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A B S T R A C T   

Gasdermin D (GSDMD) and gasdermin E (GSDME) perpetuate inflammation by mediating the release of cyto-
kines such as interleukin-1β (IL-1β) and IL-18. However, not only are the actions of GSDMD in colitis still 
controversial, but its interplay with GSDME in the pathogenesis of this disease has not been investigated. We 
sought to fill these knowledge gaps using the dextran sodium sulfate (DSS) experimental mouse colitis model. 
DSS ingestion by wild-type mice caused body weight loss as the result of severe gut inflammation, outcomes that 
were significantly attenuated in Gsdmd− /− or Gsdme− /− mice and nearly fully prevented in Gsdmd− /− ;Gsdme− /−

animals. To assess the translational implications of these findings, we tested the efficacy of the active metabolite 
of US Food and Drug Administration (FDA)-approved disulfiram, which inhibits GSDMD and GSDME function. 
The severe DSS-induced gut toxicity was significantly decreased in mice treated with the inhibitor. Collectively, 
our findings indicate that disruption of the function of both GSDMD and GSDME is necessary to achieve maximal 
therapeutic effect in colitis.   

1. Introduction 

Genetic predispositions and environmental factors contribute to the 
pathogenesis of chronic inflammatory bowel disease (IBD), of which 
ulcerative colitis (UC) and Crohn disease (CD) are the most common 
manifestations [1,2]. UC mainly affects the mucosal lining of the colon 
and rectum whereas CD may affect any part of the gastrointestinal tract. 
These chronic relapsing-remitting disorders are associated with 
life-threatening complications, including considerable morbidity or risk 
of developing colorectal cancers [3,4]. Despite the encouraging data on 
clinical efficacy and mucosal healing, TNF-α antagonists are ineffective 
in up one-third of patients [5]. Thus, a better understanding of this 
disease is essential for developing efficacious and safe therapeutics. 

The collapse of the gut epithelial barrier triggers unwanted in-
teractions between the mucosal immune cells and colonic microflora 

and subsequent inflammation in the gastrointestinal tract. IBD can be 
experimentally induced in animals by means of genetic manipulation 
((e.g., upon deletion of IL-10, TLR5, or T-bet) or upon exposure to 
chemicals ((e.g., DSS, 2,4,6-trinitro-benzene sulfonic acid (TNBS), and 
oxazolone)) [6–11]. Despite shortcomings such as the inability of each 
model to fully recapitulate the complexity of human conditions, these 
experimental models are amenable to mechanistic studies. For example, 
the DSS model provides insight into the contribution of innate immune 
networks in colitis pathogenesis, since the acute inflammatory response 
induced by this irritant is independent of T and B cells [12–14]. 

IBD pathogenesis is associated with dysregulated functions of 
inflammasomes, intracellular multiprotein complexes that are assem-
bled by pathogen recognition receptors such as NLR family, pyrin 
domain containing 3 (NLRP3), absent in melanoma 2 (AIM2), or 
caspase-11 upon detection of microbial or sterile danger molecules 

Abbreviations: AIM2,, absent in melanoma 2; ASC,, apoptosis-associated speck-like protein containing a CARD; CD,, Crohn disease; cGAS,, cyclic guanosine 
monophosphate-adenosine monophosphate (GMP-AMP) synthase; CuET,, bis(diethyldithiocarbamate)-copper; DSS,, dextran sodium sulfate; GREM1,, gremlin 1; 
GSDMD,, gasdermin D; GSDME,, gasderminE; IBD,, inflammatory bowel disease; IL-1β,, interleukin-1β; IL-1R1,, IL-1 receptor 1; NLRC4,, NLR family, CARD domain 
containing 4; NLRP3,, NLR family, pyrin domain containing 3; RSPO3,, R-spondin 3; TNBS,, 2,4,6-trinitro-benzene sulfonic acid; UC,, ulcerative colitis. 
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[15–17]. Indeed, inactivation or inhibition of inflammasome component 
caspase-1 [18,19] or loss of NLRP3 [20] protects mice from DSS-induced 
colitis, and NLR family, CARD domain containing 4 (NLRC4) 
gain-of-function mutations have been linked to autoinflammatory 
enterocolitis in humans [21]. These discoveries suggesting pathogenic 
actions of inflammasomes in colitis are conflicted by evidence indicating 
that NLRP3, AIM2, ASC, caspase-1, or caspase-11 deficient mice exhibit 
exacerbated DSS-induced colitis, though differences in disease severity 
are observed among these mouse strains [22–25]. Discrepant actions of 
the inflammasome products, IL-1β and IL-18, in IBD pathogenesis have 
also been reported. IL-1 or IL-18 signaling confers protection against 
DSS-induced colitis [23] as mice lacking Il18− /− , Il18r1− /− , or Il1r− /−

display increased intestinal damage and histopathology [26,27]. 
Accordingly, a recent study reports that signaling downstream of IL-1 
receptor 1 (IL-1R1) by R-spondin 3 (RSPO3) and IL-22 is important for 
epithelial recovery after Citrobacter rodentium infection whereas 
IL-1R1-dependent production of RSPO3 by gremlin 1 (GREM1)-positive 
mesenchymal cells alone is sufficient for recovery after DSS-induced 
colitis [28]. Yet, blockade of IL-18 or IL-1 signaling is claimed to alle-
viate DSS-induced colitis [3,20,29–31]. These conflicting results un-
derscore the complexity of inflammasome actions in IBD pathogenesis. 

Caspase-1 cleaves gasdermin D (GSDMD) [32,33], generating amino 
terminal fragments, which at the plasma membrane form IL-1β and IL-18 
secretory conduits and can cause the lytic cell death pyroptosis [32–37]. 
High GSDMD levels in mucosal biopsies from patients with IBD suggest a 
pathogenic role for this protein in this disease; this observation is sup-
ported by the resistance of GSDMD deficient mice to DSS-induced gut 
inflammation [38] but is inconsistent with the severe colitis phenotype 
of another mouse strain lacking GSDMD [39]. In the latter report, 
GSDMD presumably preserves gut homeostasis by dampening cyclic 
guanosine monophosphate-adenosine monophosphate (GMP-AMP) 
synthase (cGAS) inflammatory actions in macrophages but not epithelial 
cells [39]. However, GSDMD can also promote caspase-8-dependent 
IL-1β secretion in intestinal epithelial cells (IECs) through pore 
formation-independent mechanisms involving the recruitment of 
Cdc37/Hsp90 and the E3 ligase, NEDD4, which catalyzes IL-1β poly-
ubiquitination [38]. Evidence also implicates GSDME expressed by in-
testinal epithelial cells (IECs) in TNBS-induced colitis [40]. However, 
the interplay between GSDMD and GSDME during the pathogenesis of 
colitis has yet to be investigated. 

To elucidate the role of GSDMD and GSDME in colitis, we adminis-
trated DSS to mice with single or compound loss of these proteins or WT 
mice exposed to bis(diethyldithiocarbamate)-copper (CuET), an inhibi-
tor of GSDMD and GSDME [36]. We found that genetic inactivation of 
both GSDMD and GSDME was necessary to achieve maximal efficacy in 
the experimental colitis model. We also found that CuET was efficacious 
in this model. Since CuET is the active metabolite of disulfiram, a U.S. 
FDA-approved drug for the treatment of alcohol addiction, our findings 
lay ground for exploring the efficacy of this drug in IBD patients. 

2. Materials and methods 

2.1. Mice 

Gsdmd knockout (Gsdmd− /− ) mice were kindly provided by Dr. V.M. 
Dixit and Dr. N. Kayagki (Genentech, South San Francisco, CA). Gsdme− / 

− mice were purchased from Jackson Laboratory. All mice were on the 
C57BL6 background, and mouse genotyping was performed by PCR. All 
procedures were approved by the Institutional Animal Care and Use 
Committee (IACUC) of Washington University School of Medicine in St. 
Louis. All experiments were performed in accordance with the relevant 
guidelines and regulations described in the IACUC-approved 
protocol#19–0971. 

2.2. DSS-induced colitis 

For acute colitis induction, 2 month-old, number-, and sex-matched 
WT and littermate mutants were treated with 2.5% DSS (MP Bio-
medicals, Ca# 216011025) in drinking water for 9 days. Body weights 
were recorded daily. Disease activity index (DAI) is the combined score 
of weight loss, stool consistency and body posture. The score was based 
on the following criteria: weight loss: 0 (no loss), 1 (5–10%), 2 
(10–15%), 3 (>15%); stool consistency: 0 (normal), 1 (mild loose stool), 
2 (loose stool), 3 (diarrhea and bloody stools); body posture: 0 (smooth 
fur without a hunchback), 1 (mild fur and hunchback), 2 (moderate fur 
and hunchback), 3 (severe fur and hunchback). At the indicated time 
points, mice were euthanized and colons were collected for length 
measurements, explant cultures, immunoblotting, and histology. 

2.3. CuET administration 

CuET (TCI America, OR) was prepared in DMSO. Mice were intra-
peritoneally injected with vehicle or 1 mg/kg CuET, once every other 
day. Samples were harvested 48 h after the last CuET injection (Fig. 3A). 

2.4. Colon explant culture 

Colons were collected from mice, washed for three times in cold PBS 
containing gentamicin (20 μg/ml), penicillin G (200 μg/ml) and strep-
tomycin (200 μg/ml), cut into pieces, and cultured for 24 h at 37 ◦C in 
DMEM supplemented with 10% FBS. The conditioned media were 
collected for ELISA. 

2.5. Histology 

Harvested colons were fixed in 10% neutral buffered formalin for 
16–24 h, embedded in paraffin, and sectioned at 5 μm thickness. The 
sections were stained with hematoxylin-eosin (HE) and blindly scored 
for intestinal architecture damage (scores from 0 to 4) and inflammatory 
cell infiltrates (scores from 0 to 4). Photographs were taken using ZEISS 
microscopy (Carl Zeiss Industrial Metrology, MN). 

2.6. Western blot 

Harvested colons were lysed with RIPA buffer (50 mM Tris, 150 mM 
NaCl, 1 mM EDTA, 0.5% NaDOAc, 0.1% SDS, and 1.0% NP-40) plus 
Complete Protease Inhibitor Cocktail and phosphatase inhibitors 
(Roche). Protein concentrations of tissue lysates were determined by 
Bio-Rad method. Proteins were separated by SDS-PAGE (12%) and 
transferred to PVDF membrane. Proteins were stained as previously 
described [36,41,42]. Briefly, the membranes were incubated with an-
tibodies against GSDMD (1:1000, ab209845, Abcam), GSDME (1:1000, 
ab215191, Abcam), IL-1β (1:2500, ab9722, Abcam), or β-actin (1:5000, 
sc-47778, Santa Cruz Biotechnology) overnight at 4 ◦C, followed by a 1 h 
incubation with secondary goat anti-rabbit IgG (1:5000, A21109, 
Thermo Fisher Scitntific) or goat anti-mouse IgG (1:5000, A21058, 
Thermo Fisher Scientific), respectively. The results were developed 
using Li-Cor Odyssey Infrared Imaging System (LI-COR Biosciences). 

2.7. ELISA for IL-18 and IL-1β 

IL-1β and IL-18 levels were measured using the eBioscience ELISA 
kits (eBiosciences, Grand Island, NY; RAB0810, Sigma-Aldrich, MO, 
respectively). 

2.8. Statistical analysis 

Statistical analysis was performed using one-way ANOVA with-
Tukey’s multiple comparisons test or two-way ANOVA with Tukey’s 
multiple comparisons test in GraphPad Prism7. 
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3. Results 

3.1. Inactivation of Gsdmd or Gsdme attenuated DSS-induced colitis 

Proteolytic cleavage of GSDMD and GSDME generates amino- 
terminal fragments (GSDMD-NT and GSDME-NT, respectively), which 
are endowed with pore-forming activity [32–37]. To determine the fate 
of GSDMD and GSDME in colitis-associated acute inflammation, we fed 
mice with DSS polymers in the drinking water and analyzed the 

processing of these proteins in colon lysates. Immunoblotting analysis 
revealed that GSDMD full-length (GSDMD-FL) and GSDME-FL were 
readily detected in samples from wild-type (WT) but not the corre-
sponding null mice, as expected (Fig. 1A). Loss of GSDMD resulted in 
slightly decreased GSDME-FL levels, and vice-versa. Unlike GSDME-NT, 
GSDMD-NT was readily detected in samples from DSS-treated WT mice, 
and barely in samples from Gsdme knockout (Gsdme− /− ) mice treated 
with this irritant (Fig. 1A). Pro-IL-1β levels were markedly decreased in 
samples from knockout mice compared to WT counterparts (Fig. 1B). As 

Fig. 1. Loss of GSDMD or GSDME attenuated DSS-induced colitis. Mice were administrated with 2.5% DSS in drink water for 9 days. (A and B) Colon lysates were 
analyzed by immunoblotting. (C) Mouse body weight, recorded daily. (D) DAI. (E) Colon length. (F) Representative images of the colons. Data are mean ± SEM. N =
5 mice/group. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001. One-Way ANOVA or Two-Way ANOVA. DAI, disease activity index; FL, full-length; ns, non- 
significant; WT, wild-type. 
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a result, mature IL-1β p17 was detected only in WT samples (Fig. 1B). 
Thus, the maturation of GSDMD and IL-1β, but not GSDME, is readily 
noticeable in the colon lysates from DSS-treated WT mice. 

To determine the impact of GSDMD and/or GSDME deficiency on 
DSS-induced colitis, we assessed a battery of reliable surrogate marker of 

morbidity associated with this disease in WT and mutant mice. Oral 
administration of the sulfated polysaccharide DSS to WT mice caused 
body weight loss noticeable by day 5, reaching up to 25% by day 9 post- 
treatment (Fig. 1C). DSS-exposed Gsdmd− /− and Gsdme− /− mice also lost 
body weight equally but to a significantly lesser extent compared to WT 

Fig. 2. Loss of GSDMD or GSDME attenuated DSS-induced colon damage and cytokine secretion. Mice were administrated with 2.5% DSS in drink water for 9 
days. Colons were collected for histology or tissue culture. (A) Representative of histology pictures for each mouse. (B) Histology score for each mouse group. (C) IL- 
1β concentrations in tissue culture medium. (D) IL-18 concentrations in tissue culture medium. Data are mean ± SEM. N = 5 mice/group. *p < 0.05; **p < 0.005; 
****p < 0.0001. One-Way ANOVA. NS, non-significant; WT, wild-type. 
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cohorts (Fig. 1C). Remarkably, compound knockout mice barely lost 
body weight during the evaluation period of this study (Fig. 1C). 
Accordingly, disease activity index (DAI) score, which was similarly 
lower in Gsdmd− /− and Gsdme− /− mice compared to WT littermates was 
further decreased in Gsdmd− /− ;Gsdme− /− mice (Fig. 1D). We also 
measured colon length, the parameter with the lowest variability in the 
model of DSS-induced colitis [14]. The colons were longer in Gsdmd− /−

and Gsdme− /− mice compared to WT controls, but shorter relative to 
Gsdmd− /− ;Gsdme− /− mice (Fig. 1E and F). 

Histopathological analysis of hematoxylin and eosin (H&E)-stained 
colonic sections from DSS-treated WT mice showed severely compro-
mised integrity of the mucosal barrier, loss of epithelial cells, and 
massive neutrophil infiltrations (Fig. 2A and B). These outcomes were 
significantly attenuated in Gsdmd− /− or Gsdme− /− mice, though to a 

lesser extent in the latter cohort. Remarkably, double knockout mice 
appeared protected from DSS-induced tissue damage (Fig. 2A and B). 
Consistent with histopathological findings, IL-1β and IL-18 levels were 
lower in cultured colon explants from Gsdmd− /− and Gsdme− /− mice 
compared to WT controls, but further decreased or undetectable in those 
from Gsdmd− /− ;Gsdme− /− mice (Fig. 2C and D). Collectively, these re-
sults suggest that GSDMD and GSDME play an important role in DSS- 
induced inflammation in the colon and the ensuing tissue damage. 

3.2. CuET inhibited DSS-induced colitis 

Since GSDMD and GSDME are implicated in colitis [38–40], recent 
data indicating that CuET inhibits the maturation and pore-forming 
activity of these proteins provided a strong rationale for translational 

Fig. 3. CuET attenuated DSS-induced colitis. Mice 
were pre-treated with vehicle or 1 mg/kg CuET one 
day prior to exposure to vehicle or 2.5% DSS in drink 
water. (A) Experimental design. (B) Colon lysates 
were analyzed by immunoblotting. (C) Mouse body 
weight, recorded daily. (D) DAI. (E) Colon length. (F) 
Representative images of the colons. Data are mean 
± SEM. N = 5 mice/group. **p < 0.005; ***p <
0.0005; ****p < 0.0001. One-Way ANOVA or Two- 
Way ANOVA. CuET, bis(diethyldithiocarbamate)- 
copper; DAI, disease activity index; FL, full-length; 
ns, non-significant; WT, wild-type.   
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studies aimed at testing the efficacy of this drug in colitis, as outlined in 
Fig. 3A. Immunoblotting analysis revealed that CuET administration did 
not affect baseline GSDMD and GSDMD-NT levels in colon lysates from 
naïve WT mice (Fig. 3B). DSS treatment increased the levels of 
GSDMD-FL and GSDMD-NT, but failed to induce this response in mice 
pre-treated with CuET (Fig. 3B). Likewise, GSDME-FL steady-state levels 
were unaffected by CuET. DSS slightly increased GSDME-FL levels, but 
GSDME-NT was not detected in any of these conditions Fig. 3B), findings 
that are consistent with those shown in Fig. 1A. 

Consistent with the result described above (Fig. 1C), administration 
of DSS to WT mice caused time-dependent body weight loss starting on 
day 2 and progressing linearly until day 9 post-treatment (Fig. 3C). CuET 
did not affect body weight of naïve mice throughout the duration of this 
study, suggesting that it was well tolerated. Importantly, treatment with 
CuET delayed DSS-induced body weight as it was not different from 
untreated mice until day 6 post-treatment (Fig. 3C). CuET also attenu-
ated DAI score (Fig. 3D) and disease-associated colon shortening (Fig. 3E 
and F) compared to WT controls. H&E-based histopathological analysis 
revealed that colonic architecture of naïve mice was unperturbed by 
CuET treatment (Fig. 4A). DSS-induced toxicity, which included 
epithelial defects, crypt atrophy, and massive neutrophil infiltrations, 
was reduced in CuET-treated mice (Fig. 4A and B). Thus, the severe gut 
pathology caused by DSS in mice is attenuated upon treatment with 

CuET. 

4. Discussion 

We found that amino-terminal pore-forming fragments from GSDMD 
but not GSDME were readily detected in colon extracts from mice 
exposed to DSS. Our inability to detect GSDME-NT fragments in DSS- 
treated mice was unexpected given the comparable colitogenic pheno-
type of mice lacking GSDMD or GSDME. Although secretory conduits 
assembled by amino-terminal fragments and ultimately cell lysis are the 
main mechanism of GSDM actions, a recent study reported the lytic 
activity-independent function of GSDMD in colitis [38]. Therefore, it is 
tempting to speculate that GSDME may promote colitis independently of 
its processing and pore-forming activity. Alternatively, GSDME 
amino-terminal fragments may have been undetectable simply because 
they were lost from pyroptotic cells as immunoblotting analyses were 
carried out using sample extracts from mainly non-pyroptotic cell ly-
sates. Our results underscore the complexity of evaluating GSDME fate in 
vivo. This view is supported by a recent report indicating that cleaved 
GSDMD fragments were readily detected in myeloid cells but barely in 
IECs of mice exposed to DSS even with comparable expression levels of 
GSDMD in both cell compartments [39]. Despite apparent differences in 
the fate of these GSDMs, as noted above, we found that inactivation of 

Fig. 4. CuET attenuated DSS-induced colon damage. Mice were pre-treated with 1 mg/kg CuET one day prior to exposure to 2.5% DSS in drink water. (A) 
Representative of histology pictures for each mouse. (B) Histology score for each group of mice. Data are mean ± SEM. N = 5 mice/group. *p < 0.05; ***p < 0.0005; 
****p < 0.0001. One-Way ANOVA. CuET, bis(diethyldithiocarbamate)-copper; ns, non-significant; WT, wild-type. 
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Gsdmd or Gsdme attenuates DSS-induced colitis, an outcome further 
reduced in double knockout mice. These results are consistent with 
recent reports indicating that GSDMD or GSDME deficiency reduced the 
severity of experimental colitis [38,40], but they conflict with others’ 
findings implicating GSDMD in the pathogenesis of colitis [39]. Bio-
logical variables that underlie these discrepancies are unclear but may 
include the age, sex, strains, and microbiota composition of mice. 

We discovered that CuET inhibits DSS-induced colitis, an outcome 
that correlated with inhibition of GSDMD cleavage and decreased levels 
of GSDME-FL. Residual inflammatory responses in CuET-treated mice 
may be due to suboptimal dosing regimens, as serum concentrations of 
the drug were not monitored to ensure that appropriate exposure levels 
were achieved. CuET inactivates GSDMD presumably by modifying 
Cys191, but the mechanisms of its inhibition of GSDME remain unclear. 
Despite shortcomings in the mechanisms of action of CuET, the results 
reported here are consistent with its efficacy in autoimmune and auto- 
inflammatory disease models [36,43,44]. 

Our findings demonstrate that genetic inactivation of GSDMD and 
GSDME or functional blockade of these proteins by CuET inhibits the 
pathogenesis of experimental colitis. They provide a rationale for eval-
uating the utility of this drug for the treatment of IBD in human patients. 
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