells, a previous study reported that the NLRP3 inflammasome 
shows restricted expression that is limited to non-keratinising 
epithelia such as are present in the oropharynx, oesophagus, and 

ectocervix.35 Our data demonstrate that NLRP3 inflammasome is 
expressed in both colonic macrophages and CECs [Figure 4], with 
a higher expression in CECs. This would indicate that both colonic 
macrophages and CECs are important in NLRP3 inflammasome-
mediated chronic colitis. In the previous study, Zhang et  al. 
reported that IL-10 inhibited NLRP3 inflammasome activation 
and IL-1β production in bone marrow-derived macrophages.41 
We further confirmed that the activation of NLRP3 inflammas-
ome was effectively abolished in peritoneal macrophages by IL-10 
[Figure 5B]. A novel part of our study is that the NLRP3 inflam-
masome in both macrophages and CECs of IL-10-/- mice was spon-
taneously active and hyperactive when stimulated, compared with 
in those from WT mice [Figure 5A]. Such a phenomenon appears 
to be reminiscent of the outcome of gain-of-function NLRP3 
mutations that results in the Muckle-Wells syndrome, in which the 
NLRP3 inflammasome is spontaneously activated in the patient’s 
monocytes.43

The NLRP3 activation of CECs was also potently inhibited 
by IL-10, supporting a notion that the IL-10 signalling pathway 
is involved directly or indirectly in the inflammasome activation 
of both macrophages and CECs. Therefore, it is conceivable that 
IL-10 acts as a suppressor of NLRP3 inflammasome at multiple lev-
els in IBD, including both transcription/translation of major com-
ponents [NLRP3 and ASC] and potential subsequent downstream 
caspase-1 activation/IL-1β processing. The overall downregulation 
of multiple proinflammatory cytokines in the gut of IL-10-/- mice 
may have at least in part resulted from IL-10-mediated suppression 
of IL-1β activation, which is thought to be able to potently amplify 
the pathogen recognition signals through MyD88-dependent 
pathogen-sensing Toll-like receptors [TLRs].44 Detailed molecu-
lar mechanisms of IL-10-induced inhibition of NLRP3 and sup-
pression of gut inflammation remains to be determined, including 
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a possibility of IL-1 signal-mediated suppression of Treg cells 
through enhancement of Th1.44

It is worth noting that NLRP3 inflammasome has been impli-
cated in protecting mice against DSS-induced or Citrobacter-induced 
colitis, through regulating the functions of intestinal epithelia.17,45 
Specifically, Zaki et  al. reported that NLRP3 inflammasome pro-
tected against intestinal epithelial integrity in the DSS model of 
colitis.17 Song-Zhao et  al. suggested that NLRP3 inflammasome 
protected against Citrobacter-induced colitis by limiting pathogen 
colonisation, independently of IL-1β or caspase-1.45

Glyburide is a specific inhibitor of NLRP3 inflammasome down-
stream of the P2X4 receptor.38,39 We demonstrated for the first time 
that this specific NLRP3 inflammasome inhibitor had both thera-
peutic [Figure 6] and preventive [Figure 7] effects on the colitis of 
IL-10-/- mice. The glyburide studies support our hypothesis that 
an over-reactive NLRP3 inflammasome is a key component of the 
pathogenic pathway in IBD. Moreover, the disease-preventive effects 

of glyburide, together with our data showing a very early increase 
in the colonic expression and activation of NLRP3 inflammasome 
before the onset of colitis, provide evidence that an abnormal activa-
tion of NLRP3 inflammasome may play a vital role in the early stage 
of disease development. These data also provide a preclinical proof-
of-principle that the NLRP3 inflammasome is a potential therapeutic 
target in Crohn’s disease.

Considering significant expression of the NLRP3 inflammasome 
in CECs, as well as suggested effects of NLRP3 inflammasome on 
barrier function by previous reports using the mouse model with 
DSS-mediated insult,17,45 we determined whether the suppressive 
effect of glyburide on colitis is due at least in part to an improved 
barrier function of CECs. However, experiments with 5-day post-
confluent Caco-2/BBE grown on transwell filters showed that gly-
buride did not significantly affect transepithelial electrical resistance 
[TEER] under either normal or inflammatory conditions [Figure S8, 
available at ECCO-JCC online].
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Figure 9. Glyburide suppressed the release of multiple proinflammatory cytokines and chemokines by colonic mucosal explants from resected colon of Crohn’s 
patients. Colonic mucosal explants were cultured in the presence or absence [control] of 0.5 mM glyburide for 24 h. [A] Cytokines/chemokines released from 
explants to the culture medium were analysed by multiplex ELISA [see Supplementary Methods, available at ECCO-JCC online]; *p < 0.05 [glyburide-treated vs 
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Based on our findings, we propose a working model [Figure S9, 
available at ECCO-JCC online] to illustrate a sequential involve-
ment of NLRP3 inflammasome in the development of colitis in 
IL-10-/- mice: if IL-10 is lacking, the NLRP3 inflammasome is sponta-
neously and persistently activated. Such activation initiates and pro-
gressively drives the colonic inflammation during the early phase of 
colitis; NOD2 may further exacerbate the inflammation at the later 
stage when macroscopic disease or clinical signs emerge. Therefore, 
in the development of colitis in IL-10-/- mice, we suppose that the 
NLRP3 inflammasome may play an important role in the early onset 
of disease, whereas NOD2 may act at the late stage of the disease.

Extending our finding to human disease, we demonstrated that 
ASC, NLRP3, and IL-1β were all upregulated in the colonic mucosa 
of patients with Crohn’s compared with that of healthy controls and 
UC patients [Figure 8]. Moreover, Crohn’s patients’ colonic mucosal 
explant culture revealed that inhibition of NLRP3 inflammasome 
by glyburide effectively suppressed the release of major proinflam-
matory cytokines/chemokines [Figure  9A]. The fact that eight of 
10 cytokines/chemokines exhibited a similar suppressive response 
to glyburide in mouse models and human models [Figure 9B], sug-
gested that data from the mouse model of colitis remarkably reca-
pitulated human study. These data strongly support a pathogenic 
role of NLRP3 inflammasome in human IBD.

In summary, abnormal activation of the NLRP3 inflammasome 
appears to be a major pathogenic factor contributing to the devel-
opment of chronic colitis in IL-10-/- mice. Elevated expression of 
NLRP3 and ASC in the colonic mucosa of Crohn’s patients suggests 
a similar role of the NLRP3 inflammasome in patients with Crohn’s 
disease. Our data not only support the possibility of using glyburide, 
a Food and Drug Administration [FDA]-approved drug, as a thera-
peutic agent in Crohn’s disease, but also provide preclinical evidence 
and a molecular basis for developing new IBD therapies targeting 
the NLRP3 inflammasome and its downstream signalling molecules.
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