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Introduction: PANoptosis is a form of in ammatory cell death that exhibits
simultaneous activation of pyroptosis, apoptosis and necroptosis signaling.
Disul ram is a clinically used anti-alcoholism drug and can inhibit NLRP3
in ammasome activation and pyroptosis. However, it is unknown whether and
how disul ram interferes with PANoptosis and related in ammatory diseases.
Methods: PANoptosis was induced in murine macrophages and related protein
levels were assayed by immunoblotting. The effects of disul ram 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, disul ram not only
prevented mitochondrial permeabilization but also suppressed PANoptotic
signaling activation in macrophages. Mechanistically, disul ram 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
disul ram. In a mouse model of HLH, intraperitoneal administration of disul ram
substantially decreased systemic in ammation 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 disul ram to inhibit
PANoptosis both in vitro and in vivo was discovered, thus repurposing this
anti-alcoholism drug for the treatment of PANoptosis-related
in ammatory diseases.
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GRAPHICAL ABSTRACT

Introduction

In ammatory 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 in ammation
of other cells, thus playing critical roles in a broad spectrum of
in ammatory 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
identi ed 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 in ammatory responses (6, 7).

PANoptosis can be induced by different pharmacological
stimulations or under different pathological conditions. For
example, it has been revealed that the de ciency or inhibition of
TGF-b activated kinase 1 (TAKZ, 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 a (TNF-a), indicating the induction of PANoptosis (8).
Furthermore, PANoptosis can be elicited in macrophages by TNF-a
in combination with interferon-g (IFN-g) (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 in ammatory
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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 in ammatory 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 lytic 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 in ammasome 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.

Disul ram, 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 disul ram also
suppresses NLR family pyrin domain containing 3 (NLRP3)
in ammasome activation by regulating the palmitoylation of this
sensor (21). These studies highlight disul ram as a potential drug to
treat in ammatory disorders related to NLRP3 in ammasome and
pyroptosis (20, 21). However, it is still not known whether and how
disul ram 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, disul ram, was able to
inhibit PANoptosis by suppressing binding of these cell death
executors to mitochondria and by attenuating PANoptosome
assembly. Furthermore, disul ram markedly mitigated systemic
in ammation 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 disul ram in inhibiting PANoptosis and
repurposing it for PANoptosis-related in ammatory diseases.

Materials and methods
Reagents and antibodies

Disul ram (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 1gG (SAB4600237), CF568-conjugated
goat-anti-rabbit 1gG (SAB4600084), Tween-20 (P1379), Tween-80
(P8074), and DL-dithiothreitol (DTT) (D0632) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Murine TNF-a (315-01A) was
obtained from PeproTech (Rocky Hill, NJ, USA). Poly(l:C) (HMW)
(#tlrl-pic) were purchased from InvivoGen (San Diego, CA, USA).
Dulbecco’s modi ed 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 Scienti ¢ (Carlshad, CA, USA). Phenylmethanesulfonyl

uoride (PMSF, ST505), TMRE (C2001) and ATP assay kit
(S0026) were purchased from Beyotime (Shanghai, China). Speci ¢
antibodies against ASC (#67824), ASC AlexaFluor488 conjugated
(#17507), COX 1V (#11967S), ACO2 (6571), cleaved caspase-3
(#9664), cleaved caspase-8 (#8592), cleaved caspase-9 (#9509),
HMGBL1 (#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 (ah209845), GSDME
(ab215191), pro-caspasel+pl0+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). Speci ¢ 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/6J 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 humidi ed 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). Brie y, C57BL/6J mice
were sacri ced 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 pg/mL streptomycin, plus
20% macrophage-colony stimulating factor-contained medium
from L929 cells) at 37°C in a humidi ed 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). Brie vy,
cells in 24-well plates were treated with graded doses of disul ram
for 0.5 h, followed by indicated concentration of OXO for 1 h prior
to TNF-a or LPS treatment for another 2 or 5 h, respectively. After
indicated treatment, Pl (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-Neo uar 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 Pl-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-1b,
caspase-1p10 and HMGB1 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 speci ¢ 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 uoride (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

Im. ImageJ 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), Zbplgene (encoding ZBP1) (5 -
GCCTGCAACATGGAGCATA-3) (16) and negative control siRNA
(NC-siRNA) were designed and synthesized by RiboBio (Guangzhou,
China). Knockdown of Crlslor Zbplwith 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-a to induce
PANoptosis, and then subjected to cell death assay, mitochondrial
functional test or Western blot analysis, respectively.

Immuno uorescence microscopy

Immuno uorescence staining was performed as previously
described (16). In brief, cells were seeded in glass-bottom cell
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culture dishes overnight. After indicated treatments, the cells were

xed, 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 1gG 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 mg/mL in PBS) to reveal the nuclei. Cell images were captured
with a Zeiss Axio Observer D1 inverted uorescence 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 disul ram for 0.5 h, followed by treatment with
OXO and TNF-a for 2 h in the presence or absence of disul ram. 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 mg) 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 19gG (0.75 mg antibody per 120 mg 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. Brie v, 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 uorescence
images of TMRE and SYTOX green were acquired at Rhodamine and
GFP channel, respectively, by using a Zeiss Axio Observer D1 inverted

uorescence microscope (Carl Zeiss). Mean uorescence intensity was
quanti ed 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 mM) and SYTOX
green (100 nM) at 37°C for 15 min. Live-cell uorescence images of
MitoSOX red and SYTOX green were acquired at Rhodamine and
GFP channel, respectively, by using a Zeiss Axio Observer D1
inverted uorescence microscope (Carl Zeiss). Mean uorescence
intensity was quanti ed 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 107/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 Puri cation 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
quanti ed by qPCR using primers speci ¢ 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. Brie vy,
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cells in 6-well plates were pretreated with disul ram, followed by
treatment with OXO and TNF-a for 2 h in the presence or absence
of disul ram. 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(I:C)/LPS induced HLH model

A mouse model of HLH was established by sequentially
administration of poly(l:C) and LPS as reported previously (9,
16). C57BL/6J 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(l:C)/LPS, and DSF plus poly(l:C)/LPS group. The
mice in DSF group and DSF plus poly(l: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(l:
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(l:C)/LPS and DSF plus poly(l: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(l: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 sacri ced 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 xed in a 4% neutral
formaldehyde solution, embedded in paraf n, 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 disul ram (50
or 200 mg/kg body weight) together with poly(l: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-a, and IFN-g) in sera of
experimental mice were measured by cytometric bead array kits, a
mouse IL-1b FlexSet kit (#560232) and a mouse in ammation kit
(#552364), according to the instructions of the manufacturer (BD
Biosciences, San Jose, CA, USA). Data were analyzed with a ow
cytometer and related software (Attune NXT acoustic focusing
cytometer, Thermo Fisher Scienti c).

Immuno uorescence staining of frozen
sections

The liver, kidney and lung tissues were xed with 4%
paraformaldehyde for 24 h. Frozen sections with a thickness of 8
mm 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 uorescent 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 signi cance for
multiple comparisons was determined using one-way analysis of
variance (ANOVA) followed by Bonferroni post hodest. Mouse
survival was analyzed using Kaplan-Meier survival curves and
signi cance was evaluated by the log-rank (Mantel-Cox) test. A
signi cance level of P < 0.05 was considered statistically signi cant.

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 TAK1 inhibitor, OXO,
in combination with TNF-a with some data veri ed in cells treated
with OXO plus LPS. PI incorporation assays showed that OXO
+TNF-a for 2-3 h or OXO+LPS for 5-7 h induced 60-70% lytic cell
death in primary BMDM s 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
cand 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 HMGB1 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-a for various time periods to induce PANoptosis and
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stained with TRME (re ective of mitochondrial membrane
potential) and SYTOX green (staining dying cells). The results
showed that the decline of TMRE uorescence was earlier than the
increase of SYTOX green uorescence (Figures 1D, E), indicating
mitochondrial injury preceding lytic cell death. To further support
this, MitoSOX (re ective 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 HMGBL, cytochrome cand casp1pl0 (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-a treatment (Figure 2C), whereas
lytic 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 CRLS1 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 signi cantly
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 signi cantly reduced the
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FIGURE 1

Mitochondrial permeabilization precedes lytic cell death during PANoptosis. Mouse bone marrow-derived macrophages (BMDMs) were treated with
5Z-7-oxozeaenol (OXO, 0.1 mM) 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 signi cant. (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-a
treatment. Images were acquired by uorescence microscopy. Scale bars, 50 mm (D). The relative uorescence intensity of TMRE and SYTOX green
in 5 randomly chosen elds were quanti ed (E). The vertical dotted line indicates the onset of lytic cell death as evidenced by Western blotting
results in (A).

Frontiers in Immunology 08 frontiersin.org


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

Lietal. 10.3389/fimmu.2025.1726408

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-a treatment. Images were acquired by uorescence microscopy. Scale bars, 50 mm (A). The
relative uorescence intensity of SYTOX green and MitoSOX in 5 randomly chosen elds were quanti ed (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 |nhibition of PANoptosis by disul ram is

(Figures 3G, H). Together, these results indicate that |inked to suppression of mitochondrial
mitochondrial cardiolipin is required for translocation of permeabi|ization

GSDMD-NT, GSDME-NT and p-MLKL to mitochondria, thereby
mediating mitochondrial dysfunction and lytic cell death Given that disul ram can target GSDMD-NT to inhibit pore
during PANoptosis. formation in the membrane (18) and that our above-mentioned
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