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ABSTRACT
Acute kidney injury (AKI) is a serious condition with high mortality. The most common cause is
kidney ischemia/reperfusion (IR) injury, which is thought to be closely related to pyroptosis.
Disulfiram is a well-known alcohol abuse drug, and recent studies have shown its ability to miti-
gate pyroptosis in mouse macrophages. This study investigated whether disulfiram could
improve IR-induced AKI and elucidated the possible molecular mechanism. We generated an IR
model in mouse kidneys and a hypoxia/reoxygenation (HR) injury model with murine tubular
epithelial cells (MTECs). The results showed that IR caused renal dysfunction in mice and trig-
gered pyroptosis in renal tubular epithelial cells, and disulfiram improved renal impairment after
IR. The expression of proteins associated with the classical pyroptosis pathway (Nucleotide-bind-
ing oligomeric domain (NOD)-like receptor protein 3 (NLRP3), apoptosis-related specific protein
(ASC), caspase-1, N-GSDMD) and nonclassical pyroptosis pathway (caspase-11, N-GSDMD) were
upregulated after IR. Disulfiram blocked the upregulation of nonclassical but not all classical
pyroptosis pathway proteins (NLRP3 and ASC), suggesting that disulfiram might reduce pyropto-
sis by inhibiting the caspase-11-GSDMD pathway. In vitro, HR increased intracellular ROS levels,
the positive rate of PI staining and LDH levels in MTECs, all of which were reversed by disulfiram
pretreatment. Furthermore, we performed a computer simulation of the TIR domain of TLR4
using homology modeling and identified a small molecular binding energy between disulfiram
and the TIR domain. We concluded that disulfiram might inhibit pyroptosis by antagonizing
TLR4 and inhibiting the caspase-11-GSDMD pathway.

Abbreviations: AKI: acute kidney injury; ANOVA: analysis of variance; ASC: apoptosisrelated spe-
cific protein; BCA: bicinchoninic acid; BUN: blood urea nitrogen; CCK8: cell counting kit 8;
DAMPs: damage-related molecular patterns; DCFH-DA: dichlorodihydrofluorescein diacetate; ECL:
enhanced chemiluminescence; GSDMD: gasdermin D; HE: hematoxylin-eosin; HR: hypoxia/reoxy-
genation; IF: Immunofluorescence; IL-10: interleukin-10; IL-18: interleukin-18; IL-1b: interleukin-1b;
IL-4: interleukin-4; IR: ischemia/reperfusion; LDH: lactate dehydrogenase; LPS: lipopolysaccharide;
MT ECs: murine tubular epithelial cells; NLRP3: nucleotide-binding oligomeric domain (NOD)-like
receptor protein 3; PAMPs: pathogen-associated molecular patterns; PAS: periodic acid-Schiff;
RIPA: radio immunoprecipitation assay; ROS: reactive oxygen species; Scr: serum creatinine; SEM:
standard error of mean; TIR: toll and interleukin-1 receptor-like; T LR4: toll-like receptor 4
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Introduction

Acute kidney injury (AKI) is recognized as a critical com-
plication in 10–15% of hospitalized patients [1], result-
ing in high mortality of up to 23.9% [2]. Despite current
progress in understanding AKI pathophysiology, effect-
ive strategies and drug therapies for AKI are still
not available.

Kidney ischemia/reperfusion (IR) injury is the primary
cause of AKI and may result from a variety of

conditions, such as sepsis, thromboembolic events, cir-
culatory shock and bypass surgery. A reduction in the
glomerular filtration rate occurs during IR injury, which
eventually leads to kidney function decline and is inde-
pendently associated with an increased risk of
death [3].

It has been previously reported that apoptosis and
necrosis are the major pathological processes associ-
ated with kidney IR injury. However, the inhibition of
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apoptosis and necrosis alone did not completely pre-
vent IR-induced AKI [4]. Recent studies have demon-
strated that pyroptosis is involved in the development
of kidney IR injury and that suppressing pyroptosis
could protect the kidney against IR injury [5,6].
Gasdermin D (GSDMD) is a key effector protein in
pyroptosis. The N-terminus of GSDMD is produced by
active caspase-1 or caspase-11, which forms cytomem-
brane pores that cause cell death and the release of the
mature forms of IL-1b and IL-18 [7,8].

Disulfiram has been widely used as a second-line
alcohol-abuse treatment for 65 years [9]. As a model for
drug repurposing, disulfiram has also been shown to be
an anticancer drug that sensitizes cancer cells that are
resistant to cisplatin [10]. More recently, disulfiram was
shown to inhibit pyroptosis by blocking GSDMD pore
formation in immortalized murine bone marrow-
derived macrophages [11]. However, it is not clear
whether disulfiram could attenuate the damage
induced by kidney IR injury or the poten-
tial mechanism.

In this study, we investigated the effect of disulfiram
on kidney IR injury and illuminated the underlying
molecular mechanisms. Our results showed that disul-
firam could regulate pyroptosis via the caspase-11-
GSDMD axis in the kidney to play a protective role
against kidney IR injury.

Methods

Animals and AKI models

Male C57BL/6 mice (8–10weeks old, 20–25 g) were pur-
chased from Shanghai Jihui Laboratory Animal Care Co.,
Ltd. (Shanghai, China). The mice were housed in a tem-
perature- and humidity-controlled environment with a
12:12-h light/dark cycle (light on at 07:00 a.m.) and
were given free access to food and water at the Animal
Center of Fudan University. The animals were random-
ized into three groups: sham group (n¼ 6), IR group
(n¼ 6), and IRþDSF group (n¼ 6). Kidney IR injury was
induced by bilateral kidney pedicle clamping for
30min, followed by reperfusion for 24 h. Finally, the
mice were sacrificed, and the kidney tissues were care-
fully collected for subsequent experiments. The sham
group underwent all surgical procedures except vascu-
lar occlusion. The IRþDSF group received an intraperi-
toneal injection of disulfiram (50mg/kg) for 3
consecutive days prior to surgery. The sham group and
IR group were intraperitoneally injected with the same
volume of the solvent corn oil. The animal study was
reviewed and approved by the Animal Ethics
Committee of Zhongshan Hospital, Fudan University.

Cell culture and treatment

Mouse tubular epithelial cells (MTECs) were cultured in
DMEM High Glucose media (Gibco, USA) supplemented
with 10% FBS (Gibco, USA) in 5% CO2 and 95% air at
37 �C. To induce the hypoxia/reoxygenation (HR) model,
cells in the HR group were cultured in a hypoxic incuba-
tor with 1% O2, 94% N2 and 5% CO2 for 24 h. After hyp-
oxia, the cells were transferred to a normoxic incubator
for 2 h. Cells in the HRþDSF group were pretreated
with disulfiram (0.5 lM) for 2 h before hyp-
oxia treatment.

Serum creatinine analysis

Blood samples were left to stand for 2 h at room tem-
perature and then centrifuged for 10min at 3,000 rpm
to harvest serum. Serum samples were stored at �20 �C
until analysis. Serum creatinine (Scr) and blood urea
nitrogen (BUN) levels were measured by the
QuantiChromTM Creatinine Assay Kit and
QuantiChromTM Urea Assay Kit (BioAssay Systems, USA)
with a microplate reader in the Nephropathy
Laboratory of Fudan University Zhongshan Hospital.

Histological examination

Kidney sections were embedded in paraffin, sectioned,
and then stained with hematoxylin-eosin (HE) and peri-
odic acid-Schiff (PAS). Bright field images of kidney tis-
sues were acquired using a Leica microscope with 10�
and 40� objectives.

Western blotting

Mouse kidney tissue or MTECs were lysed in RIPA buffer
with PMSF and phosphatase inhibitors
(RIPA:PMSF:phosphatase inhibitors ¼ 100:1:1). The pro-
tein concentrations were determined using a BCA
Protein Assay Kit (Beyotime, China). The protein sam-
ples were then transferred to PVDF membranes
(Millipore, Sigma). The following primary antibodies
were used: Gasdermin D (Abcam, UK), caspase-1
(Abcam, UK), caspase-11 (Abcam, UK), IL-1b (CST, USA),
IL-18 (Proteintech, USA), TLR4 (Proteintech, USA),
NLRP3 (Abcam, UK), ASC (Abcam, UK), and b-actin
(GeneTex, USA). Anti-mouse or anti-rabbit secondary
antibodies (Jackson ImmunoResearch, USA) were used
to bind the primary antibodies at room temperature for
1 h. Signals were developed with ECL Western blot
detection reagents (Thermo Fisher Scientific, USA).
Finally, quantification was performed using ImageJ
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v1.8.0 software (National Institutes of Health, Bethesda,
MD, USA).

Real-time quantitative PCR

Total RNA was harvested by TRIzol reagent (Sigma,
USA). Reverse transcription was performed using
PrimeScript RT Master Mix (Takara, Japan). Quantitative
real-time PCR was performed with TB GreenVR Premix Ex
TaqTM II (Takara, Japan) on a 7500 PCR instrument
(Thermo Fisher Scientific, USA). The primers used were
as follows:

Immunofluorescence (IF) analysis

IF analysis was performed on paraffin-embedded sec-
tions. Sections were deparaffinized in xylene before
being heated in citrate-EDTA antigen retrieval solution
(Beyotime, China) for antigen retrieval and blocked with
1% BSA. The primary antibodies used for IF analysis were
caspase-11 (Santa Cruz, USA) and GSDMD (Abcam, UK).
Primary antibodies were incubated at 4 �C overnight.
After being washed, the sections were incubated with
Alexa Fluor 488 dye-labeled anti-rabbit IgG or Alexa
Fluor 594 dye-labeled anti-mouse IgG (Beyotime, China).
Finally, the sections were sealed with Antifade Mounting
Medium with DAPI (Beyotime, China). Images were
visualized using a confocal microscope (Olympus, Japan).

Transmission electron microscopy

The samples were fixed in 2.5% glutaraldehyde in PBS
buffer (Servicebio, China). The proximal convoluted
tubule section was cut into cubes (�1mm3) before
being sent to Servicebio (Wuhan, China) for ultrastruc-
tural analysis.

Cell proliferation assay

A Cell Counting Kit 8 (CCK8) (Dojindo, Japan) was used
to analyze cell viability. A total of 100 ml of the MTEC

suspension (5� 10^5/mL) was inoculated in a 96-well
plate. Cells were cultured in the incubator for an appro-
priate time after the indicated steps, and then 10 ml of
CCK8 solution was added to each well 30min prior to
testing. After incubation, the absorbance at 450 nm was
determined using a microplate reader.

ROS determination

Intracellular ROS were measured by a ROS assay kit
(Beyotime, China). Cells were labeled with 10 mM DCFH-
DA for 20min before being analyzed. Then, the plates
were washed three times with serum-free media to
remove excess DCFH-DA. After trypsin digestion, the
cells were collected. Flow cytometry was used to meas-
ure intracellular ROS with excitation at 488 nm and
emission at 525 nm.

LDH release

Six-well plates were centrifuged at 400 � g for 5min to
collect the cell culture supernatant. The LDH release
percent in the supernatant was determined using an
LDH Cytotoxicity Assay Kit (Beyotime, China).

Molecular docking analysis

Molecular docking calculations were conducted with
the Yinfo Cloud Computing Platform (https://cloud.yin-
fotek.com/). The 3D structure of disulfiram was con-
structed with energy minimization in the MMFF94 force
field. The TIR domain sequence of the mouse TLR4 pro-
tein was obtained from the UniProt KB database, and
then the crystal structure of the TIR domain was
obtained by homology modeling on the SWISS-MODEL
website (https://swissmodel.expasy.org). The crystal lig-
and was used to define the binding pocket. The DOCK
6.9 [12,13] program was used to execute semiflexible
docking, and output poses were evaluated by the Grid
scoring function.

Statistical analyses

GraphPad Prism software version 8.0 was used for all
statistical analyses. All results are expressed as the
means ± SEM. The data were analyzed by analysis of
variance (ANOVA) and Bonferroni’s posttest compari-
sons. P values <0.05 were considered statistically
significant.

Gene Primers

b-Actin Forward: CATTGCTGACAGGATGCAGAAGG
Reverse: TGCTGGAAGGTGGACAGTGAGG

IL-1b Forward: TGGACCTTCCAGGATGAGGACA
Reverse: GTTCATCTCGGAGCCTTGTAGTG

IL-18 Forward: GACAGCCTGTGTTCGAGGATATG
Reverse: TGTTCTTACAGGAGAGGGTAGAC

IL-4 Forward: ATCATCGGCATTTTGAACGAGGTC
Reverse: ACCTTGGAAGCCCTACAGACGA

IL-10 Forward: CGGGAAGACAATAACTGCACCC
Reverse: CGGTTAGCAGTATGTTGTCCAGC
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Figure 1. Disulfiram attenuated renal dysfunction and pathological injury in IR-induced AKI. (a, b, c) Serum creatinine (Scr) and
blood urea nitrogen (BUN) levels were measured in each group. Each bar represents the mean± SEM of the independent experi-
ments. (d) Representative HE staining of renal tubular epithelial cells. A microscope with 10� and 40� objectives was used to
capture the images. Scale bar: black 200lm, red 50 lm. (e) Representative PAS staining of renal tubular epithelial cells. A micro-
scope with 10� and 40� objectives was used to capture the images. Scale bar: black 200 lm, red 50 lm. n¼ 6 per group.���P< 0.001 vs. sham; ###P< 0.001 vs. IR. ns, no significance.
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Results

Effects of disulfiram on renal function and
structural changes after IR injury in vivo

To exclude the effect of disulfiram itself on mice, we
established the shamþDSF group in the preliminary
experiment, and then we measured the creatinine lev-
els of the sham group and shamþDSF group (includ-
ing 25mg/kg DSF, 50mg/kg DSF and 100mg/kg DSF).
The results showed that there was no significant differ-
ence in creatinine levels between the sham group and
shamþDSF group, indicating that disulfiram did not
damage the renal function of mice (Figure 1a).

After establishing kidney IR injury in mice, we meas-
ured the serum levels of Scr and BUN. The IR group
showed higher serum Scr and BUN levels than the
sham group, and pretreatment with disulfiram
decreased the levels of Scr and BUN in contrast to those
in the IR group (Figures 1b and c). According to the HE
and PAS staining results, the kidneys in the IR group
exhibited widespread degenerative changes in tubular
epithelial cells, such as tubular dilation, brush border
loss and protein cast formation. In contrast to those in
the IR group, fewer pathological changes were noted in
tubular epithelial cells in the IRþDSF group (Figures 1d
and f). Thus, disulfiram pretreatment could attenuate
IR-induced renal dysfunction and tubular struc-
ture failure.

Disulfiram attenuated proximal tubular cell
pyroptosis following IR injury

During ischemic progression, pyroptosis plays a vital
role in IR-induced AKI [14]. We used transmission elec-
tron microscopy to observe pyroptosis in proximal
tubular cells at the ultrastructural level. Figures 2a and
b show that membrane pores formed in kidney tissues
in the IR group, as well as swollen mitochondria, which
confirmed the occurrence of pyroptosis in the IR group.
These changes were significantly alleviated by disul-
firam pretreatment.

Disulfiram-mediated inhibition of pyroptosis was
associated with inhibition of the caspase-11-
GSDMD pathway

Studies have shown that the caspase-11-GSDMD pyrop-
tosis pathway plays an important role in IR-induced AKI
[14]. We next verified whether disulfiram mitigated kid-
ney IR injury via the caspase-11-GSDMD pathway. As
shown in Figure 3a–d, compared with the sham group,
the protein levels of the classical pathway (ASC, NLRP3,

pro-caspase-1, caspase-1 and N-GSDMD) and nonclassi-
cal pathway (caspase-11 and N-GSDMD) were obviously
elevated in the IR group. However, compared with the
IR group, only all proteins in the nonclassical pathway
were significantly downregulated when classical pyrop-
tosis-associated proteins ASC and NLRP3 showed no
significance in the IRþDSF group. In addition, IR not-
ably induced IL-1b and IL-18 expression, while disul-
firam prevented this increase (Figure 3e).

Immunofluorescence staining showed an upregula-
tion in caspase-11 and GSDMD in tubular epithelial cells
in IR group, and both proteins were enriched in the
same cells (Figure 3f), which indicated that nonclassical
pyroptosis occurred in a certain number of kidney tubu-
lar cells after IR injury. However, the IR-induced increase
in protein expression was alleviated by disulfiram treat-
ment. Moreover, compared with the sham group, there
were notable green signals indicating GSDMD protein
in the tubulointerstitial area in the IR group, which
were probably pyroptotic bodies, and this increase was
suppressed by disulfiram treatment.

The expression of inflammatory factors in mouse renal
tissue was quantified by quantitative real-time PCR. The
results showed that the levels of IL-1b and IL-18 were
elevated in the IR group, while the anti-inflammatory fac-
tors IL-4 and IL-10 were downregulated. In contrast,
treatment with disulfiram decreased inflammatory cyto-
kines and increased noninflammatory factors (Figure 4).

The protective effect of disulfiram on
MTECs in vitro

To measure the cytotoxicity of disulfiram pretreatment
toward MTECs, we determined cell viability by using a
CCK8 assay kit. The results indicated that 0.1–5 lM
disulfiram had no toxic effects on MTECs (Figure 5a).
Therefore, we used 5 lM disulfiram for subsequent
experiments. The CCK8 assay results indicated that the
viability in the HR group was lower than that in the
control group, and this effect was ameliorated by pre-
treatment with disulfiram (Figure 5b).

It is well known that a large amount of ROS is pro-
duced by organ reperfusion in kidney IR models, result-
ing in excessive oxidative stress that exacerbates cell
damage [15]. Consistently, the flow cytometry results
indicated that the cellular HR model showed increased
ROS levels after reoxygenation. In contrast, ROS levels
in cells that were pretreated with disulfiram were sig-
nificantly lower than those in the HR group (Figure 5c).
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Figure 2. Representative transmission electron micrographs showing the proximal tubular cell ultrastructure of kidney sections.
(a) Cytoplasmic membrane pores were observed in the proximal renal tubule after IR, and fewer were observed in the IRþDSF
group. (b) Swollen mitochondria with dilated cristae were observed in the IR group, but fewer were observed in the IRþDSF
group. Scale bar: black 4lm, red 1lm. Red double arrows: membrane pore; MC: intracellular mitochondria.
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Figure 3. Disulfiram can regulate pyroptosis through the caspase-11-GSDMD pathway in vivo. (a) Western blot analysis of
GSDMD and N-GSDMD expression. (b) Western blot analysis of caspase-11 expression. (c) Western blot analysis of caspase-1
expression. (d) Western blot analyses of NLRP3 and ASC expression. (e) Western blot analysis of IL-1b and IL-18 expression.
Protein expression was quantified by densitometric analysis. Each bar represents the mean± SEM of three independent experi-
ments. (f) Immunofluorescence analysis of the expression of caspase-11 and GSDMD in kidney tissues. Scale bar ¼ 100 mm.�P< 0.05, ��P< 0.01, ���P< 0.001 vs. sham; #P <.05, ###P< 0.001 vs. IR. ns, no significance.
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Pretreatment with disulfiram suppressed HR-
induced pyroptosis in MTECs

We then determined whether HR-induced cell injury
activated MTEC pyroptosis. As shown in Figure 5e and f,

there were a significant increase in LDH and IL-1b levels
in the cell supernatant in the HR group. Moreover, the
percentage of PI staining was correspondingly
increased (Figure 5d). These observations indicated that

Figure 4. The regulatory effects of disulfiram on inflammatory factors were positive. (a) IL-1b, IL-18, IL-4 and IL-10 levels were
determined by RT–PCR. Each bar represents the mean ± SEM of three independent experiments. ��P< 0.01, ���P< 0.001 vs.
sham; ###P< 0.001 vs. IR.

Figure 5. Disulfiram attenuated HR-induced pyroptosis in MTECs. (a, b) Cell viability was assessed by using CCK8 assays and then
measured by optical density. (c) Intracellular ROS levels were quantified using DCFH-DA for 30min after the different treatments.
(d) Propidium iodide (PI) staining. (e) The percentage of LDH release was calculated as follows: 100�(experimental LDH-spontan-
eous LDH)/(control LDH release-spontaneous LDH). (f) Supernatant IL-1b levels were measured by ELISA. Each bar represents the
mean ± SEM of three independent experiments. ��P< 0.01, ���P< 0.001 vs. control; ###P< 0.001 vs. HR.
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pyroptosis was activated in HR-induced MTEC injury,
and these effects could be partially reversed by pre-
treatment with disulfiram.

Disulfiram relieved HR-induced pyroptosis through
the caspase-11-GSDMD pathway

As shown in Figures 5 and 6, compared to those in the
control group, the protein levels of caspase-1, caspase-

Figure 6. Disulfiram might regulate pyroptosis through the caspase-11-GSDMD pathway in vitro. (a) Western blot analysis of
N-GSDMD expression. (b) Western blot analyses of caspase-11 expression. (c) Western blot analysis of caspase-1 expression.
(d) Western blot analysis of NLRP3 and ASC expression. Protein expression was quantified by densitometric analysis. Each bar rep-
resents the mean± SEM of three independent experiments. ���P< 0.001 vs. control; #P< 0.05, ###P< 0.001 vs. HR. ns, no
significance.
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11 and GSDMD and the cell supernatant concentrations
of IL-1b were increased in the HR group. When the cells
were pretreated with disulfiram, the expression levels
of caspase-11 and GSDMD were significantly decreased
(Figure 6a and b), while NLRP3 and ASC expression lev-
els were not significantly changed (Figure 6d).
Therefore, these results suggest that the protective
effect of disulfiram against kidney IR injury might be
related to the caspase-11-GSDMD pathway.

Discussion

In our study, kidney IR injury increased Scr and BUN lev-
els and tubular structure damage. Evidence of proximal
tubular cell pyroptosis was observed in the IR group
using transmission electron microscopy. Pyroptotic pro-
teins such as TLR4, NLRP3, ASC, caspase-1, caspase-11,
and N-GSDMD were also increased after IR injury.
Disulfiram pretreatment alleviated kidney IR injury,
decreased the protein expression of the caspase-11-
GSDMD axis and caspase-1, and reduced the leakage of
IL-1b and IL-18. However, some classical pyroptosis pro-
teins, such as NLRP3 and ASC, showed no significant

differences after treatment with disulfiram. Our results
suggested that the protective effect of disulfiram on
kidney IR injury was related to the inhibition of the cas-
pase-11-GSDMD pathway.

IR-AKI often occurs after major surgery, which often
requires the use of anti-infective drugs and various anti-
coagulants. After consulting the literature, we found
that disulfiram is easy to react with other drugs, leading
to adverse effects. Disulfiram may affect the time of
action of prothrombin [16], and psychotic reactions
need to be closely watched when disulfiram is used in
combination with antibacterial drugs such as metro-
nidazole [17] or isoniazid [18]. Therefore, the use of
disulfiram is best to avoid other drugs. That’s why we
used the pretreatment of disulfiram in this experiment.

Kidney IR injury-induced cell death involves multiple
forms of cell death, including pyroptosis [4,19]. The con-
cept of pyroptosis is now being considered a kind of
gasdermin-protein-dependent regulated cell death
[20,21], which is often but not always accomplished by
the activation of inflammatory caspases [22]. Kidney
tubular cell pyroptosis is not confined to the renal area.
Severe damage can also release damage-related

Figure 7. Molecular docking showed the potential binding of disulfiram to the TIR domain. (a) Western blot analysis of TLR4
expression in vivo. (b) Western blot analysis of TLR4 expression in vitro. (c) Homology modeling of the 3D structure of the TIR
domain. (d) A docking pose of disulfiram in the binding pocket close to the BB loop. Protein expression was quantified by densi-
tometric analysis. Each bar represents the mean ± SEM of three independent experiments. ��P< 0.01, ���P< 0.001 vs. control.
ns, no significance.
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molecular patterns (DAMPs) and cellular fragments into
the circulation and cause distant organ impairment,
such as acute liver injury [23].

GSDMD is one of the effector proteins of pyroptosis.
To date, two mechanisms explain the interpretation of
GSDMD membrane pore formation and the inflamma-
tory response [24,25]. One is the classical pathway,
which is the typical NLRP3 inflammasome pathway. The
NLRP3 inflammasome can recognize diverse DAMPs
and pathogen-associated molecular patterns (PAMPs)
and bind to pro-caspase-1 through ASC; then, caspase-
1 is generated by the cleavage of pro-caspase-1, which
results in the maturation of IL-1b and IL-18 [26,27]. The
other pathway is the nonclassical inflammasome path-
way, in which PAMPs (such as LPS) activate caspase-11
(human caspase-4 and caspase-5) directly or through
TLR4 [24]. In our study, we confirmed the activation of
these two inflammasome pathways in a kidney IR injury
model. However, there were some specific

circumstances in our experiment. After disulfiram treat-
ment, we confirmed that caspase-1, GSDMD and
mature IL-1b and IL-18 were significantly decreased,
but the expression of ASC and NLRP3 did not change
significantly after drug administration. We hypothesized
that the downregulation of caspase-1 expression was
incidental to the reduction in caspase-11 since caspase-
11 was also involved in the regulation of caspase-1 for-
mation [28–30].

IR injury often occurs in sterile environments, but the
process has many similarities to the activation of the
host immune response to microbial invasion [31,32].
For example, the receptor TLR4 could also be activated
by endogenous molecules from nonmicrobial com-
pounds during IR, and these ligands are called DAMPs
[33]. When tissue is damaged, DAMPs are released into
the intercellular space to activate the downstream
TLR4-related immune response. Some studies have
shown that TLR4 is required for the upregulation of

Figure 8. Concept map showing kidney IR-induced pyroptosis signaling and the protective effect of disulfiram. Kidney I/R injury
or H/R induced pyroptotic cell death signaling, including the upregulation of the classical pathway and nonclassical pathway.
Disulfiram treatment ameliorated IR-induced AKI by regulating the caspase-11-GSDMD pathway. The arrows represent promotion.
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caspase-11 expression [34]; therefore, the decrease in
caspase-11 after disulfiram administration in our study
might be associated with the antagonism of TLR4.

TLR4 was reported to be activated by DAMPs in kid-
ney IR injury [35]. We measured TLR4 expression in the
IR and HR models by western blotting (Figure 7a and b)
and found that TLR4 protein expression was signifi-
cantly upregulated in both models, while treatment
with disulfiram did not reduce TLR4 expression. The
TLR4 protein structure is divided into three domains:
extracellular receptors, transmembrane domains, and
intracellular receptors. In the presence of DAMPs, the
intracellular segment of the TLR4-TIR domain dimerizes,
enabling TLR4 activation and upregulating caspase-11
expression. The flexible BB loop of the TIR domain (the
region between the aB chain and bB chain) may be the
site of TIR dimerization, and mutations in this region
could seriously affect the function of proteins contain-
ing TIR domains [36]. Therefore, it is reasonable to
hypothesize that disulfiram may inhibit TLR4 activation
by affecting the dimerization of the TIR domain, thus
reducing the upregulation of caspase-11 expression.
We established a protein model of the TIR domain by
the homology modeling method. Through flexible
molecular docking, we found that disulfiram could bind
to the BB loop pocket of the TIR protein through hydro-
phobic interactions (Figure 7c and d), which may affect
the conformation of the loop, thus affecting the bind-
ing of downstream proteins.

Recently, there have been some new inhibitors
against caspase, such as Z-VAD-FMK [37], VX-765 [38]
and wedelolactone [39], but they are all expensive.
Functional exploration of old drugs means reduced
costs for the research and development of new phar-
maceuticals. New functions of the old medicine disul-
firam are still being discovered. In the present study,
we found that disulfiram has an inhibitory effect on the
caspase-11-GSDMD pathway in kidney IR injury, indicat-
ing that it is a promising antiapoptotic drug.

In summary, we revealed that disulfiram ameliorated
renal IR injury by inhibiting the caspase-11-GSDMD axis
and cell pyroptosis (Figure 8), which suggested that it
could be a promising therapeutic agent against AKI.
However, the specific molecular mechanism by which
disulfiram downregulates caspase-11 expression is still
unclear, and the computer simulation showing disulfiram
and TLR4 binding still need further experimental
confirmation.
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