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Introduction: PANoptosis is a form of inflammatory cell death that exhibits
simultaneous activation of pyroptosis, apoptosis and necroptosis signaling.
Disulfiram is a clinically used anti-alcoholism drug and can inhibit NLRP3
inflammasome activation and pyroptosis. However, it is unknown whether and
how disulfiram interferes with PANoptosis and related inflammatory diseases.
Methods: PANoptosis was induced in murine macrophages and related protein
levels were assayed by immunoblotting. The effects of disulfiram on PANoptosis
were assessed both in macrophages in vitro and in a mouse model of
hemophagocytic lymphohistiocytosis (HLH) in vivo.

Results: Mitochondrial permeabilization preceded lytic cell death upon
PANoptosis and binding of GSDMD-NT, GSDME-NT and p-MLKL to
mitochondria was linked to mitochondrial dysfunction, which was depending
on cardiolipin synthesis in mitochondria. Intriguingly, disulfiram not only
prevented mitochondrial permeabilization but also suppressed PANoptotic
signaling activation in macrophages. Mechanistically, disulfiram prevented the
binding of GSDMD-NT, GSDME-NT and p-MLKL from mitochondria to attenuate
its permeabilization, release of its components and generation of reactive oxygen
species. Furthermore, the assembly of PANoptosome was effectively blocked by
disulfiram. In a mouse model of HLH, intraperitoneal administration of disulfiram
substantially decreased systemic inflammation and mitigated liver, lung and
kidney injury, which were accompanied by reduced activation of PANoptosis
signaling in these organs.

Conclusion: A previously unappreciated action of disulfiram to inhibit
PANoptosis both in vitro and in vivo was discovered, thus repurposing this
anti-alcoholism drug for the treatment of PANoptosis-related
inflammatory diseases.

KEYWORDS

disulfiram, hemophagocytic lymphohistiocytosis, macrophages, mitochondrial
permeabilization, PANoptosis
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GRAPHICAL ABSTRACT

Introduction

Inflammatory cell death (ICD) is cell death modalities that lead
to lysis of cells and release of various damage-associated molecular
patterns (DAMPs) including high mobility group protein Bl
(HMGB1), ATP, and DNA. During ICD, the released DAMPs
can further act on their respect receptors to trigger inflammation
of other cells, thus playing critical roles in a broad spectrum of
inflammatory diseases (1, 2). Several forms of ICD have been
discovered over past decades, such as pyroptosis, necroptosis, and
secondary necrosis of apoptosis (3, 4). PANoptosis a newly
identified form of ICD that simultaneously manifests the
hallmarks of pyroptosis (e.g., activation of caspase-1 and
gasdermin D (GSDMD)), apoptosis (e.g., activation of caspase-3
and GSDME) and necroptosis (phosphorylation of mixed lineage
kinase domain-like pseudokinase (MLKL)) (4, 5). The activated
GSDMD (i.e., GSDMD-NT), GSDME (i.e., GSDME-NT) and
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phosphorylated mixed lineage kinase domain like pseudokinase
(MLKL) (p-MLKL) can form oligomers and translocate into the
plasma membrane to execute PANoptotic cell death, leading to the
release of DAMPs and inflammatory responses (6, 7).
PANoptosis can be induced by different pharmacological
stimulations or under different pathological conditions. For
example, it has been revealed that the deficiency or inhibition of
TGF-P activated kinase 1 (TAKI, also known as mitogen-activated
protein kinase kinase kinase 7) induces the concurrent activation of
the pyroptosis, apoptosis and necroptosis signaling in macrophages
upon stimulation with lipopolysaccrides (LPS) or tumor necrosis
factor oo (TNF-o), indicating the induction of PANoptosis (8).
Furthermore, PANoptosis can be elicited in macrophages by TNF-o.
in combination with interferon-y (IFN-y) (9). In addition,
pharmacological agents or toxic natural products have also been
found to induce PANoptosis (10, 11). Importantly, PANoptosis has
been discovered to play important roles in many inflammatory
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diseases including severe coronavirus disease 2019 (COVID-19)
and hemophagocytic lymphohistiocytosis (HLH) (1, 9, 12).
PANoptosis has also been implicated in hemolytic diseases, in
which heme plus pathogen-associated molecular patterns
(PAMPs) drives this inflammatory process (13). Mechanistically,
PANoptosis have been demonstrated to be mediated by a common
molecular platform called PANoptosome that encompasses key
components of pyroptosis, apoptosis and necroptosis signaling
pathways (5, 12). Several forms of PANoptosome have been
discovered under different stimulation circumstances (5). Upon
induction of PANoptosis, the PANoptosome acts to mediate the
activation of caspase-1, caspase-3 and RIPK3, which further trigger
the production of GSDMD-NT, GSDME-NT and p-MLKL,
respectively, to execute PANoptotic cell death (6, 7).

It is worth noting that mitochondrial dysfunction has been
shown to be associated with Iytic cell death during PANoptosis (14).
Mitochondrial dysfunction can lead to retinal ganglion cell
PANoptosis in glaucoma (15). Our recent studies showed that
mitochondrial damage and thereby released components
including cytochrome ¢ and mitochondrial DNA (mtDNA) plays
an important role in mediating lytic cell death during PANoptosis
(16, 17). Furthermore, Z-DNA binding protein (ZBP1) plays an
important role in promoting PANoptosis probably by recognizing
Z-DNA that is derived from mtDNA (16). However, it is not known
how mitochondria have been damaged. Of note, one recent study
has shown an important role of GSDMD-NT in mediating
mitochondrial permeabilization during pyroptosis (18).
Additionally, GSDME-NT pores can permeabilize mitochondria
to augment the activation of caspase-3 in cells expressing GSDME
during apoptosis (19). The released components of mitochondria
have been shown to play crucial parts in pyroptotic cell death
during inflammasome activation by accelerating cell death (18). We
speculated that permeabilization of mitochondria by PANoptotic
executors (including GSDMD-NT, GSDME-NT and p-MLKL) may
also play important roles during PANoptosis.

Disulfiram, a US Food and Drug Administration (FDA)-
approved anti-alcoholism drug, has been shown to inhibit
pyroptosis by targeting GSDMD-NT to block pore formation
(20). A recent study further demonstrated that disulfiram also
suppresses NLR family pyrin domain containing 3 (NLRP3)
inflammasome activation by regulating the palmitoylation of this
sensor (21). These studies highlight disulfiram as a potential drug to
treat inflammatory disorders related to NLRP3 inflammasome and
pyroptosis (20, 21). However, it is still not known whether and how
disulfiram affects PANoptosis.

In this study, we demonstrated that mitochondrial
permeabilization preceded lytic cell death during PANoptosis due
to preferably translocation of GSDMD-NT, GSDME-NT and p-
MLKL to mitochondrial membranes in a cardiolipin-dependent
manner. The clinically approved drug, disulfiram, was able to
inhibit PANoptosis by suppressing binding of these cell death
executors to mitochondria and by attenuating PANoptosome
assembly. Furthermore, disulfiram markedly mitigated systemic
inflammation and multiple organ dysfunction in a mouse model
of HLH, which was associated with decreased PANoptosis signaling
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in organs. Our data highlight a previously unappreciated action
mechanism of old drug disulfiram in inhibiting PANoptosis and
repurposing it for PANoptosis-related inflammatory diseases.

Materials and methods
Reagents and antibodies

Disulfiram (DSF, HY-B0240) and 5Z-7-oxozeaenol (OXO, HY-
12686) were obtained from MedChemExpress (Monmouth Junction,
NJ, USA). LPS (Escherichia coli O111:B4, L4391), Hoechst 33342
(B2261), propidium iodide (PI, P4170), DMSO (D8418), CF488-
conjugated goat-anti-mouse IgG (SAB4600237), CF568-conjugated
goat-anti-rabbit IgG (SAB4600084), Tween-20 (P1379), Tween-80
(P8074), and DL-dithiothreitol (DTT) (D0632) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Murine TNF-o. (315-01A) was
obtained from PeproTech (Rocky Hill, NJ, USA). Poly(I:C) (HMW)
(#tlrl-pic) were purchased from InvivoGen (San Diego, CA, USA).
Dulbecco’s modified Eagle’s medium (DMEM) with high glucose
(C11995500), fetal bovine serum (FBS, 10099141C), Opti-MEM
(51985034), MitoSOX red mitochondrial superoxide indicator
(M36008), SYTOX green (S7020), Lipofectamine RNAIMAX
transfection reagent (13778075), Pierce classic IP kit (26146) and
Pierce BCA protein assay kit (23227) were obtained from Thermo
Fisher Scientific (Carlsbad, CA, USA). Phenylmethanesulfonyl
fluoride (PMSF, ST505), TMRE (C2001) and ATP assay kit
(S0026) were purchased from Beyotime (Shanghai, China). Specific
antibodies against ASC (#67824), ASC AlexaFluor488 conjugated
(#17507), COX IV (#11967S), ACO2 (6571), cleaved caspase-3
(#9664), cleaved caspase-8 (#8592), cleaved caspase-9 (#9509),
HMGBI (#3935), IL-1B (#12242), phospho(p)-MLKL (#37333),
MLKL (#37705), PARP (#9532), RIPK3 (#95702), cytochrome c
(#11940), B-tubulin (#86298), Na*K"-ATPase (#3010), and B-actin
(#3700) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against GSDMD (ab209845), GSDME
(ab215191), pro-caspasel+pl10+pl2 (ab179515), and pro-caspase-8
(ab108333) were obtained from Abcam (Cambridge, UK). The
antibody against ZBP1 (AG-20B-0010) was obtained from
Adipogen AG (Liestal, Switzerland). The anti-PNPT1 antibody and
anti-CRLS1 antibody (14845-1-AP) were obtained from Proteintech
(Rosemont, IL, USA). Specific antibody against Z-DNA (Z22)
(Ab00783-3.3) was purchased from Absolute Antibody (Oxford,
UK). Anti-mouse F4/80-AlexaFluor647 (123122) and anti-mouse/
human Mac2-AlexaFluor647 (125408) were purchased from
BioLegend (San Diego, CA, USA). The antibody against 8-OHdG
(sc-393871) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Animals
C57BL/6] mice (female, 6-8 weeks of age) were bought from the

Laboratory Animal Center of Southern Medical University
(Guangzhou, China). The mice used in this study were housed
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under stable conditions at 24 + 2°C and a 12-h light/dark cycle and
acclaimed for one week before experiments. The animal study was
reviewed and approved by the Committee on the Ethics of Animal
Experiments at Jinan University. Animal experiments were
conducted in accordance with the National Research Council’s
Guide for the Care and Use of Laboratory Animals.

Cell culture

Mouse J774A.1 macrophage cell line was obtained from the
Kunming Cell Bank of Type Culture Collection, Chinese Academy
of Sciences (Kunming, China). The cells were maintained in
complete DMEM medium (containing 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin) and cultured at 37°C in
a humidified incubator with 5% CO,. The cells were sub-cultured
every 2-3 days by using a cell scraper (541070, Greiner,
Frickenhausen, Germany) to split cells. Before experiments, cells
were cultured in complete DMEM medium overnight in 24-well
plates at 9 x 10* cells/well (0.5 mL) or in 6-well plates at 3.5 x 10°
cells/well (1.7 mL).

Bone marrow-derived macrophages

Bone marrow-derived macrophages (BMDMs) were
differentiated as previously reported (22). Briefly, C57BL/6] mice
were sacrificed by cervical dislocation and sterilized with 75%
ethanol. Bone marrow cells from hind femora and tibias of mice
were cultured in BM-Mac medium (80% DMEM supplemented
with 10% FBS, 100 U/mL penicillin, 100 ug/mL streptomycin, plus
20% macrophage-colony stimulating factor-contained medium
from 1929 cells) at 37°C in a humidified incubator of 5% CO,.
After differentiation for 6 days in BM-Mac medium, BMDMs were
incubated in six-well plates at 1.6 x 10° cells/well (1.7 mL) or 24-
well plates at 2.5 x 10> cells/well (0.5 mL) with complete DMEM
medium. The cells were ready for experiments after
overnight incubation.

Cell death assay

Cell death was measured as previously described (23). Briefly,
cells in 24-well plates were treated with graded doses of disulfiram
for 0.5 h, followed by indicated concentration of OXO for 1 h prior
to TNF-ou or LPS treatment for another 2 or 5 h, respectively. After
indicated treatment, PI (2 pg/mL) and Hoechst 33342 (5 pg/mL)
solutions were added into medium to stain dying cells and nuclei,
respectively. The stained cells were immediately observed by live
imaging using Zeiss Axio Observer D1 microscope equipped with a
Zeiss LD Plan-Neofluar 20x/0.4 Korr M27 objective lens (Carl
Zeiss, Gottingen, Germany). Fluorescence images were captured
with a Zeiss Axiocam MR R3-cooled CCD camera controlled with
ZEN software (Carl Zeiss). The percentage of lytic cell death was
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presented as the ratio of PI-positive cells (dying cells) to Hoechst
33342-positive cells (all cells).

Precipitation of soluble proteins

Soluble proteins in the supernatant of cell culture were
precipitated with 7.2% trichloroacetic acid plus 0.15% sodium
deoxycholate, as previously described (16). The precipitated
proteins were then washed three times with cold acetone and
redissolved in a 2x sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) loaded buffer, and the mature IL-1(,
caspase-1p10 and HMGBI1 were analyzed by Western blotting.

Western blot analysis

For Western blotting, cultured cells and tissues were lysed in 2x
SDS-PAGE sample loading buffer containing 200 uM dithiothreitol
(DTT), and the cell lysates were ultrasonically treated to reduce
viscosity. For detection of oligomerization of specific proteins,
samples were prepared with 2x SDS-PAGE sample loading buffer
without DTT. All samples were boiled for 5 min. The proteins were
separated by SDS-PAGE and electrophoretically transferred to
polyvinylidene fluoride (PVDF) membrane (#03010040001;
Roche, Mannheim, Germany). The membranes were blocked with
PBS containing 5% non-fat milk powder and 0.1% Tween 20 for 1 h.
Subsequently, the membranes were incubated with an indicated
primary antibody at 4°C overnight, followed by a secondary
antibody coupled with HRP at room temperature for 1 h. Protein
blots of interest were revealed by an enhanced chemiluminescence
kit (BeyoECL plus kit; P0018S, Beyotime) and captured by X-ray
film. Image] was used to analyze the density of each band.

RNA interference

Small interfering RNA (siRNA) targeting the mouse Crlsl gene
(encoding cardiolipin synthase 1, CRLS1) (5'-
CCATGGACAATCCCAAATT-3'), Zbpl gene (encoding ZBP1) (5'-
GCCTGCAACATGGAGCATA-3") (16) and negative control siRNA
(NC-siRNA) were designed and synthesized by RiboBio (Guangzhou,
China). Knockdown of CrisI or ZbpI with 50 nM siRNA in BMDMs
was performed by using Lipofectamine RNAIMAX transfection reagent
according to the manufacturer’s protocol. Forty-eight hours after
transfection, the cells were treated with OXO+TNF-o to induce
PANoptosis, and then subjected to cell death assay, mitochondrial
functional test or Western blot analysis, respectively.

Immunofluorescence microscopy

Immunofluorescence staining was performed as previously
described (16). In brief, cells were seeded in glass-bottom cell

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1726408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

culture dishes overnight. After indicated treatments, the cells were
fixed, permeabilized, blocked and then incubated with indicated
primary antibodies at 4°C overnight. The cells were then incubated
with CF647-conjugated goat anti-mouse IgG and CF568-
conjugated goat anti-rabbit IgG at room temperature for 1 h,
followed by staining with AlexaFluor488 conjugated anti-ASC at
4°C overnight, and then staining with Hoechst 33342 solution
(5 ug/mL in PBS) to reveal the nuclei. Cell images were captured
with a Zeiss Axio Observer D1 inverted fluorescence microscope
and analyzed with the ZEN software (Carl Zeiss).

Co-immunoprecipitation

The interactions among PANoptosome components were analyzed
by Co-IP as previously reported (11). In brief, BMDMs in 6-well plates
were pre-treated with disulfiram for 0.5 h, followed by treatment with
OXO and TNF-o. for 2 h in the presence or absence of disulfiram. After
removing the culture medium, the cells were washed 2 times with ice-
cold PBS and lysed with IP lysis/wash buffer (P0013; Beyotime)
containing PMSF for 5-10 min on ice. Cell lysates were collected,
transferred to pre-chilled tubes, and centrifuged at 13,000 rpm (4°C) for
10 min to obtain supernatants. Protein concentrations were determined
using the Pierce BCA protein assay kit (#23227). Equal amounts of
lysates (120 ng) were subjected to immunoprecipitation following the
manufacturer’s protocol of the Pierce classic IP kit (#26146). After pre-
clearing with control agarose resin, lysates were incubated overnight at
4°C with either mouse anti-pro-CASP8 antibody, RIPK3 or isotype
control IgG (0.75 pg antibody per 120 pg lysates). Protein-antibody
complexes were precipitated with Protein A/G-agarose and eluted by
boiling for 10 min in 2x sample loading buffer containing DTT.
Western blotting was used to analyze the abundance of CASPS,
RIPK3, ASC, ZBP1 and B-actin in the eluted samples.

Time course of cell death and
mitochondrial membrane potential

MMP was detected with TMRE staining. Briefly, cells were seeded in
24-well plates overnight and then stained at 37°C for 15 min with TMRE
(C2001, Beyotime) according to the instructions of the manufacturer.
After washing, the cells were treated as indicated and were further stained
with SYTOX green (100 nM) at 37°C for 15 min. Live-cell fluorescence
images of TMRE and SYTOX green were acquired at Rhodamine and
GFP channel, respectively, by using a Zeiss Axio Observer D1 inverted
fluorescence microscope (Carl Zeiss). Mean fluorescence intensity was
quantified with the ZEN software (Carl Zeiss).

Time course of cell death and
mitochondrial ROS

MitoSOX red was used to detect the mitochondrial superoxide
levels (indicative of mtROS) in live cells according to the
instructions of the supplier. In brief, cells were seeded in 24-well
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plates overnight and then treated as indicated. The cells were then
stained with a combination of MitoSOX red (3 uM) and SYTOX
green (100 nM) at 37°C for 15 min. Live-cell fluorescence images of
MitoSOX red and SYTOX green were acquired at Rhodamine and
GFP channel, respectively, by using a Zeiss Axio Observer DI
inverted fluorescence microscope (Carl Zeiss). Mean fluorescence
intensity was quantified with the ZEN software (Carl Zeiss).

Mitochondrial protein release assay

After indicated treatments, cells were collected and the
cytoplasmic and mitochondrial fractions were separated according
to the instructions of a cell mitochondria isolation kit (C3601,
Beyotime). Western blotting was performed to detect cytochrome
¢, aconitase 2 (ACO2) and polyribonucleotide nucleoside transferase
1 (PNPT1) levels in cytoplasm and mitochondria, respectively.

Plasma membrane extraction

As plasma membrane fraction extracted using the commercial
kit (Membrane and cytosol protein extraction kit, P0033; Beyotime)
contains mitochondrial membrane, we extracted plasma membrane
from the cellular fraction after removing mitochondrial fraction
using a cell mitochondria isolation kit (C3601, Beyotime). Western
blotting was performed to detect indicated proteins in the isolated
plasma membrane.

Mitochondrial DNA release assay

To determine mtDNA levels in the cytoplasmic components of
BMDM, cells were inoculated overnight in cell culture dishes (with
10 cm diameter) at a density of 1.0 x 10”/dish. After indicated
treatments, separation of the cytosol and mitochondrial fractions
was performed according to the instructions of the cell
mitochondria isolation kit (C3601, Beyotime). The supernatant
(the cytosolic fraction) was transferred to a new tube and the
pellet was discarded. DNA was isolated from the cytosolic
fraction using a Universal Genomic DNA Purification Mini Spin
kit (D0063, Beyotime). Quantitative PCR (QPCR) was employed to
measure mtDNA using TB Green Premix Ex Taq (Tli RNaseH Plus)
(RR420A, Takara, Dalian, China) on a CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). mtDNA was
quantified by qPCR using primers specific for COX-1 (encoding
cytochrome ¢ oxidase 1), and the mitochondrial D-loop region.
Nuclear DNA encoding 18S rDNA and Tert, were used for
normalization. Primer sequences are listed in Table 1.

Cellular ATP assay

The cellular ATP levels were measured by using an ATP assay
kit (S0026) according to the manufacturer’s instructions. Briefly,
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cells in 6-well plates were pretreated with disulfiram, followed by
treatment with OXO and TNF-o. for 2 h in the presence or absence
of disulfiram. After treatments, the cells were lysed using the lysis
buffer provided in the kit. The lysates were boiled for 3 min,
followed by centrifugation at 12,000g for 5 min at 4°C. The
supernatants were collected, mixed with ATP detection reagent,
and transferred to a 96-well plate. The luminescence was
immediately measured using a chemiluminescence-capable
microplate reader (BioTek Synergy H1; Winooski, VT, USA). The
ATP concentration was determined by comparing the readings with
a standard curve.

Poly(l:C)/LPS induced HLH model

A mouse model of HLH was established by sequentially
administration of poly(I:C) and LPS as reported previously (9,
16). C57BL/6] mice (7-9 weeks of age) were randomly divided
into 4 groups (total 20 mice: 5 mice for each group): Vehicle group,
DSF group, poly(I:C)/LPS, and DSF plus poly(I:C)/LPS group. The
mice in DSF group and DSF plus poly(I:C)/LPS group were orally
administered with DSF (50 mg/kg body weight) formulated in
vehicle sesame oil, which was based on our preliminary
experiments and previous publications (20, 24). Three hours after
DSF administration, the mice in poly(I:C)/LPS and DSF plus poly(I:
C)/LPS groups were injected intraperitoneally (i.p.) with a single
dose of poly(I:C) (10 mg/kg body weight). Six hours after poly(I:C)
administration, the mice in poly(I:C)/LPS and DSF plus poly(I:C)/
LPS groups were further injected (i.p.) with a single dose of LPS (1
mg/kg body weight). After 3 h, DSF group and DSF plus poly(I:C)/
LPS group were orally administered with DSF (50 mg/kg body
weight) again. Three hours after the second DSF administration, the
animals were anesthetized with ethyl ether and blood samples were
collected. The mice were then sacrificed by cervical dislocation and
the liver, kidney and lung were collected. A part of the liver, kidney
and lung tissues was used to prepare tissue lysates for Western
blotting by using 2x SDS-PAGE loading buffer. The other part of
the liver, kidney and lung tissues was fixed in a 4% neutral
formaldehyde solution, embedded in paraffin, and subjected to
conventional sectioning for hematoxylin and eosin (H&E)

TABLE 1 Sequences of primers for quantitative PCR.

Gene name  Primer sequence

Forward: 5'-AATCTACCATCCTCCGTGAAACC-3’
D-loop

Reverse: 5'-TCAGTTTAGCTACCCCCAAGTTTAA-3’

Forward: 5'-CTAGCTCATGTGTCAAGACCCTCTT-3’
Tert

Reverse: 5'-GCCAGCACGTTTCTCTCGTT-3

Forward: 5'-GCCCCAGATATAGCATTCCC-3’
COX-1

Reverse: 5'-GTTCATCCTGTTCCTGCTCC-3’

Forward: 5-TAGAGGGACAAGTGGCGTTC-3
18S rDNA

Reverse: 5'-GTTCATCCTGTTCCTGCTCC-3’
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staining. The levels of serum creatinine, blood urea nitrogen
(BUN), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST), were measured by using respective assay
kits: serum BUN (E2020) and creatinine (E2038) were determined
by spectrophotometry using respective assay kits (Applygen,
Beijing, China) according to the manufacturer’s instructions;
serum AST (BC1560) and ALT (BC1550) were assayed by using
respective kits (Solarbio, Beijing, China) according to the
instructions of the supplier. In a separate experiment, mice (total
30 mice: 10 mice per group) was administered with disulfiram (50
or 200 mg/kg body weight) together with poly(I:C)+LPS as above
and observed every 6 h for 5 consecutive days to evaluate
their survival.

Histopathological scoring

To assess the severity of multi-organ damage in HLH model
mice, a semi-quantitative analysis was performed on H&E-stained
sections of the liver, kidney, and lung according to previous studies
(25-27). All sections were evaluated in a blinded manner by
investigators unaware of the experimental groups. The injury
in each organ was scored on a scale of 0 - 3, as follows: 0 = none,
1 - 1.5 =mild (< 25% involvement), 2 - 2.5 = moderate (25% - 50%
involvement), and 3 = severe (> 50% involvement).

Detection of serum cytokines

Cytokines (IL-1B, IL-6, MCP-1, TNF-0, and IFN-Y) in sera of
experimental mice were measured by cytometric bead array kits, a
mouse IL-1P FlexSet kit (#560232) and a mouse inflammation kit
(#552364), according to the instructions of the manufacturer (BD
Biosciences, San Jose, CA, USA). Data were analyzed with a flow
cytometer and related software (Attune NxXT acoustic focusing
cytometer, Thermo Fisher Scientific).

Immunofluorescence staining of frozen
sections

The liver, kidney and lung tissues were fixed with 4%
paraformaldehyde for 24 h. Frozen sections with a thickness of 8
um were routinely prepared, and the slides were stored at -80°C
until staining. The tissue sections were sequentially equilibrated in
PBS at room temperature for 10 min, soaked in sodium citrate
buffer solution (10 mM, pH = 6.0) at 80°C for 30 min and blocked
with PBS containing 5% normal goat serum and 0.1% Triton X-100
for 60 min. The sections were then incubated with the indicated
antibodies at 4°C overnight, followed by incubation with the
appropriate mixed fluorescent dye-labeled secondary antibodies
for 1 h. The sections were covered by antifade mounting medium
with DAPI and coverslips. Fluorescence images were captured by a
Zeiss AxioCam MR R3 cooled CCD camera controlled with ZEN
software (Carl Zeiss).
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Statistical analysis

All experiments were conducted three times independently. The
data were presented as mean * standard deviation (SD) and
analyzed using GraphPad Prism 5.0 software (GraphPad
Software, San Diego, CA, USA). Statistical significance for
multiple comparisons was determined using one-way analysis of
variance (ANOVA) followed by Bonferroni post hoc test. Mouse
survival was analyzed using Kaplan-Meier survival curves and
significance was evaluated by the log-rank (Mantel-Cox) test. A
significance level of P < 0.05 was considered statistically significant.

Results

Permeabilization of mitochondria is an
important stage preceding lytic cell death
in macrophages during PANoptosis

Mitochondria have been shown to play a crucial role in
PANoptosis (14-17), yet it is unknown how mitochondria have
been damaged during PANoptotic cell death. In view of the role of
GSDMD-NT in mediating mitochondrial dysfunction (18), we
hypothesized that the PANoptotic executors, including GSDMD-
NT, GSDME-NT and p-MLKL, might play a role in mitochondrial
injury during PANoptosis. To this end, we adopted a PANoptosis
cellular model in macrophages treated with TAKI inhibitor, OXO,
in combination with TNF-o with some data verified in cells treated
with OXO plus LPS. PI incorporation assays showed that OXO
+TNF-o. for 2-3 h or OXO+LPS for 5-7 h induced 60-70% lytic cell
death in primary BMDMs or J774A.1 macrophages. By using these
cellular models, we assessed whether outer mitochondrial
membrane (OMM) or inner mitochondrial membrane (IMM)
had been permeabilized during PANoptosis induction. Western
blot analysis showed that the mitochondrial proteins in the
mitochondrial intermembrane space (IMS), including cytochrome
c and PNPT1, were released into the cytosol as early as 30 min after
OXO+TNF-a. treatment whereas their levels in mitochondria were
time-dependently decreased, indicating the permeabilization of
OMM (Figure 1A). Similarly, matrix aconitase 2 (ACO2), but not
IMM-associated COX IV, was increased in the cytosol as early as 30
min after the treatment whereas its mitochondrial level was time-
dependently decreased, indicative of IMM permeabilization.
Notably, cytochrome ¢, caspase-1p10 and HMGBI1 were detected
in cell culture supernatants at 90 min or longer time points,
indicating plasma membrane disruption. Consistently, mtDNA
was detected in the cytosol as early as 30 min after the treatment
and its levels subsequently increased in a time-dependent manner
(Figures 1B, C). Thus, these data suggest that mitochondrial
permeabilization of OMM and IMM precedes the disruption of
the plasma membrane during PANoptosis induction.

These results suggest a role of mitochondrial dysfunction in
PANoptosis. In support of this notion, BMDMs were treated with
OXO+TNF-o for various time periods to induce PANoptosis and
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stained with TRME (reflective of mitochondrial membrane
potential) and SYTOX green (staining dying cells). The results
showed that the decline of TMRE fluorescence was earlier than the
increase of SYTOX green fluorescence (Figures 1D, E), indicating
mitochondrial injury preceding lytic cell death. To further support
this, MitoSOX (reflective of mtROS) and SYTOX green (indicative
of dying cells) were used to stain the cells undergoing PANoptosis,
and the results revealed that mtROS was generated earlier than lytic
cell death (Figures 2A, B), which was also evidenced by the release
of HMGBI, cytochrome ¢ and casplpl0 (Figure 1A).

Together, these results indicate that mitochondrial dysfunction
is prior to lytic cell death during PANoptosis induction, suggesting
a potential role of mitochondria in this process.

Mitochondrial damage is associated with
cardiolipin-dependent translocation of
GSDMD-NT, GSDME-NT and p-MLKL to
mitochondria

We next explored whether GSDMD-NT, GSDME-NT and p-
MLKL could bind to mitochondria during PANoptosis. Indeed,
these PANoptosis executors were translocated to mitochondria as
early as 60 min after OXO+TNF-o treatment (Figure 2C), whereas
Iytic cell death (Figures 1D, E), binding of these executors to the
plasma membrane (Figure 2C bottom panel) and the disruption of
the plasma membrane (Figure 1A, bottom) were only detected at 90
min or latter time point. These results indicated that PANoptosis
executors preferably bound to mitochondria than to the plasma
membrane and suggested that translocation of these executors
might be associated with mitochondrial permeabilization
and mtROS.

GSDMD-NT and GSDME-NT bind more strongly to
cardiolipin than to other phospholipids (28-30), while p-MLKL
can also bind cardiolipin (31). Given that mitochondrial cardiolipin
has a crucial role in GSDMD-NT-mediated mitochondrial
dysfunction and pyroptosis (18), we assessed whether cardiolipin
synthesis was necessary for mitochondrial injury and lytic cell death
during PANoptosis. To this end, we inhibited cardiolipin synthesis
in mitochondria by knocking down cardiolipin synthase 1 (CRLS1),
which is a crucial enzyme responsible for the synthesis of
cardiolipin in mitochondria (32). Western blotting showed that
the CRLSI level was reduced ~50% by si-CRLS1 #3 (Figure 3A),
which was used for the following experiments. After the knockdown
of CRLS], the levels of GSDMD-NT, GSDME-NT and p-MLKL in
mitochondria were markedly reduced as compared to negative
control (NC)-siRNA-treated cells during PANoptosis induction
(Figure 3B). In line with this, PI staining showed that lytic cell
death in CRLS1-knocking down macrophages was significantly
decreased when compared with NC-siRNA-treated cells
(Figures 3C, D). Furthermore, mitochondrial membrane potential
in CRLS1-knocked down cells was increased when compared with
control cells as revealed by TMRE staining (Figures 3E, F).
Consistent with this, CRLS1 knockdown significantly reduced the
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Mitochondrial permeabilization precedes lytic cell death during PANoptosis. Mouse bone marrow-derived macrophages (BMDMs) were treated with
5Z-7-oxozeaenol (OXO, 0.1 uM) for 1 h, followed by stimulation with TNF-a. (5 ng/mL) for indicated time periods. (A) the levels of mitochondria-
related proteins in mitochondria, cytosol and culture supernatants were detected by Western blotting. B-Tubulin was detected as internal control for
the cytosol, which was not detectable in isolated mitochondria. COV IV was shown as internal control for mitochondria. The values under the blots
represent their relative levels. (B, C) Mitochondrial DNA levels in cytosol were determined by quantitative PCR (qPCR). *P < 0.05; **P < 0.01; ***P <
0.001; ns, not significant. (D, E) Mitochondrial membrane potential probes (TMRE) and SYTOX green were used to measure temporal mitochondrial
damage and lytic cell death, respectively. TMRE was stained for 0.5 h before OXO treatment, and SYTOX green was stained for 10 min after TNF-o
treatment. Images were acquired by fluorescence microscopy. Scale bars, 50 um (D). The relative fluorescence intensity of TMRE and SYTOX green
in 5 randomly chosen fields were quantified (E). The vertical dotted line indicates the onset of lytic cell death as evidenced by Western blotting
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FIGURE 2

Mitochondrial reactive oxygen species (ROS) generation is earlier than lytic cell death and is associated with mitochondrial translocation of GSDMD-
NT, GSDME-NT and p-MLKL during PANoptosis. BMDMs were treated with OXO for 1 h, followed by stimulation with TNF-a. for indicated time
periods. (A, B) Mitochondrial ROS (mtROS) were assayed by staining with MitoSOX and SYTOX green were used to reveal lytic cell death. SYTOX
green and MitoSOX was stained for 10 min after TNF-o. treatment. Images were acquired by fluorescence microscopy. Scale bars, 50 um (A). The
relative fluorescence intensity of SYTOX green and MitoSOX in 5 randomly chosen fields were quantified (B). The vertical dotted line indicates the
onset of lytic cell death as evidenced by Western blotting results in Figure 1a. (C) Levels of PANoptosis hallmarks GSDMD-NT, GSDME-NT and p-
MLKL in mitochondria, the cytosol and the plasma membrane were detected by Western blot analysis. COV IV and Na*/K* ATPase were assayed as
an internal control for mitochondria and the plasma membrane, respectively. The values under the blots represent their relative levels.

production of mtROS as measured by MitoSOX staining
(Figures 3G, H). Together, these results indicate that
mitochondrial cardiolipin is required for translocation of
GSDMD-NT, GSDME-NT and p-MLKL to mitochondria, thereby
mediating mitochondrial dysfunction and lytic cell death
during PANoptosis.
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Inhibition of PANoptosis by disulfiram is
linked to suppression of mitochondrial
permeabilization

Given that disulfiram can target GSDMD-NT to inhibit pore
formation in the membrane (18) and that our above-mentioned

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1726408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al. 10.3389/fimmu.2025.1726408

A he U B ___TNFa s NC SIRNA
nsomm — )
100+ EmNC sRNA oo Si-CRLS1 #3
[1si-CRLS1 #1 GSDMD -53 kDa

CRLST W& &% & = = = -33kDa [si-CRLS1 #2

[si-CRLS1 #3 GSDMD-NT | W% & -32kDa

B-Actin me s s— . w43 kDa GSDMD-NT:COXIV 0 3.1 0 1

CRLS1/-actin ratio
a
o
1

4,% 'o«,;%%&vo‘,\v 4@&%0,? GSDME -55 kDa
% % %
@/Zq (@7 '94(7 (@7 @4{? (@7
% % % GSDME-NT B 27 Da
GSDMENT.COXIV 0 28 0 1
0 p-MLKL = 54 kDa
C p-MLKL:COXIV 0 23 0 1

COX IV e w w w _15 kDa

Mitochondria

z 804 . TNF-a
‘% OXO+TNF-a
% 60 5
3 3
g 52 °
= §5
T 0O
=8
O —
oo
k)
g 2 20-
e 2
2
o Ll i
NC-SRNA si-CRLS1#3
E NC-siRNA Si-CRLS1 #3
TNF-a OXO+TNF-a TNF-a OXO+TNF-a
w
w -
2 100 gy s TNF-a
3 OXO+TNF-a
3
. e
17 5=
2 SE
E %>
T % 2 50
® 2 °
w
'
3, =R
5]
= s
0 I. . T
G NC-siRNA S-CRLS1 #3 NC-siRNA  s-CRLS1#3
TNF-a OXO+TNF-a TNF-a OXO+TNF-a
8
? 100 —
E:
5 o
TNF-a
OXO+TNF-a

Hochest
MitoSOX relative fluorescence
intensity (%)

Merge

p— NC-siRNA  si-CRLS1 #3

NC-siRNA si-CRLS1 #3

FIGURE 3

Knockdown of cardiolipin synthase 1 (CRLS1) attenuates PANoptotic cell death, mitochondrial binding of GSDMD-NT, GSDME-NT and p-MLKL,

and mitochondrial dysfunction in macrophages. (A) The expression of CRLS1 in BMDMs was knocked down with three specific siRNAs (si-CRLS1

#1, #2 and #3) in comparison with the same NC-siRNA, and Western blot analysis was used to assay CRLS1 expression in BMDMs 48 h after

siRNA transfection ((A), left panel). The knockdown efficiency of si-CRLS1 was quantified and normalized to -actin. Data are shown as mean + SD
((A), right panel). si-CRLS1 #3 exhibited the highest knockdown efficiency and was used for the following experiments. (B) Cells were treated with
OXO for 1 h, followed by stimulation with TNF-a. for 2 h, mitochondrial binding of cellular PANoptosis hallmarks GSDMD-NT, GSDME-NT and
p-MLKL was detected by Western blotting. COV IV was detected as an internal control for mitochondria. The values under the blots represent

their relative levels. (C, D) Analysis of lytic cell death in BMDMs by propidium iodide (PI) (red, staining dying cells) staining (C). Pl-positive cells in

5 randomly chosen fields were quantified and percentage of cell death is defined as the ratio of Pl-positive over all cells (revealed by Hoechst 33342)
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data showing a potential role of GSDMD-NT, GSDME-NT and p-
MLKL in mitochondria injury, we hypothesized that disulfiram
might also target GDSME-NT and p-MLKL thereby preventing
mitochondrial permeabilization and PANoptosis. Indeed,
accompanying the inhibition of lytic cell death in BMDMs
stimulated with OXO+TNF-o (Figures 4A, B) or OXO+LPS
(Supplementary Figures S1A, B), disulfiram dose-dependently
attenuated the release of IMS proteins cytochrome ¢ and PNPT1
as well as matrix ACO2 (Figure 4C, Supplementary Figure S1C),
indicating suppression of permeabilization of OMM and IMM,
respectively. Notably, concomitant with suppression of
mitochondrial permeabilization, disulfiram dose-dependently
inhibited the translocation of GSDMD-NT, GSDME-NT and p-
MLKL to mitochondria (Figure 4D). Similar results were obtained
from J774A.1 macrophages (Supplementary Figures S2A-D,
Supplementary Figures S3A-D). As disulfiram can modify
GSDMD-NT to block its oligomerization (20), we assessed
whether disulfiram-mediated inhibition of mitochondrial
translocation of PANoptotic executors was associated with its
inhibition of their oligomerization. As expected, disulfiram
reduced GSDMD-NT oligomerization in BMDMs upon induction
of PANoptosis, which was revealed by Western blotting under a
non-reducing condition (Figure 4E). Likewise, the oligomerization
of both GSDME-NT and p-MLKL was also decreased by disulfiram
treatment (Figure 4E). These results together indicated that
disulfiram prevented the oligomerization of GSDMD-NT,
GSDME-NT and p-MLKL on mitochondria.

To further explore whether mitochondrial permeabilization
was associated with its functional injury, we assessed the
mitochondrial function by staining macrophages with TMRE
and MitoSOX, respectively. TMRE staining showed that
disulfiram dose-dependently reversed the markedly decreased
TMRE fluorescence intensity during PANoptosis induction,
reflective of a recovery of mitochondrial function (Figures 5A,
B). Induction of PANoptosis caused a significant production of
mtROS as revealed by MitoSOX fluorescence, while disulfiram
attenuated mtROS production in a dose-dependent manner
(Figures 5C, D). Consistent with mitochondrial injury,
intracellular ATP levels were decreased during PANoptosis
induction, whereas disulfiram reversed this decrease (Figure 5E).
Together, these results indicate that inhibition of PANoptosis in
macrophages is associated with blockade of mitochondrial
permeabilization and dysfunction by preventing PANoptosis
executors’ translocation to mitochondria.

Disulfiram blocks PANoptosome assembly
to inhibit PANoptosis signaling

Apart from its effect on preventing translocation of GSDMD-
NT, GSDME-NT and p-MLKL to mitochondria, we next explored
whether disulfiram affected the activation of PANoptotic signaling.
To this end, we performed Western blot analysis of cell lysates from
macrophages treated with OXO+TNF-o. or OXO+LPS. The results
showed that the treatment of PANoptosis inducers triggered the
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activation of pyroptosis (as revealed by generation of caspase-1p10
and GSDMD-NT, as well as the release of caspase-1p10 and mature
IL-1 into culture supernatant), apoptosis (as evident by generation
of cleaved caspase-3/8/9 and GSDME-NT), and necroptosis
signaling (as revealed by phosphorylation of MLKL and release of
HMGBI) (Figures 6A-C). Notably, both these signaling pathways
and the release of caspase-1p10, IL-1 and HMGBI1 were
substantially suppressed by disulfiram treatment (Figures 6A-C),
indicating that disulfiram could inhibit the activation of
PANoptotic signaling. Similar results were obtained from
BMDMs treated with OXO+LPS (Supplementary Figures S4A-C)
and from J774A.1 cells in response to OXO+TNF-a
(Supplementary Figures S5A-C) or OXO+LPS (Supplementary
Figures S6A-C).

Given previous findings indicating that mitochondrial
dysfunction has important roles in initiating and/or promoting
PANoptosome assembly (16, 17) and our aforementioned data
showing that disulfiram prevented mitochondrial injury during
PANoptosis, we next explored whether disulfiram could block the
assembly of PANoptosome to inhibit PANoptotic signaling. ASC
was distributed relative evenly in control cells, whereas upon
induction of PANoptosis by OXO+TNF-o, ASC became
aggregated as a speck and ASC speck was colocalized with pro-
caspase-8 and RIPK3 aggregates (Figure 6D) or with RIPK3 and
ZBP1 (Figure 6E), indicating the assembly of PANoptosome.
Disulfiram was able to block the formation of ASC speck and its
colocalization with pro-caspase-8 and RIPK3 aggregates
(Figure 6D) or with RIPK3 and ZBP1 (Figure 6E), indicative of
blockade of PANoptosome assembly. The inhibitory effect of
disulfiram on PANoptosome assembly was confirmed by Co-IP
assay (Supplementary Figures S7A, B). As ZBP1 can sense Z-DNA
(33) and our previous study showed that Z-DNA has a role in
PANoptosome assembly (16), we examined whether Z-DNA was
involved in the formation of PANoptosome by using an antibody
(Z22) against Z-DNA (34). Immunofluorescence microscopy
showed that Z-DNA was induced by OXO+TNF-o. treatment as
revealed by Z22 staining and Z-DNA appeared to be co-localized
with ASC speck and mitochondria, whereas disulfiram was able to
attenuate Z-DNA formation and its co-localization with ASC speck
(Supplementary Figure S8A). Meanwhile, oxidized mtDNA (as
revealed by 8-OHdG staining) was detected in cells treated with
OXO+TNF-o whereas disulfiram decreased the levels of oxidized
mtDNA (Supplementary Figure S8B). Disulfiram also dose-
dependently diminished the release of mtDNA (Supplementary
Figures S8C, D). To further assess the role of ZBP1, we knocked
down ZBPI expression by using siRNA (Supplementary Figure
S9A). Knockdown of ZBPI not only reduced OXO+TNF-o-
induced cell death (Supplementary Figure S9B) but also reversed
OXO+TNF-a-induced mitochondrial injury (Supplementary
Figures S9C-F). In addition, ZBP1 knockdown blocked the
PANoptosome assembly and suppressed Z-DNA formation
(Supplementary Figure S10), suggesting a role of ZBP1 in sensing
and/or stabilizing Z-DNA. Together, these data suggested that
disulfiram inhibited PANoptotic signaling by blocking the
formation of Z-DNA and the assembly of PANoptosome.
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FIGURE 4

The inhibition of PANoptosis by disulfiram is associated with suppression of GSDMD-NT, GSDME-NT, and p-MLKL translocation to mitochondria
and mitochondrial permeabilization in macrophages. BMDMs were pretreated with or without disulfiram (DSF) for 0.5 h, and then treated with
OXO for 1 h, followed by stimulation with TNF-a for 2 h in the presence or absence of DSF. (A, B) Lytic cell death was measured by staining with
Pl (red, staining dying cells) and Hoechst 33342 (blue, staining all nuclei). Fluorescence and bright-field images were captured using fluorescence
microscopy (A). Histograms showing quantitative analysis of cell death (B). Data are shown as mean + SD (n = 5). Scale bars, 50 um. ***P < 0.001.
(C, D) The levels of mitochondrial protein in mitochondria and in the cytosol were detected by Western blotting, and the inhibitory effect of DSF
on mitochondrial permeability caused by PANoptosis was analyzed (C). The inhibition of PANoptosis by disulfiram is associated with suppression of
GSDMD-NT, GSDME-NT, and p-MLKL translocation to mitochondria (D). B-Tubulin and COV IV were detected as internal controls for the cytosol
and mitochondria, respectively. (E) Western blotting of cell lysates from BMDMs was performed under a non-reducing condition to detect the
oligomerization of GSDMD-NT, GSDME-NT, and p-MLKL, respectively. The values under the blots represent their relative levels.
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FIGURE 5
Disulfiram (DSF) prevents the decline of mitochondrial function and ROS production. BMDMs were pretreated with or without DSF as indicated
for 0.5 h and then treated with OXO (0.1 uM) for 1 h, followed by stimulation with TNF-a. (5 ng/mL) for 2 h in the presence or absence of DSF.
(A, B) Mitochondrial membrane potential was analyzed by staining with TMRE. Fluorescence images were acquired with fluorescence microscopy
(A). Histograms showing the quantitative analysis of TMRE fluorescence (B). (C, D) Mitochondrial ROS generation was assayed by staining with
MitoSOX (C). Hoechst 33342 was used to reveal nuclei (blue, staining all nuclei). Scale bars, 50 um. Histograms showing the quantitative analysis of
MitoSOX (D). Data are shown as mean + SD (n = 5). (E) Histograms showing the intracellular ATP levels. **P < 0.01; ***P < 0.001; ns, not significant.

Disulfiram mitigates inflammation and
organ dysfunction in mice of HLH model
accompanied by suppression of
PANoptosis signaling

In view of the inhibitory effect of disulfiram on PANoptosis in
vitro, we sought to assess whether it could mitigate the severity of
HLH, which manifests systemic inflammation and multiple organ

Frontiers in Immunology

dysfunction being associated with PANoptosis (9). We established a
mouse model of HLH by sequentially intraperitoneal
administration of poly(I:C) and LPS as reported previously (9).
The hyperinflammation in this mouse model of HLH has be shown
to be macrophage intrinsic with natural killer (NK) and T cell being
dispensable (35), thus being used to confirm the in vitro results
from macrophages. Disulfiram was intraperitoneally administered
as illustrated in Figure 7A. Mice primed with poly(I:C) followed
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FIGURE 6

Disulfiram inhibits PANoptotic signaling by blocking the assembly of PANoptosome in macrophages. BMDMs were pretreated with or without
disulfiram (DSF) for 0.5 h and then treated with OXO (0.1 uM) for 1 h, followed by stimulation with TNF-o (5 ng/mL) for 2 h in the presence or
absence of DSF. (A—C) Western blot analysis was used to detect the expression levels of hallmarks for the activation of pyroptosis (A), apoptosis
(B), and necroptosis (C) signaling in cell lysates or culture supernatants (Sup) of cells. B-Actin was used as a loading control for cell lysates. The
values under the blots represent their relative levels. (D, E) Immunofluorescence microscopy was adopted to reveal the distribution of ASC, pro-
Casp8, and RIPK3 (D) or ASC, RIPK3 and ZBP1 (E). Nuclei (blue) were revealed by Hoechst 33342 staining. White arrows indicate ASC specks which
were co-localized with puncta of aggregated pro-Casp8, RIPK3, and ZBP1, indicating the assembly of PANoptosome. The images were captured

respectively and merged. Scale bars, 10 ym.
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with a challenge of LPS succumbed within two days. However,
disulfiram at a dose of 50 mg/kg (body weight) significantly
increased the survival of mice to 25% at the end of five days
while disulfiram at 200 mg/kg (body weight) increased the
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survival to 50% (Figure 7B). To further delineate organ
dysfunction, we evaluated the serum biomarkers for kidney and
liver functions in separate experiments 6 h after LPS challenge. The
increased ALT and AST serum levels in HLH mice were reduced by
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FIGURE 7

Disulfiram (DSF) increases the survival of mice and mitigates multiple organ injuries in a mouse model of HLH. (A) C57BL/6J mice (7—-8 weeks of age,
10 mice for each group) were treated with disulfiram (50 mg/kg body weight) or vehicle intraperitoneally (i.p.) and poly(l:C) (10 mg/kg body weight)
plus LPS (1 mg/kg body weight) as shown in the schematic for survival (a, upper panel) or for histopathological and biochemical analyses (a, bottom
panel). (B) Mice survival was monitored every 6 h for 5 consecutive days. Kaplan-Meier survival curves were used to analyze the data (n = 10 mice
per group). The significance was evaluated by the log-rank (Mantel-Cox) test. *P < 0.05; **P < 0.01 vs poly(l:C)+LPS group. (C—F) Serum levels of
alanine aminotransferase (ALT) (c) and aspartate aminotransferase (AST) (D), blood urea nitrogen (BUN) (E), and creatinine (F) in mice treated with
disulfiram (50 mg/kg body weight) and poly(l:C)+LPS were measured with respective assay kits. Data are presented as mean + SD (n = 5 mice per
group). **P < 0.01; ***P < 0.001; ns, not significant. (G) Representative images of the liver, kidney, and lung sections stained with hematoxylin and
eosin are shown. Arrows indicate injury areas. Scale bars, 100 um. (H) Histopathological scoring of the liver, kidney and lung. *P < 0.05; **P < 0.01;
***P < 0.001; ns, not significant.
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disulfiram treatment (Figures 7C, D), indicative of attenuated liver
injury. The serum BUN and creatinine levels were markedly
increased in mice of HLH model, whereas oral administration of
disulfiram decreased the levels of these biochemical parameters of
HLH mice (Figures 7E, F), indicating mitigation of kidney injury of
HLH mice. Further, histopathological examination with H&E
staining revealed varying degrees of injury in the liver, kidney,
and lung of HLH model mice compared to the control group. In the
liver of the HLH model group, thrombosis was observed in the
portal vein, accompanied by inflammatory cell infiltration and
hepatocyte spotty necrosis. The kidneys exhibited significant
glomerular atrophy, dilation of Bowman’s capsule, and tubular
epithelial cell necrosis. In the lungs, there was prominent
perivascular inflammatory cell infiltration, alveolar wall
thickening, and alveolar collapse. Notably, disulfiram treatment
ameliorated the inflammation and pathological damage in the liver,
kidney, and lung of HLH model mice (Figure 7G). Subsequently,
these tissues were subjected to histopathological scoring by blinded
evaluators. The histopathological scores of the liver, kidney, and
lung were significantly higher in the HLH model group than in the
control group and were significantly lower in the disulfiram
treatment group than in the HLH model group (Figure 7H).

Given the critical role of PANoptosis and inflammation in
organ injury of HLH mice (9), we assessed the systemic
inflammation and PANoptosis signaling in organs. Measurements
of cytokines by cytometric bead array (CBA) showed that several
inflammatory cytokines including IL-6, TNF-ca, [FN-y, IL-1f, and
MCP-1 (CCL-2) were markedly increased in sera of HLH mice
when compared to controls. Disulfiram administration significantly
reduced the serum levels of these cytokines (Figures 8A-E),
indicating mitigated systemic inflammation. Previous studies have
shown that PANoptosis has a crucial role in the organ injury of
HLH and that the combination of TNF-o. and IFN-y has an
indispensable role in this process (9). Consistent with these
studies, we found that the hallmarks for PANoptotic signaling
(caspase-1p10 and GSDMD-NT for pyroptosis, cleaved caspase-3
and GSDME-NT for apoptosis, and p-MLKL for necroptosis) was
substantially increased in the liver, kidney and lung of HLH mice
while disulfiram treatment reduced the levels of these hallmarks
(Figures 8F-H), suggesting that disulfiram can mitigate systemic
inflammation and multiple organ injury by suppressing
PANoptosis in vivo.

As Z-DNA have a role in PANoptosome assembly (16), we
lastly assessed whether some hallmarks of PANoptosome and Z-
DNA could be observed in vivo in organs of mice with HLH.
Indeed, Z22 staining showed that Z-DNA was induced in
macrophages (as revealed by F4/80 in the liver and Mac-2 in the
kidney and lung) of the liver, kidney and lung of mice treated with
poly(I:C) plus LPS and such Z-DNA was co-localized with p-MLKL
puncta in macrophages (Figures 9A, B, Supplementary Figure S11).
Disulfiram administration could abrogate Z-DNA formation in
vivo. These results suggest that Z-DNA may have a role in
regulating PANoptotic signaling in vivo upon induction of HLH
and that disulfiram may suppress PANoptosis signaling by blocking
Z-DNA induction.

Frontiers in Immunology

16

10.3389/fimmu.2025.1726408

Discussion

As a form of Iytic cell death, PANoptosis has been shown to play
an important role in a wide spectrum of inflammatory diseases
including HLH (1, 9). However, the mechanism underlying
PANoptotic process remains incompletely understood and drugs
targeting this process are an unmet demand (12). In this study, we
found that PANoptotic executors GSDMD-NT, GSDME-NT and
p-MLKL preferably bound to mitochondria leading to
permeabilization of OMM and IMM, which further augmented
the lytic cell death during PANoptosis. Importantly, we revealed
that the clinically approved anti-alcoholism drug, disulfiram, not
only prevented mitochondrial permeabilization concomitant with
prevention of PANoptotic executors from binding to mitochondria
but also blocked PANoptosome assembly to suppress PANoptotic
cell death signaling. Intraperitoneal administration of disulfiram
markedly mitigated systemic inflammation and multiple organ
injury accompanied by reduced PANoptotic signaling in a mouse
model of HLH. Our data may repurpose the anti-alcoholism old-
drug disulfiram to treat certain inflammatory diseases that are
associated with the activation of PANoptosis signaling.

PANoptosis has been shown to be triggered by a uniquely
molecular platform named PANoptosome, which encompasses key
components of various regulated cell death pathways including
ASC, RIPK3, pro-caspase-8, ZBP1, among others (5-7). A wide
range of stimuli has been shown to trigger the assembly of
PANoptosome (5), yet the upstream signaling that triggers and/
or potentiates this process remains partially understood. Our
previous studies revealed that during PANoptosis, oxidized
mtDNA could be released and transformed into Z-DNA, the
latter of which was further recognized by ZBP1 to trigger
PANoptosome assembly (16). The formation of mitochondrial
permeability transition pore (mPTP) - and voltage-dependent
anion channel (VDAC)-dependent channels in the IMM and
OMM, respectively, appeared to be required for mediating
mtDNA release and triggering PANoptosome assembly (16).
These initial triggers may be crucial in the triggering of
PANoptosis signaling; however, it was unclear whether the
initially produced PANoptotic executors, including GSDMD-NT,
GSDME-NT and p-MLKL, could further induce mitochondrial
damage to potentiate PANoptotic cell death.

It has been known that GSDMD-NT binds most strongly to the
mitochondrial cardiolipin and to the phosphatidylinositol
phosphates (PIPs), PtdIns(4)P and PtdIns(4,5)P2, and less
strongly to phosphatidic acid and phosphatidylserine, but does
not bind to phosphatidylethanolamine or phosphatidylcholine
(28, 29). Similarly, GSDME-NT can strongly bind to cardiolipin
(30, 36) and p-MLKL can bind PIPs and cardiolipin as well (31). Of
note, cardiolipin is predominantly present on the IMM of
mitochondria (37), which is inaccessible from the cytosol.
However, small amounts of cardiolipin are reportedly present on
OMM under basal conditions and OMM cardiolipin increases
during apoptosis (38, 39). Indeed, ~10% of mitochondria isolated
from untreated cells have exposed cardiolipin on the OMM, which
is accessible to GSDMD-NT (18). It is therefore possible that these

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1726408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2025.1726408

Li et al.
A C ok
8000+ ek 5000 — Hk o
300 - S
*k
o 4000 °
6000} _
—_ = —~
£ £ 3000 Ehaa
2 4000 g g
© a. 2000 iy
a2 2 & 100
20004 1000 4
ns
0 Lamee 0 Lacam [
Poly(I:C) (mg/kg) - - 10 10 Poly(I:C) (mg/kg) - - 10 10 Poly(l:C) (mg/kg) - - 10 10
LPS (mg/kg) - - 5 5 LPS (mg/kg) - - 5 5 LPS (mg/kg) - - 5 5
DSF(mgkg) - 50 - 50 DSF (mgkg) - 50 50 DSF (mghkg) - 50 - 50
Poly (mg/kg) - - - - 10 1010101010
LPS (mg/kg) - - - - 5 5 55 55
D E DSF (mg/kg) - - 50 50 - - - 505050
2500 - sk 80- ik Pro-Casp1 -——m -45 kDa
khkk *
2000 4 60 B
g o prip—
£ 15004 £ Casp1p10 -10k Da
2 2 404 Casp1p10:B-Actin 0 0 O 0 1 0803 0 0 0
5 1000 o8 GSDMD-FL e -53 kDa
w 1 =
=z <] = & &
a 500 20 GSDMD-NT -32 kDa
7 ns ns GSDMD-NTB-Actin 0 0 0 011 13 1 0101 0
] 0 C.Casp3 oe®- - 17k
Poly(l:C) (mg/kg) - - 10 10 Poly(I:C) (mg/kg) - - 10 10 C.Casp3B-Actin 0 0 0 0 1111102010
LPS (mgkg) - - 5 5 LPS (mgkg) - - 5 5 G DME-F L e —— e -55 kDa
DSF(mgkg) - 50 - 50 DSF (mghkg) - 50 - 50
GSDME-NT -37 kDa
GSDME-NTB-Actin 0 0 0 0 1 1090101 0
p-MLKL s -54 kDa
G H p-MLKL:B-Actin 0 O 0 009 1 1060301
.- - . B-Actin _43 kDa
Poly (mghkg) - - - - 1010101010 10 Poly (mg/kg) 1010 1010 10 10
LPS(mg/kg) - - - - 55 55 5 5 Li
LPS (mgkg) - - - - 5555 5 5 DSF (mgkg) - - 5050 - - - 5050 50 ver
DSF (mg/kg) - - 5050 - - - 505050
Pro-Caspt -.* -45 kDa PIO-Casp ————— 15 (D2
s Lo JE=EY
- &
Casp1p10 ——— -10 kDa Casp1 P10 GEARNE 10 kDa
Casp1p10:-Actn 0 0 0 0 111 10202 0 Casplp10B-Actin 0 0 0 0 091 1 02020
GSDMD-NT - = -32 kDa
GSDMD-NTB-Actin 0 0 001 1 111101 0101 GSDMD-NT R— -32 kDa
C.Casp3 e 17 kDa GSDMD-NTB-Actin 0 04101041 1090901 0.10.1
' ) C.Casp3 -17 kDa
C.Casp3:p-Actin 0 0 0 0 1 1 1 020202 C.CasoaBActin 0 04 0 0 1 1 1020201
GSDME-FL -55 kDa Casp3:p-Actin : < 02
- GSDME-FL bt e cun aubambemnanpams e 55 Da
et
GSDME-NT il -37 kDa GSDME-NT $-3 -37 kDa
GSDME-NT:B-Actin 0.1 010101 1 1.30.90.30.1 0 )
p-MLKL s i 54 54 kDa GSDME-NT:-Actin 0 0.1 04104 1 1 11050504
p-MLKL:B-Actin 0 0 0 03091 1 05030 p-MLKL L -54 kDa
B-Actin -43 kDa p-MLKL:B-Actin 0 0 00107 1 090501 0
B-ACHN s——————e 43 kDa
Kidney
Lung
FIGURE 8
Disulfiram (DSF) mitigates systemic inflammation and PANoptotic signaling in the liver, kidney and lung of mice with HLH. (A—E) Mice were treated
as shown in Figure 7A (bottom panel) and serum IL-6 (A), MCP-1 (B), IFN-y (C), TNF-a (D) and IL-1B (E) were quantitatively measured using
cytometric bead array (CBA) assays. Data are presented as mean + SD (n = 5 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
(F—H) Tissue lysates from the liver, kidney and lung were collected respectively. Western blotting analysis was used to examine the expression levels
of the activation hallmarks for PANoptosis in the liver (F), kidney (G) and lung (H) tissue lysates. Samples from 2 mice (for control or DSF alone) or
3 mice (for HLH or HLH+DSF) were analyzed. The values under the blots represent their relative levels. Poly: poly(l:C).

small amounts of exposed cardiolipin on OMM provide the initial
binding for the PANoptotic executors to form pores and thereby
permeabilize mitochondria. Indeed, GSDMD-NT can preferably
bind to and permeabilize mitochondria in a cardiolipin-dependent
manner (18). GSDME-NT has been reported to permeabilize
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mitochondria, which appears mediated by cardiolipin (19, 36). In
addition, p-MLKL has also been found to translocate to
mitochondria to cause mitochondrial injury (40, 41). Consistent
with these studies, we found that PANoptotic GSDMD-NT,
GSDME-NT and p-MLKL could translocate onto mitochondria
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Disulfiram (DSF) inhibits formation of Z-DNA in macrophages of the liver and kidney of mice with HLH. Mice were treated as shown in Figure 8.

(A, B) The liver (A) and kidney (B) tissues were fixed in 4% paraformaldehyde and frozen sectioned. After heat-induced antigen retrieval, the sections
were stained with primary antibodies specific for indicated proteins and appropriate fluorescence secondary antibodies. The tissue sections were
covered by antifade mounting medium with DAPI and coverslips. Immunofluorescence images were captured by a fluorescence microscopy. Arrows
indicate the co-localization of p-MLKL puncta with Z-NA in liver (F4/80 positive) and kidney (Mac-2-positive) macrophages. Scale bars, 10 ym

preceding lytic cell death, which appeared dependent on cardiolipin
because inhibition of cardiolipin synthesis by CRLS1 knockdown
diminished mitochondrial translocation. Concurrently, CRLSI
knockdown also reduced mitochondrial damage and lytic cell
death during PANoptosis, suggesting an important role of
mitochondrial cardiolipin in mediating mitochondrial
translocation and permeabilization by these PANoptotic executors.

Frontiers in Immunology

Mitochondria play critical roles in pyroptosis, apoptosis, and
necroptosis (42). In NLRP3 inflammasome-mediated pyroptosis,
newly synthesized mtDNA is oxidized by ROS and then fragmented
and released through mPTP and VDAC-dependent channels (43—
45). The released mtDNA can then trigger the assembly of NLRP3
inflammasome, activation of caspase-1 and generation of GSDMD-
NT, leading to pyroptosis (45). During apoptosis, cytochrome c is
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released from the intermembrane space of mitochondria through
mitochondrial outer membrane permeabilization (MOMP), leading
to apoptosome assembly and eventually apoptotic cell death (42).
Mitochondrial ROS has been shown to be involved in necroptosis
(46), but the exact underlying mechanism remains to be clarified.
Although our previously published data showed that mPTP- and
VDAC-dependent channels formed in mitochondria were crucial in
initiating PANoptotic signaling (16), we did not know how this
signaling was subsequently propagated. In this study, we found that
mitochondrial permeabilization by PANoptotic executors had an
important role in propagating the initial PANoptotic signaling. The
permeabilization of IMM and OMM not only led to the release of
ACO?2 and cytochrome ¢ but also other contents such as PNPT1
and mtDNA. These released mitochondrial components may
potentiate PANoptotic signaling by further promoting the
assembly of PANoptosome. In support of this notion, our
previous study revealed that oxidized mtDNA could be
transformed into Z-DNA, which in turn triggered ZBP1-
dependent assembly of PANoptosome in macrophages (16).
Consistent with this, we did observe Z-DNA formation in our
study and such Z-DNA was co-localized with ASC speck.
Recognition of Z-DNA by ZBPI could recruit other proteins,
such as RIPK3, to assemble PANoptosome in our experimental
setting, which is supported by the results showing that ZBP1
knockdown attenuated PANoptosome formation, mitochondrial
injury and cell death. In addition, given the finding that release of
PNPTI1 (an exoribonuclease in the IMS) has been shown to cause
global mRNA decay to promote pyroptosis (18), we presumed that
PNPT1 may have a similar function during PANoptosis.
Altogether, mitochondrial permeabilization during early phases of
PANoptosis has a crucial role in further propagating the cell
death signaling.

Considering such a crucial role of mitochondrial
permeabilization by GSDMD-NT, GSDME-NT and p-MLKL in
PANoptotic cell death, we speculated that prevention of such a
process may be a potential way to suppress PANoptotic cell death.
As a previous study showing that disulfiram can block GSDMD-NT
oligomerization and pore-formation in the plasma membrane (20),
we had posited this drug might have similar effects on preventing
oligomerization and pore-formation of PANoptotic executors and
thus preventing mitochondrial permeabilization. Indeed, our data
showed that disulfiram markedly diminished the oligomerization
and translocation of GSDMD-NT, GSDME-NT and p-MLKL to
mitochondria and prevented the release of both cytochrome ¢
(indicative of OMM permeabilization) and ACO2 (indicating
IMM permeabilization), suggesting an effective action of
disulfiram to protect mitochondria from injury and thereby
inhibiting the propagation of PANoptosis.

Cysteine (Cys) residues have been shown to play crucial roles in
regulating the activity of GSDMD-NT, GSDME-NT and p-MLKL.
Mutations or post-translational modifications of these Cys residues
in these proteins can pronouncedly affect their oligomerization and
membrane-binding activities, which are important for their pore-
forming activity. For instance, mutation of Cys36 or Cys192 to
alanine (Ala) in murine GSDMD-NT disrupted its oligomerization
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(28). Mutation of Cysl91 or inhibition of S-palmitoylation of
Cys191 in human GSDMD-NT suppresses its membrane
localization and dampens pyroptosis (47). A recent study further
revealed that simultaneous Cys39/57/192-to-Ala mutations
completely abrogate insertion of murine GSDMD-NT insertion
into artificial membranes and into the plasma membrane,
illustrating a synergistic role of Cys192 palmitoylation-mediated
membrane binding and Cys39/57/192-mediated oligomerization in
GSDMD-NT pore assembly (48). Moreover, the activity of GSDME
could also be regulated by modification of Cys residues via
palmitoylation (49) or by succination (50). In addition,
phosphorylation of MLKL exposes its 4HB domain to drive the
formation of tetramers through intermolecular disulfide bonds (51)
and modification of Cys86 of human MLKL by necrosulfonamide
inhibits its oligomerization and necroptotic cell death (52). As a
Cys-modifying drug that can inactivate a protein by reacting with
the sulfhydryl groups of free (reduced) Cys residues (53), disulfiram
may be able to modify these Cys residues in PANoptotic executors
thereby affecting their activities. Supporting this notion, it has been
reported that disulfiram can covalently modify Cys191 (human)/
Cys192 (mouse) of GSDMD to inhibit the oligomerization and
pore-formation of GSDMD-NT, thereby preventing pyroptosis
(20). A recent study further revealed that disulfiram can inhibit
NLRP3 palmitoylation at Cys126 residue, thus preventing its
localization to the trans-Golgi network and inflammasome
activation (21). Consistent with these studies, we found in this
study that disulfiram was able to effectively block the
oligomerization of GSDMD-NT, GSDME-NT and p-MLKL
during PANoptosis, indicating that disulfide bond formation had
been abolished. Thus, disulfiram might act as a Cys-modifying drug
to react with the Cys residues responsible for disulfide bond
formation in these active PANoptotic executors and thereby
inhibiting their oligomerization and subsequent mitochondrial
translocation and permeabilization. However, we cannot exclude
the possibility that disulfiram might also affect cardiolipin
distribution on mitochondria or even directly modify
mitochondrial proteins. In addition, as disulfiram reacts with the
sulfhydryl groups of free (reduced) residues (53), the reaction may
be modulated by the cellular redox status. The precise underlying
mechanism therefore warrants further investigation.

Apart from blocking PANoptotic executors from
permeabilizing mitochondria, we found that disulfiram was also
able to inhibit the activation of PANoptotic signaling. This is likely
due to that disulfiram-mediated protection of mitochondrial injury
had attenuated the release of key components such as cytochrome ¢
and mtDNA and thus suppressing the potentiation of cell death
signaling by blocking PANoptosome assembly. Supporting this,
disulfiram could substantially protect mitochondrial function, block
ASC speck formation and its colocalization with pro-caspase-8 and
RIPK3 (indicative of abrogation of PANoptosome) and suppress
PANoptotic signaling in macrophages during PANoptosis
induction. Alternatively, it is also possible that disulfiram could
primarily inhibit PANoptosis signaling pathway thereby
diminishing mitochondrial damage as a secondary effect, which
warrants further clarification.
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PANoptosis is a defending mechanism of innate immunity
against infections (54), but it also plays important roles in the
pathogenesis of inflammatory diseases such as COVID-19 and HLH
(1, 9). In these diseases, two key cytokines (i.e., TFN-o. and IFN-y)
drives multiple organ injury by induction of PANoptosis, while
their neutralization mitigates organ injury in mice treated with
TFN-o plus IEN-y (9). Beyond such pathologies, PANoptosis has
been implicated in murine models of inflammatory diseases. For
example, poly(I:C) priming followed by LPS challenge in mice can
recapitulate most aspects of HLH, providing a robust experimental
model (35). In the mouse model of HLH, neutralization of TFN-o
and IFN-y markedly improves survival, thus linking TFN-o+IFN-y-
induced PANoptosis to disease progression (9). Notably, the
systemic inflammation in this mouse model mirrors the
hyperinflammation observed in murine COVID-19 (9). Our
previous studies further demonstrated that all hallmarks for
pyroptosis, apoptosis and necroptosis were simultaneously
activated in the liver, kidney and lung tissues of poly(I:C)+LPS-
induced HLH mice coinciding with multiple organ injury,
reconfirming the link between PANoptosis and multiple organ
injury in this model (16, 55, 56). Beyond the HLH model,
PANoptosis has also been linked to heme (a DAMP) plus a
PAMP (such as LPS)-induced pathological organ injury in a
mouse model of hemolytic diseases (13). In addition, toxic
natural product triptolide induced PANoptosis in murine kidney
and liver tissues (11). Considering that the hyperinflammation of
poly(I:C)+LPS-induced mouse model of HLH is macrophage-
driven with NK and T cells being dispensable (35) and that
PANoptosis has been shown to be associated with systemic
inflammation and multiple organ damage in the model mice (9,
16, 56), we had chosen this mouse model to verify our in vitro
disulfiram results derived from macrophages. The dose of
disulfiram at 50 mg/kg (body weight) in mice is equivalent to
284 mg/day in humans, which is within the clinically approved
range of 125-500 mg/day for treating alcoholism (20, 57). Our data
showed that disulfiram administration significantly increased the
survival of mice with HLH. Of note, disulfiram mitigated the injury
of the liver, kidney and lung, reduced serum levels of cytokines
including TNF-o. and IEN-y, and suppressed PANoptotic signaling
in these organs, suggesting that disulfiram-mediated inhibition of
PANoptosis had a crucial role in attenuating multiple organ injury.
Furthermore, we found that macrophages in the liver, kidney and
lung of HLH mice exhibited key hallmarks of PANoptosis,
suggesting its important roles in causing organ damage. Notably,
disulfiram abolished these PANoptotic features in macrophages.
This is consistent with the previous study showing that
macrophages, but not NK and T cells, drive hyperinflammation
in the mouse model of HLH (35).

Although NK cells and T cells have been found to be
dispensable in poly(I:C)+LPS-induced mouse model of HLH (35),
the actions of disulfiram on other immune cells or on other
signaling pathways in vivo cannot be ruled out. For example,
disulfiram has been reported to suppress antibody-producing
reactions by inhibiting macrophage activation and B cell
pyrimidine metabolism in a heart transplantation mouse model
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(58). In addition, disulfiram mitigates STING-dependent
inflammation and autoimmunity by targeting RNF115 (59).
Interestingly, disulfiram can inhibit the sensing of LPS via TLR4
by modifying MD-2 at Cys133 residue (24). However, the roles of
these protein targets of disulfiram in PANoptosis warrant
future investigation.

Recently, it has been found that sensing of Z-NA (including Z-
RNA and Z-DNA) by ZBP1 has essential roles in pathogenesis of
virus infection or other inflammatory conditions. For example,
ZBP1-mediated recognition of Z-RNA can induce necroptosis
during infection of influenza A virus (IAV) to drive disease
severity (60). Sensing of endogenous Z-DNA by ZBP1 has been
shown to induce skin inflammation in mice with epidermis-specific
RIPK1 knockout and colitis in mice with intestinal epithelial-
specific FADD knockout (61). Notably, ZBP1 can stabilize Z-form
mtDNA and promote cardiotoxicity of doxorubicin by sensing Z-
form mtDNA cooperatively with cyclic GMP-AMP synthase
(cGAS) (34). Interestingly, by using the anti-Z-DNA antibody
722, a recent study showed increased Z-DNA in damaged gut,
which could be sensed by ZBP1 to trigger epithelial cell death
thereby delaying gut repair (62). Consistent with these reports, we
provided initial evidence that Z-DNA could be detected in
macrophages of the liver, kidney and lung of mice with HLH
accompanying the activation of PANoptosis signaling, suggesting
a role for the Z-DNA in PANoptosis and pathogenesis of HLH.
Upon recognition of Z-DNA, ZBP1 could trigger the assembly of
PANoptosome and subsequently PANoptotic cell death in
macrophages and other innate immune cells in vivo, leading to
the release of cytokines and DAMPs including IL-13, HMGBI1, and
ATP (1). These inflammatory cytokines and DAMPs could further
act on other immune cells to propagate the inflammatory responses,
which ultimately culminated in multiple organ damage in the model
mice of HLH. Additionally, ZBP1 activation may also trigger the
NEF-kB signaling and IRF3 signaling pathways leading to the
expression of inflammatory cytokines and type I interferons,
respectively (33). Further research is needed to uncover whether
these signaling pathways downstream of ZBP1 activation have been
involved in pathogenesis of HLH beyond PANoptotic cell death.

In conclusion, we in this study revealed that PANoptotic
executors, including GSDMD-NT, GSDME-NT and p-MLKL,
bind to and permeabilize mitochondria to potentiate lytic cell
death during PANoptosis. The clinically approved anti-alcoholism
drug disulfiram can not only prevent the binding of PANoptotic
executors to permeabilize mitochondria but also suppress
PANoptotic signaling by blocking the assembly of PANoptosome.
In a mouse model of HLH, disulfiram administration can mitigate
multiple organ injury and systemic inflammation accompanied by
diminished PANoptotic signaling. Our data reveal a previously
unrecognized activity of disulfiram and repurpose this clinically
approved drug for potential treatment of PANoptosis-related
inflammatory diseases. However, there are limitations in this
study. For instance, the cardiolipin distribution on mitochondria
under PANoptosis remains to be explored. Whether cardiolipin
knockdown affects apoptosis and necroptosis is also worth
investigating. The precise action mechanism of disulfiram on
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PANoptotic executors is still unclear. It is also unknown whether
this Cys-modifying drug can directly interact with mitochondrial
membrane through cardiolipin or proteins. The effect of disulfiram
on other immune cells during PANoptosis awaits further
exploration. Translation of murine disulfiram doses into humans
needs future investigation. Resolving these issues will further
promote the clinical application of disulfiram.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal studies were approved by Committee on the Ethics of
Animal Experiments at Jinan University. The studies were conducted
in accordance with the local legislation and institutional
requirements. Written informed consent was obtained from the
owners for the participation of their animals in this study.

Author contributions

Y-pL: Methodology, Investigation, Formal analysis, Writing —
original draft, Visualization. X-jN: Writing - original draft,
Investigation, Methodology. GZ: Writing - original draft,
Methodology. O-kC: Writing - original draft, Validation,
Methodology. NS: Methodology, Investigation, Writing — review &
editing. BH: Writing - review & editing, Resources.
Z-jS: Methodology, Supervision, Writing — review & editing, Formal
analysis. D-yO: Funding acquisition, Supervision, Conceptualization,
Writing — review & editing. X-hH: Supervision, Conceptualization,
Writing - review & editing, Funding acquisition. Q-bZ:
Conceptualization, Supervision, Writing - review & editing,
Funding acquisition.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by

References

1. Chen W, Gullett JM, Tweedell RE, Kanneganti TD. Innate immune inflammatory
cell death: PANoptosis and PANoptosomes in host defense and disease. Eur ] Immunol.
(2023) 53:€2250235. doi: 10.1002/¢ji.202250235

2. Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of inflammation.
Science. (2021) 374:1076-80. doi: 10.1126/science.abi5934

Frontiers in Immunology

21

10.3389/fimmu.2025.1726408

Medical Joint Fund of Jinan University (No. YXJC2024001) and
by grants from the National Natural Science Foundation of China
(No. 82274167, No. 81773965, No. 81873064).

Acknowledgments

We also thank Prof. Yong-tang Zheng (Kunming Institute of
Zoology, the Chinese Academy of Sciences) for his kindly help in
this study.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1726408/full#supplementary-material

3. AiY, Meng Y, Yan B, Zhou Q, Wang X. The biochemical pathways of apoptotic,
necroptotic, pyroptotic, and ferroptotic cell death. Mol Cell. (2024) 84:170-9.
doi: 10.1016/j.molcel.2023.11.040

4. Pandian N, Kanneganti TD. PANoptosis: A unique innate immune inflammatory
cell death modality. J Immunol. (2022) 209:1625-33. doi: 10.4049/jimmunol.2200508

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1726408/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1726408/full#supplementary-material
https://doi.org/10.1002/eji.202250235
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1016/j.molcel.2023.11.040
https://doi.org/10.4049/jimmunol.2200508
https://doi.org/10.3389/fimmu.2025.1726408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

5. SunX, Yang Y, Meng X, LiJ, Liu X, Liu H. PANoptosis: Mechanisms, biology, and
role in disease. Immunol Rev. (2024) 321:246-62. doi: 10.1111/imr.13279

6. Christgen S, Zheng M, Kesavardhana S, Karki R, Malireddi RKS, Banoth B, et al.
Identification of the PANoptosome: A molecular platform triggering pyroptosis,
apoptosis, and necroptosis (PANoptosis). Front Cell Infect Microbiol. (2020) 10:237.
doi: 10.3389/fcimb.2020.00237

7. Samir P, Malireddi RKS, Kanneganti TD. The PANoptosome: A deadly protein
complex driving pyroptosis, apoptosis, and necroptosis (PANoptosis). Front Cell Infect
Microbiol. (2020) 10:238. doi: 10.3389/fcimb.2020.00238

8. Malireddi RKS, Gurung P, Kesavardhana S, Samir P, Burton A, Mummareddy H,
et al. Innate immune priming in the absence of TAKI1 drives RIPK1 kinase activity-
independent pyroptosis, apoptosis, necroptosis, and inflammatory disease. J Exp Med.
(2020) 217:jem.20191644. doi: 10.1084/jem.20191644

9. Karki R, Sharma BR, Tuladhar S, Williams EP, Zalduondo L, Samir P, et al.
Synergism of TNF-o: and IFN-y Triggers inflammatory cell death, tissue damage, and
mortality in SARS-CoV-2 infection and cytokine shock syndromes. Cell. (2021)
184:149-68.¢17. doi: 10.1016/j.cell.2020.11.025

10. Liu LX, Heng JH, Deng DX, Zhao H, Zheng ZY, Liao LD, et al. Sulconazole
induces PANoptosis by triggering oxidative stress and inhibiting glycolysis to increase
radiosensitivity in esophageal cancer. Mol Cell Proteomics. (2023) 22:100551.
doi: 10.1016/j.mcpro.2023.100551

11. Zhang HR, Li YP, Shi ZJ, Liang QQ, Chen SY, You YP, et al. Triptolide induces
PANoptosis in macrophages and causes organ injury in mice. Apoptosis. (2023)
28:1646-65. doi: 10.1007/s10495-023-01886-6

12. Wang L, Zhu Y, Zhang L, Guo L, Wang X, Pan Z, et al. Mechanisms of
PANoptosis and relevant small-molecule compounds for fighting diseases. Cell Death
Dis. (2023) 14:851. doi: 10.1038/s41419-023-06370-2

13. Sundaram B, Pandian N, Mall R, Wang Y, Sarkar R, Kim HJ, et al. NLRP12-
PANoptosome activates PANoptosis and pathology in response to heme and PAMPs.
Cell. (2023) 186:2783-801.€20. doi: 10.1016/j.cell.2023.05.005

14. She R, Liu D, Liao J, Wang G, Ge J, Mei Z. Mitochondrial dysfunctions induce
PANoptosis and ferroptosis in cerebral ischemia/reperfusion injury: from pathology to
therapeutic potential. Front Cell Neurosci. (2023) 17:1191629. doi: 10.3389/
fncel.2023.1191629

15. Zeng Z, You M, Fan C, Rong R, Li H, Xia X. Pathologically high intraocular
pressure induces mitochondrial dysfunction through Drp1 and leads to retinal ganglion
cell PANoptosis in glaucoma. Redox Biol. (2023) 62:102687. doi: 10.1016/
j.redox.2023.102687

16. You YP, Yan L, Ke HY, Li YP, Shi ZJ, Zhou ZY, et al. Baicalin inhibits
PANoptosis by blocking mitochondrial Z-DNA formation and ZBP1-PANoptosome
assembly in macrophages. Acta Pharmacol Sin. (2025) 46:430-47. doi: 10.1038/s41401-
024-01376-8

17. Shi FL, Li Q, Xu R, Yuan LS, Chen Y, Shi ZJ, et al. Blocking reverse electron
transfer-mediated mitochondrial DNA oxidation rescues cells from PANoptosis. Acta
Pharmacol Sin. (2024) 45:594-608. doi: 10.1038/s41401-023-01182-8

18. Miao R, Jiang C, Chang WY, Zhang H, An J, Ho F, et al. Gasdermin D
permeabilization of mitochondrial inner and outer membranes accelerates and
enhances pyroptosis. Immunity. (2023) 56:2523-41.e8. doi: 10.1016/j.immuni.2023.10.004

19. Rogers C, Erkes DA, Nardone A, Aplin AE, Fernandes-Alnemri T, Alnemri ES.
Gasdermin pores permeabilize mitochondria to augment caspase-3 activation during
apoptosis and inflammasome activation. Nat Commun. (2019) 10:1689. doi: 10.1038/
541467-019-09397-2

20. Hu JJ, Liu X, Xia S, Zhang Z, Zhang Y, Zhao J, et al. FDA-approved disulfiram
inhibits pyroptosis by blocking gasdermin D pore formation. Nat Immunol. (2020)
21:736-45. doi: 10.1038/s41590-020-0669-6

21. Xu J, Pickard JM, Nufiez G. FDA-approved disulfiram inhibits the NLRP3
inflammasome by regulating NLRP3 palmitoylation. Cell Rep. (2024) 43:114609.
doi: 10.1016/j.celrep.2024.114609

22. Zeng B, Huang Y, Chen S, Xu R, Xu L, Qiu J, et al. Dextran sodium sulfate
potentiates NLRP3 inflammasome activation by modulating the KCa3.1 potassium
channel in a mouse model of colitis. Cell Mol Immunol. (2022) 19:925-43. doi: 10.1038/
541423-022-00891-0

23. Zhong M, Huang Y, Zeng B, Xu L, Zhong C, Qiu J, et al. Induction of multiple
subroutines of regulated necrosis in murine macrophages by natural BH3-mimetic
gossypol. Acta Biochim Biophys Sin (Shanghai). (2022) 54:64-76. doi: 10.3724/
abbs.2021004

24. Bai Y, Min R, Chen P, Mei S, Deng F, Zheng Z, et al. Disulfiram blocks
inflammatory TLR4 signaling by targeting MD-2. Proc Natl Acad Sci U S A. (2023) 120:
€2306399120. doi: 10.1073/pnas.2306399120

25. Abe Y, Hines IN, Zibari G, Pavlick K, Gray L, Kitagawa Y, et al. Mouse model of
liver ischemia and reperfusion injury: method for studying reactive oxygen and
nitrogen metabolites in vivo. Free Radic Biol Med. (2009) 46:1-7. doi: 10.1016/
j.freeradbiomed.2008.09.029

26. Bulacio RP, Torres AM. Time course of organic anion transporter 5 (Oat5)
urinary excretion in rats treated with cisplatin: a novel urinary biomarker for early
detection of drug-induced nephrotoxicity. Arch Toxicol. (2015) 89:1359-69.
doi: 10.1007/s00204-014-1345-0

Frontiers in Immunology

10.3389/fimmu.2025.1726408

27. Matute-Bello G, Downey G, Moore BB, Groshong SD, Matthay MA, Slutsky AS,
et al. An official American Thoracic Society workshop report: features and
measurements of experimental acute lung injury in animals. Am ] Respir Cell Mol
Biol. (2011) 44:725-38. doi: 10.1165/rcmb.2009-0210ST

28. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature. (2016)
535:153-8. doi: 10.1038/nature18629

29. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535:111-6.
doi: 10.1038/nature18590

30. Wang Y, Gao W, Shi X, Ding J, Liu W, He H, et al. Chemotherapy drugs induce
pyroptosis through caspase-3 cleavage of a gasdermin. Nature. (2017) 547:99-103.
doi: 10.1038/nature22393

31. WangH, Sun L, Su L, Rizo J, Liu L, Wang LF, et al. Mixed lineage kinase domain-
like protein MLKL causes necrotic membrane disruption upon phosphorylation by
RIP3. Mol Cell. (2014) 54:133-46. doi: 10.1016/j.molcel.2014.03.003

32. Ahmadpour ST, Maheéo K, Servais S, Brisson L, Dumas JF. Cardiolipin, the
mitochondrial signature lipid: implication in cancer. Int | Mol Sci. (2020) 21:8031.
doi: 10.3390/ijms21218031

33. Maelfait J, Rehwinkel J. The Z-nucleic acid sensor ZBP1 in health and disease. J
Exp Med. (2023) 220:€20221156. doi: 10.1084/jem.20221156

34. Lei Y, VanPortfliet JJ, Chen YF, Bryant JD, Li Y, Fails D, et al. Cooperative
sensing of mitochondrial DNA by ZBP1 and cGAS promotes cardiotoxicity. Cell.
(2023) 186:3013-32.€22. doi: 10.1016/j.cell.2023.05.039

35. Wang A, Pope SD, Weinstein JS, Yu S, Zhang C, Booth CJ, et al. Specific
sequences of infectious challenge lead to secondary hemophagocytic
lymphobhistiocytosis-like disease in mice. Proc Natl Acad Sci U S A. (2019) 116:2200—
9. doi: 10.1073/pnas.1820704116

36. Neel DV, Basu H, Gunner G, Bergstresser MD, Giadone RM, Chung H, et al.
Gasdermin-E mediates mitochondrial damage in axons and neurodegeneration.
Neuron. (2023) 111:1222-40.€9. doi: 10.1016/j.neuron.2023.02.019

37. Schlame M. Cardiolipin synthesis for the assembly of bacterial and
mitochondrial membranes. J Lipid Res. (2008) 49:1607-20. doi: 10.1194/jlr.R700018-
JLR200

38. Chu CT, Ji ], Dagda RK, Jiang JF, Tyurina YY, Kapralov AA, et al. Cardiolipin
externalization to the outer mitochondrial membrane acts as an elimination signal for
mitophagy in neuronal cells. Nat Cell Biol. (2013) 15:1197-205. doi: 10.1038/ncb2837

39. Pizzuto M, Pelegrin P. Cardiolipin in immune signaling and cell death. Trends
Cell Biol. (2020) 30:892-903. doi: 10.1016/j.tcb.2020.09.004

40. Wan H, Yang YD, Zhang Q, Chen YH, Hu XM, Huang YX, et al. VDACI, as a
downstream molecule of MLKL, participates in OGD/R-induced necroptosis by
inducing mitochondrial damage. Heliyon. (2024) 10:e23426. doi: 10.1016/
j-heliyon.2023.e23426

41. Lian CY, Xia WH, Sun MC, Wan XM, Zhou XL, Wang L. Cadmium targeting
MLKL-Drpl axis to trigger mitochondrial oxidative stress contributes to
necroinflammation in rat kidney. J Adv Res. (2025). doi: 10.1016/j.jare.2025.05.055

42. Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell death. Nat
Rev Mol Cell Biol. (2020) 21:85-100. doi: 10.1038/s41580-019-0173-8

43. Zhong Z, Liang S, Sanchez-Lopez E, He F, Shalapour S, Lin X], et al. New
mitochondrial DNA synthesis enables NLRP3 inflammasome activation. Nature.
(2018) 560:198-203. doi: 10.1038/s41586-018-0372-z

44. Kim J, Gupta R, Blanco LP, Yang S, Shteinfer-Kuzmine A, Wang K, et al. VDAC
oligomers form mitochondrial pores to release mtDNA fragments and promote lupus-
like disease. Science. (2019) 366:1531-6. doi: 10.1126/science.aav4011

45. Xian H, Watari K, Sanchez-Lopez E, Offenberger J, Onyuru J, Sampath H, et al.
Oxidized DNA fragments exit mitochondria via mPTP- and VDAC-dependent
channels to activate NLRP3 inflammasome and interferon signaling. Immunity.
(2022) 55:1370-85.€8. doi: 10.1016/j.immuni.2022.06.007

46. Zhang Y, Su SS, Zhao S, Yang Z, Zhong CQ, Chen X, et al. RIP1
autophosphorylation is promoted by mitochondrial ROS and is essential for RIP3
recruitment into necrosome. Nat Commun. (2017) 8:14329. doi: 10.1038/
ncomms14329

47. Liu Z, Li S, Wang C, Vidmar KJ, Bracey S, Li L, et al. Palmitoylation at a
conserved cysteine residue facilitates gasdermin D-mediated pyroptosis and cytokine
release. Proc Natl Acad Sci U S A. (2024) 121:e2400883121. doi: 10.1073/
pnas.2400883121

48. Margheritis E, Kappelhoff S, Danial ], Gehle N, Kohl W, Kurre R, et al.
Gasdermin D cysteine residues synergistically control its palmitoylation-mediated
membrane targeting and assembly. EMBO J. (2024) 43:4274-97. doi: 10.1038/
544318-024-00190-6

49. Hu L, Chen M, Chen X, Zhao C, Fang Z, Wang H, et al. Chemotherapy-induced
pyroptosis is mediated by BAK/BAX-caspase-3-GSDME pathway and inhibited by 2-
bromopalmitate. Cell Death Dis. (2020) 11:281. doi: 10.1038/s41419-020-2476-2

50. Humphries F, Shmuel-Galia L, Ketelut-Carneiro N, Li S, Wang B, Nemmara VV,
et al. Succination inactivates gasdermin D and blocks pyroptosis. Science. (2020)
369:1633-7. doi: 10.1126/science.abb9818

frontiersin.org


https://doi.org/10.1111/imr.13279
https://doi.org/10.3389/fcimb.2020.00237
https://doi.org/10.3389/fcimb.2020.00238
https://doi.org/10.1084/jem.20191644
https://doi.org/10.1016/j.cell.2020.11.025
https://doi.org/10.1016/j.mcpro.2023.100551
https://doi.org/10.1007/s10495-023-01886-6
https://doi.org/10.1038/s41419-023-06370-2
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.3389/fncel.2023.1191629
https://doi.org/10.3389/fncel.2023.1191629
https://doi.org/10.1016/j.redox.2023.102687
https://doi.org/10.1016/j.redox.2023.102687
https://doi.org/10.1038/s41401-024-01376-8
https://doi.org/10.1038/s41401-024-01376-8
https://doi.org/10.1038/s41401-023-01182-8
https://doi.org/10.1016/j.immuni.2023.10.004
https://doi.org/10.1038/s41467-019-09397-2
https://doi.org/10.1038/s41467-019-09397-2
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1016/j.celrep.2024.114609
https://doi.org/10.1038/s41423-022-00891-0
https://doi.org/10.1038/s41423-022-00891-0
https://doi.org/10.3724/abbs.2021004
https://doi.org/10.3724/abbs.2021004
https://doi.org/10.1073/pnas.2306399120
https://doi.org/10.1016/j.freeradbiomed.2008.09.029
https://doi.org/10.1016/j.freeradbiomed.2008.09.029
https://doi.org/10.1007/s00204-014-1345-0
https://doi.org/10.1165/rcmb.2009-0210ST
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/nature22393
https://doi.org/10.1016/j.molcel.2014.03.003
https://doi.org/10.3390/ijms21218031
https://doi.org/10.1084/jem.20221156
https://doi.org/10.1016/j.cell.2023.05.039
https://doi.org/10.1073/pnas.1820704116
https://doi.org/10.1016/j.neuron.2023.02.019
https://doi.org/10.1194/jlr.R700018-JLR200
https://doi.org/10.1194/jlr.R700018-JLR200
https://doi.org/10.1038/ncb2837
https://doi.org/10.1016/j.tcb.2020.09.004
https://doi.org/10.1016/j.heliyon.2023.e23426
https://doi.org/10.1016/j.heliyon.2023.e23426
https://doi.org/10.1016/j.jare.2025.05.055
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.1038/s41586-018-0372-z
https://doi.org/10.1126/science.aav4011
https://doi.org/10.1016/j.immuni.2022.06.007
https://doi.org/10.1038/ncomms14329
https://doi.org/10.1038/ncomms14329
https://doi.org/10.1073/pnas.2400883121
https://doi.org/10.1073/pnas.2400883121
https://doi.org/10.1038/s44318-024-00190-6
https://doi.org/10.1038/s44318-024-00190-6
https://doi.org/10.1038/s41419-020-2476-2
https://doi.org/10.1126/science.abb9818
https://doi.org/10.3389/fimmu.2025.1726408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

51. Huang D, Zheng X, Wang ZA, Chen X, He WT, Zhang Y, et al. The MLKL
channel in necroptosis is an octamer formed by tetramers in a dyadic process. Mol Cell
Biol. (2017) 37:€00497-16. doi: 10.1128/mcb.00497-16

52. Liu S, Liu H, Johnston A, Hanna-Addams S, Reynoso E, Xiang Y, et al.
MLKL forms disulfide bond-dependent amyloid-like polymers to induce
necroptosis. Proc Natl Acad Sci U S A. (2017) 114:E7450-¢9. doi: 10.1073/
pnas.1707531114

53. Castillo-Villanueva A, Rufino-Gonzalez Y, Méndez ST, Torres-Arroyo A, Ponce-
Macotela M, Martinez-Gordillo MN, et al. Disulfiram as a novel inactivator of Giardia

lamblia triosephosphate isomerase with antigiardial potential. Int J Parasitol Drugs
Drug Resist. (2017) 7:425-32. doi: 10.1016/1.ijpddr.2017.11.003

54. Lee S, Karki R, Wang Y, Nguyen LN, Kalathur RC, Kanneganti TD. AIM2 forms
a complex with pyrin and ZBP1 to drive PANoptosis and host defence. Nature. (2021)
597:415-9. doi: 10.1038/s41586-021-03875-8

55. Li YP, Zhou ZY, Yan L, You YP, Ke HY, Yuan T, et al. Inflammatory cell death
PANoptosis is induced by the anti-cancer curaxin CBL0137 via eliciting the assembly of
ZBP1-associated PANoptosome. Inflammation Res. (2024) 73:597-617. doi: 10.1007/
s00011-024-01858-9

56. Yuan T, Yang HY, Li YP, Shi ZJ, Zhou ZY, You YP, et al. Scutellarin inhibits
inflammatory PANoptosis by diminishing mitochondrial ROS generation and blocking

Frontiers in Immunology

23

10.3389/fimmu.2025.1726408

PANoptosome formation. Int Immunopharmacol. (2024) 139:112710. doi: 10.1016/
j.intimp.2024.112710

57. Nair AB, Jacob S. A simple practice guide for dose conversion between animals
and human. J Basic Clin Pharm. (2016) 7:27-31. doi: 10.4103/0976-0105.177703

58. Chen W, Toda E, Takeuchi K, Sawa Y, Wakamatsu K, Kuwahara N, et al.
Disulfiram treatment suppresses antibody-producing reactions by inhibiting
macrophage activation and B cell pyrimidine metabolism. Commun Biol. (2024)
7:488. doi: 10.1038/542003-024-06183-9

59. Zhang ZD, Shi CR, Li FX, Gan H, Wei Y, Zhang Q, et al. Disulfiram ameliorates
STING/MITA-dependent inflammation and autoimmunity by targeting RNF115. Cell
Mol Immunol. (2024) 21:275-91. doi: 10.1038/s41423-024-01131-3

60. Zhang T, Yin C, Boyd DF, Quarato G, Ingram JP, Shubina M, et al. Influenza
virus Z-RNAs induce ZBP1l-mediated necroptosis. Cell. (2020) 180:1115-29.e13.
doi: 10.1016/j.cell.2020.02.050

61. Jiao H, Wachsmuth L, Kumari S, Schwarzer R, Lin J, Eren RO, et al. Z-nucleic-
acid sensing triggers ZBP1-dependent necroptosis and inflammation. Nature. (2020)
580:391-5. doi: 10.1038/541586-020-2129-8

62. Jena KK, Mambu J, Boehmer D, Sposito B, Millet V, de Sousa Casal J, et al. Type
III interferons induce pyroptosis in gut epithelial cells and impair mucosal repair. Cell.
(2024) 187:7533-50.€23. doi: 10.1016/j.cell.2024.10.010

frontiersin.org


https://doi.org/10.1128/mcb.00497-16
https://doi.org/10.1073/pnas.1707531114
https://doi.org/10.1073/pnas.1707531114
https://doi.org/10.1016/j.ijpddr.2017.11.003
https://doi.org/10.1038/s41586-021-03875-8
https://doi.org/10.1007/s00011-024-01858-9
https://doi.org/10.1007/s00011-024-01858-9
https://doi.org/10.1016/j.intimp.2024.112710
https://doi.org/10.1016/j.intimp.2024.112710
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1038/s42003-024-06183-9
https://doi.org/10.1038/s41423-024-01131-3
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1038/s41586-020-2129-8
https://doi.org/10.1016/j.cell.2024.10.010
https://doi.org/10.3389/fimmu.2025.1726408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Anti-alcoholism drug disulfiram inhibits PANoptosis by blocking mitochondrial permeabilization in macrophages
	Introduction
	Materials and methods
	Reagents and antibodies
	Animals
	Cell culture
	Bone marrow-derived macrophages
	Cell death assay
	Precipitation of soluble proteins
	Western blot analysis
	RNA interference
	Immunofluorescence microscopy
	Co-immunoprecipitation
	Time course of cell death and mitochondrial membrane potential
	Time course of cell death and mitochondrial ROS
	Mitochondrial protein release assay
	Plasma membrane extraction
	Mitochondrial DNA release assay
	Cellular ATP assay
	Poly(I:C)/LPS induced HLH model
	Histopathological scoring
	Detection of serum cytokines
	Immunofluorescence staining of frozen sections
	Statistical analysis

	Results
	Permeabilization of mitochondria is an important stage preceding lytic cell death in macrophages during PANoptosis
	Mitochondrial damage is associated with cardiolipin-dependent translocation of GSDMD-NT, GSDME-NT and p-MLKL to mitochondria
	Inhibition of PANoptosis by disulfiram is linked to suppression of mitochondrial permeabilization
	Disulfiram blocks PANoptosome assembly to inhibit PANoptosis signaling
	Disulfiram mitigates inflammation and organ dysfunction in mice of HLH model accompanied by suppression of PANoptosis signaling

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


