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Cardiolipin oxidized by ROS from complex Il acts as a
target of gasdermin D to drive mitochondrial pore
and heart dysfunction in endotoxemia
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Highlights
e GSDMD-N forms mitochondrial pores directly via oxidized
cardiolipin in endotoxemia

e GSDMD pores form before BAX and VDAC apoptotic pores
during cardiomyocyte death

e GSDMD-N oligomer-induced mROS release accelerates
NLRP3 expression and activation

e Complex Il is the major contributor to cardiolipin oxidation in
cardiomyocytes
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In brief

The mechanism that initiates cardiac
dysfunction during endotoxemia remains
unknown. Tang et al. show that
GSDMD-N triggers early mitochondrial
pore and heart dysfunction directly via
oxidized cardiolipin by complex Il in
cardiomyocytes. Such pores further
incorporate into BAX and VDAC1
oligomers to exacerbate the apoptotic
process in cardiomyocytes.
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SUMMARY

Cardiac dysfunction, an early complication of endotoxemia, is the major cause of death in intensive care
units. No specific therapy is available at present for this cardiac dysfunction. Here, we show that the N-ter-
minal gasdermin D (GSDMD-N) initiates mitochondrial apoptotic pore and cardiac dysfunction by directly in-
teracting with cardiolipin oxidized by complex lI-generated reactive oxygen species (ROS) during endotox-
emia. Caspase-4/11 initiates GSDMD-N pores that are subsequently amplified by the upregulation and
activation of NLRP3 inflammation through further generation of ROS. GSDMD-N pores form prior to BAX
and VDAC1 apoptotic pores and further incorporate into BAX and VDAC1 oligomers within mitochondria
membranes to exacerbate the apoptotic process. Our findings identify oxidized cardiolipin as the definitive
target of GSDMD-N in mitochondria of cardiomyocytes during endotoxin-induced myocardial dysfunction
(EIMD), and modulation of cardiolipin oxidation could be a therapeutic target early in the disease process

to prevent EIMD.

INTRODUCTION

Endotoxemia and sepsis remain common causes for morbidity
and mortality worldwide. ' Systemic endotoxemia is also induced
by an acute viral infection, including COVID-2019, Middle East
Respiratory Syndrome, and H1N1 (swine flu), via translocation
of bacterial products, such as lipopolysaccharide (LPS), from
the gut into the circulation.? Endotoxemia can lead to the dam-
age and dysfunction of multiple organs; however, myocardial
dysfunction is the most common and earliest complication,
and a decline in cardiac efficiency can contribute to the dysfunc-
tion of other organ systems.®* Endotoxin-induced myocardial
dysfunction (EIMD) can increase the mortality of patients by
about 50%-70%.%° Unfortunately, there is no specific therapy
available for EIMD on the market. Thus, elucidating the key
mechanisms leading to EIMD is essential to develop novel ther-
apeutic approaches to prevent and treat this critical cause of ICU
morbidity and mortality.”

Current knowledge on the pathogenic paradigm for EIMD has
led to efforts to develop a therapeutic strategy around maintain-
ing and restoring mitochondrial function, blocking inflammation,
or preventing cell death. However, these strategies have not
achieved satisfactory outcomes.>®'° The heart has a high en-
ergy demand and continuously produces large amounts of
ATP from mitochondria to sustain contractile function.'" Since
mitochondrial dysfunction leads to cardiac dysfunction at the
very early phase of endotoxemia, we focused on defining the
processes responsible for the earliest phases of mitochondrial
dysfunction in cardiac myocytes.

Gasdermin D (GSDMD) is the critical effector of pyroptosis
through a process where the cleaved N-terminal domain
(GSDMD-N) inserts into the inner leaflet of plasma membranes,
aggregates, and forms pores.'”'® Recently, studies showed
that GSDMD-N also permeabilizes the mitochondrial membrane
to activate apoptosis in immune and endothelial cells.'*~"® How-
ever, the molecular target of GSDMD-N in mitochondrial
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membranes has not been identified. Cardiolipin (CL) is a com-
plex lipid present only in mitochondria (mainly in the inner mem-
branes) in mammalian cells. Oxidation of CL leads to its redistri-
bution from the inner mitochondrial membrane (IMM) to the outer
mitochondrial membrane (OMM) under stress, where it mediates
the formation of Bax/Bak pores in neuroblastoma cells and he-
patocytes.'® ' However, a detailed mechanism of how CL oxi-
dization activates programmed cell death in cardiomyocytes
during EIMD remains unknown.

In this study, we found that the pyrolytic executioner form of
GSDMD forms early mitochondrial pores by interacting with
oxidized CL (oxCL) in the OMM. This occurs prior to BAX and
VDAC1 apoptotic pore formation and cytomembrane damage.
Meanwhile, we showed that the predominant contributor to CL
oxidation is reactive oxygen species (ROS) generated from com-
plex Il in cardiomyocytes. These findings link early metabolic
stress with the initiation and propagation of mitochondrial
dysfunction through a step that involves GSDMD-CL interaction.

RESULTS

Endotoxin induces early mitochondrial stress-
associated cardiac dysfunction independent of
cardiomyocyte death

We examined the functional changes in cardiomyocytes and
mitochondria over time to determine the critical triggers for
cardiac dysfunction during “double-hit” endotoxin challenges
(Figure 1A).>>7>* The echocardiographic analysis revealed that
cardiac function, as measured by left ventricular (LV) ejection
fraction and LV fractional shortening, were substantially sup-
pressed after a 4-h LPS challenge in wild-type (WT) mice
(Figures 1B and S1A). Estimated LV mass, LV posterior wall
thickness at end-diastole, and LV anterior wall thickness at
end-diastole remained unchanged up to 8 h, but markedly
increased after 14 h of LPS treatment compared with the base-
line. This indicates progressive damage and edema in cardio-
myocytes (Figure S1A; Table S1). Therefore, we used 4- and
14-h LPS exposure as early and late stages of EIMD, respec-
tively. By assessing the changes in subcellular organelles over
time, we found functional and morphological changes in mito-
chondria begin quickly after endotoxin exposure in vivo and
in vitro. MitoSOX red and dihydroethidium staining showed
massive production of ROS from mitochondria at 4 and 14 h after
endotoxin challenge in the heart (Figures 1C, S1B, and S1C).
Transmission electron microscopy (TEM) showed mitochondrial
membrane damage in cardiomyocytes in heart tissue were also
observed at 4 and 14 h after LPS stimulation (Figure 1D), while
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cell membrane damage could only be detected at 14 h after
LPS treatment (Figures 1D and S1D). Consistently, LPS chal-
lenge for 14 h induced significant cardiomyocyte death in heart
tissue, a finding not observed at 4 h (Figure 1E). These findings
indicate that endotoxin induces cardiac dysfunction by 4 h inde-
pendent of cardiomyocyte death.

To test whether mitochondrial ROS (mROS) production initi-
ates cardiac dysfunction in endotoxemia, we used MitoTempol,
a specific mROS scavenger, in our murine model of EIMD.
MitoTempol pretreatment (10-20 mg/kg) dose dependently pre-
vented LPS-induced cardiac dysfunction (Figure 1B; Table S1)
and mROS production (Figure 1C) at 4 h. Subsequently,
MitoTempol reduced LPS-induced mitochondrial and cell mem-
brane damage by TEM and cell death by TUNEL staining in car-
diomyocytes at 14 h (Figures 1E and 1F).

We also determined whether LPS caused cardiomyocyte
damage via mROS in vitro (Figures S1E and S1F).'®%22 Expo-
sure of AC16 human cardiomyocytes to 1 pg/mL poly(l:C) fol-
lowed by 10 ng/mL LPS for 2 h initiated mROS production (Fig-
ure S1G). Significant cell death was not observed until 4 h after
LPS challenge, as detected by a lactate dehydrogenase assay
(Figure S1H). Mitochondrial membrane damage was observed
by TEM at 2 h after LPS with poly(l:C) priming and plasma mem-
brane damage first appeared at 4 h (Figure 1G). Consistent
with the in vivo observations, MitoTempol from 25 nM to
2.5 uM dose dependently reversed endotoxin-induced mROS
production (Figure 1H), mitochondrial and cell membrane dam-
age (Figures 11 and S1G), and cell death (Figures 1J, S1H, and
Sil)at4 h.

Thus, these findings support the key roles of mitochondrial
oxidative stress and mitochondrial membrane damage in pro-
moting early cardiac dysfunction and subsequent cardiomyo-
cyte death under endotoxemia.

GSDMD oligomerization facilitates mitochondrial
membrane damage and cardiac dysfunction in early
endotoxemia

We further explored the early mechanisms that mediate mito-
chondrial membrane damage in EIMD. We found that GSDMD
was cleaved in the myocardium at 4 and 14 h after LPS exposure
in vivo and the major proportion of GSDMD-N was enriched and
localized with mitochondria (Figure 2A). Native gel electropho-
resis revealed that GSDMD-N oligomerized in the mitochondrial
membrane by 4 h after LPS challenge, which was before
GSDMD-N plasma membrane pores could be detected (Fig-
ure 2B). The proportion of GSDMD-N in the cytoplasm increased
with the length of LPS exposure (Figure S2A), and the GSDMD-N

Figure 1. Endotoxin induces early mitochondrial stress-associated cardiac dysfunction independent of cardiomyocyte death

(A) Schematic of the experimental strategy.

(B-J) (B) The change of left ventricular ejection fraction (LVEF) and LV mass by echocardiography in the indicated groups (n = 6). Representative images of
immunofluorescent staining of MitoSOX red (C) and TUNEL (E) in heart sections from wild-type (WT) mice treated with PBS or MitoTempol (10, 15, or 20 mg/kg) in
the indicated groups (n = 5). Scale bars, 20 um (MitoSOX red and TUNEL image). Mitochondrial and cell membrane damage by transmission electron microscopy
(TEM) in heart sections from mice in the indicated groups (n = 4) (D and F) and AC16 cells (n = 4 independent experiments) (G and |) in the indicated groups. Red
arrows indicate mitochondrial damage. Blue arrows indicate cell membrane damage. The red dashed line indicates the outer mitochondrial membrane and the
blue dashed line indicates the outer cell membrane (D, F, G, and I). Scale bars, 2 um (top) and 1 um (bottom). (H) MitoSOX red density of AC16 by flow cytometry
with the indicated treatments (n = 4 independent experiments). (J) LDH level in the supernatants of AC16 cells in the indicated groups (n = 6 independent ex-
periments). A two-tailed Student’s t test (B), one-way ANOVA with Bonferroni post hoc analysis (C-J). See also Figure S1 and Table S1.
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Figure 2. GSDMD oligomerization facilitates mitochondrial membrane damage and cardiac dysfunction in early endotoxemia

(A) SDS-PAGE analysis of GSDMD from whole-cell lysates (WCL) and mitochondrial (mito) fractions in the heart from WT mice in the indicated groups (n = 9).
(B) BN-PAGE analysis of GSDMD-N oligomers from mitochondrial and cell membrane (CM) in the heart from the indicated groups (n = 6).

(C and D) (C) SDS-PAGE analysis of GSDMD-N expression from WCL, mito, and cytosol and (D) BN-PAGE analysis of GSDMD-N oligomers from mitochondria in

AC16 cells with the indicated groups (n = 4 independent experiments).
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oligomer was detectable both in the mitochondrial and plasma
membranes at 14 h after LPS stimulation (Figure 2B). In line
with the observations in vivo, we also found that GSDMD-N oli-
gomerized in mitochondria in AC16 cells and primary neonatal
rat cardiomyocytes at 2 h LPS exposure (Figures 2C-2E and
S2B). Together, these data demonstrate that oligomerized
GSDMD-N is enriched in the mitochondrial membrane prior to
the plasma membrane in cardiomyocytes during endotoxemia.

To further test whether GSDMD-N oligomerization is the key to
early mitochondrial membrane damage, we overexpressed full-
length gasdermin D (GSDMD-FL) and GSDMD-N by transfecting
corresponding plasmids into HEK293T cells. Overexpression of
GSDMD-N, but not GSDMD-FL, triggered GSDMD-N accumula-
tion (Figure S2C), oligomerization (Figure S2D), and membrane
damage (Figure S2E) in mitochondria of HEK293T cells at
18 h, without inducing cell death. Transfection of exogenous
GSDMD-N for 18 h induced mitochondrial oxidative stress in
the absence of cell death, as confirmed by measuring LDH
release and mROS (Figures S2F and S2G). Similar results were
obtained from AC16 cells overexpressing GSDMD-N (Figures
2F, 2G, and S2H-S2J). Combined, our results demonstrate
that both endogenous and exogenous GSDMD-N primarily
target mitochondria to form oligomers initiating mitochondrial
membrane damage during endotoxemia.

We confirmed previous work showing that mutation of leucine
192 to aspartate (L192D) or glutamic acid 15 to lysine (E15K) in
GSDMD-N can inhibit pore formation and pyroptosis (Fig-
ure 2H)."? To extend our analysis to determine whether these
residues of GSDMD-N are essential for its oligomerization in
mitochondria, we transfected L192D, E15K, or E15K/L192D mu-
tants of GSDMD-N into HEK293T cells. The L192D-mutant
GSDMD-N markedly reduced GSDMD-N enrichment and oligo-
merization in mitochondria in HEK293T cells. Compared with the
L192D single mutation, double mutations (E15K/L192D) further
inhibited the accumulation and oligomerization of GSDMD-N in
mitochondria (Figures 2l and S2K). These findings indicate that
GSDMD-N L192 residue is critical for oligomerization and forma-
tion of mitochondrial pores.

To further validate the role of GSDMD in mitochondrial pore
formation in cardiomyocytes and cardiac dysfunction during en-
dotoxemia in vivo, we exposed Gsdmd cardiomyocyte-specific
knockout (Gsdmd™"; Myosin heavy chain 6-Cre [Myh6-Cre]
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[Gsdmd-CKO]) mice and Gsdmd™" mice to a double-hit of endo-
toxin. Compared with Gsdmd™" mice, Gsdmd-CKO mice ex-
hibited a profound reduction in mitochondrial and cell membrane
pore formation (Figures 2J, 2K, and S2L). Meantime, Gsdmd
deficiency in cardiomyocytes significantly reversed LPS-
induced mROS production (Figure S2M), cardiac dysfunction
(Figure 2L; Table S2), and cell death in cardiomyocytes (Fig-
ure 2M). Moreover, Gsdmd-CKO mice survived longer than
Gsdmd™™ mice after the endotoxin challenge (Figure 2N).

In sum, these data suggest that GSDMD activation facilitates
mitochondrial pore formation and cardiac dysfunction early after
endotoxin exposure. Mitochondrial GSDMD pore formation pre-
cedes plasma membrane pore formation and cardiomyocyte cell
death.

Caspase-4/11 initiates GSDMD activation prior to the
NLRP3 inflammasome leading to cardiac dysfunction in
endotoxemia

To explore the key mechanisms that induce GSDMD cleavage
and cardiac dysfunction, we performed bulk RNA sequencing
of heart tissue from mice with poly(l:C) priming alone or with
endotoxin exposure. Principal-component analysis of gene
expression showed that the samples clustered into the four
treatment groups, including baseline, 7 h of poly(l:C) priming
alone, poly(l:C) priming + 4 h LPS challenge, and poly(l:C) prim-
ing + 14 h LPS challenge (Figure 3A). Compared with the control
group, the group with poly(l:C) priming expressed higher levels
of genes representing oxidative stress and alteration in energetic
metabolisms, such as Nrros, Adipod, Duoxal, Acod1, Sdhaf2,
and Atpaf1. The addition of 4 h of LPS after poly(l:C) priming
led to massive increases in a subset of inflammatory genes,
including /l1b, Nirp3, Casp1, Casp4/11, Gsdmd, Tir4, and
Tnfaip3 (Figures 3B and 3C). By 14 h after the LPS challenge,
the inflammatory genes remained increased; however, proapo-
ptotic genes, including Casp3, Casp8, Casp9, and Bcl2ala,
continued to significantly increase in heart tissue (Figure 3B).
Compared with WT mice, TIr4~~, Caspl11~’~, Nip3~'",
Casp1~/~, and Gsdmd ™'~ mice showed significant amelioration
of cardiac dysfunction (Figures 3D and S3A; Table S2), mROS
production (Figures 3E and S3B), and mitochondrial pore forma-
tion (Figures 3F and S3C) in response to 4-h LPS challenge after
poly(l:C). Among these transgenic mice, Gsdmd™~ mice

(E) Immunofluorescent images showing the co-localization of mitochondria (TOMM20, green) and GSDMD-N (red) in AC16 cells (n = 3 independent experiments).
Scale bars, 20 um. White arrows indicated the co-localization of GSDMD-N with mitochondria. Yellow arrows indicate that GSDMD-N is not co-localized with
mitochondria.

(F and G) (F) SDS-PAGE analysis of HA-tag expression from WCL, cytosol, and mito and (G) BN-PAGE analysis of HA oligomers from mitochondria in AC16 cells
transfected with indicated HA-tagged plasmids for 8 h (n = 3 independent experiments).

(H) A mutation scheme of human HA-tagged truncated GSDMD-N.

(I) BN-PAGE analysis showing HA oligomers from mitochondria of HEK293T cells transfected with indicated HA-tagged plasmids for 18 h (n = 4 independent
experiments).

(J) Mitochondrial pores by TEM in heart from Gsdmd™" and cardiomyocyte-specific knockout (Gsdmd-CKO) mice (n = 4). Red arrows indicate mitochondrial
pores. The red dashed line indicates the outer mitochondrial membrane. Scale bars, 2 um (top) and 1 um (bottom).

(K) BN-PAGE analysis of GSDMD-N oligomers from mitochondria and CM in heart from Gsdmd™" and Gsdmd-CKO mice with the indicated treatments (n = 4).
(L) Echocardiography measuring LVEF and LV mass in Gsdmd™" and Gsdmd-CKO mice (n = 6).

(M) TUNEL (red) staining of cardiomyocytes (a-actinin®, green) in heart from Gsdmd™" and Gsdmd-CKO mice (n = 3). Scale bars, 20 pm.

(N) Kaplan-Meier plots for Gsdmd™" and Gsdmd-CKO mice injected with poly(I:C) for 7 h followed by LPS (n = 10). A two-tailed Student’s t test (B-D, F, G, J, L, and
M), one-way ANOVA with Bonferroni post hoc analysis (l), two-way ANOVA with Bonferroni post hoc analysis (A), and log rank test (N). See also Figure S2 and
Table S2.
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exhibited the best cardiac function (Figures 3D-3F). No signifi-
cant difference in heart function between WT and these trans-
genic strains was observed at baseline (Figure S3D). In vitro,
we used TLR4 siRNA, NLRP3 siRNA, CASP4 siRNA, CASP1
siRNA, and GSDMD siRNA for targeted gene knockdown in
AC16 cardiomyocytes prior to poly(l:C) priming and followed
by LPS treatment (Figure S3E). Silencing NLRP3, CASPA4,
CASP1, or GSDMD gene expression in AC16 cells reduced
mROS and mitochondrial pore formation after 2 h of LPS expo-
sure as well as cell death at 4 h following LPS challenge. Impor-
tantly, TLR4 deletion did not reverse these changes, implicating
caspase-4 in cardiomyocyte LPS sensing (Figures S3F-S3H).
This also suggests that the protective effect on cardiac function
in TLR4~~ mice may be attributed to attenuating inflammatory
responses in other cell types, such as macrophages and endo-
thelial cells. Moreover, compared with AC16 with CASP1 or
NLRP3 deficiency, AC16 with CASP4 or GSDMD deficiency
showed significant protection in the above-mentioned indica-
tors, particularly at 14 h of LPS treatment (Figures S3F-S3H).
Together, these results indicate that double-hit endotoxin expo-
sure triggered both canonical and noncanonical inflammasome
pathways in cardiomyocytes.

To identify which inflammasome activates first in EIMD, we
performed the double-hit model and assessed inflammasome
activation over time in vivo and in vitro. After poly(l:C) priming,
heart tissue was harvested at 1, 2, 3, and 4 h after exposure to
10 mg/kg LPS. We observed that the noncanonical caspase-
11 inflammasome was activated by 3 h, while the protein
expression and activation of NLRP3 was observed at 4 h after
LPS exposure (Figure 3G). Consistently, Casp?7~/~ mice
showed significant amelioration of cardiac dysfunction (Fig-
ure 3D; Table S2), mROS production (Figure 3E), and mito-
chondrial pore formation (Figure 3F) in response to a 4-h
LPS challenge. It is notable that the expression and activation
of NLRP3 and CASP1, and the cleavage of GSDMD were
markedly suppressed in Casp?1~/~ mice compared with WT
mice after a 4-h LPS challenge (Figure 3H). The levels of
cleaved GSDMD were partly inhibited in NIrp3~~ and
Casp1~™~ mice compared with WT mice with endotoxemia,
while CASP11 expression remained unchanged (Figures 3l
and 3J). Similar results were observed in AC16 with LPS expo-
sure (Figures S3I1-S3L). Thus, caspase-4/11 activation pre-
cedes NLRP3/caspase-1 activation, which is partially driven

¢ CellP’ress

OPEN ACCESS

by caspase-4/11 in the poly(l:C) priming + LPS stimulation
model in the heart.

We further explored the mechanism that initiates NLRP3
priming and activation in LPS-treated cardiomyocytes. First,
we blocked total ROS using N-acetylcysteine (NAC) (25 mM)
or mROS using MitoTempol (2,500 nM), and both significantly
blunted the level and activation of NLRP3 inflammasome
following poly(l:C) priming + LPS stimulation (Figures 3K and
S3M). Next, we assessed NLRP3 mRNA expression using
gPCR in the groups with NAC and MitoTempol and found that
they did not inhibit poly(l:C) priming + LPS stimulation-induced
NLRP3 transcription (Figure S3N). We next tested if these ROS
scavengers impact NLRP3 protein degradation. The protea-
some inhibitor MG-132 reversed the ROS scavenger-related
reduction in NLRP3 protein in poly(l:C) + LPS-treated AC16
cells (Figure S30). In contrast, the lysosome inhibitor chloro-
quine did not change the NLRP3 protein level in poly(l:C) +
LPS-treated AC16 cells in the presence of ROS scavengers
(Figure S3P). These results indicate that ROS scavengers
enhanced the degradation of NLRP3 via a proteasome-medi-
ated mechanism in cardiomyocytes challenged with LPS
(Figures S30 and S3P). Moreover, we found that MG-132
increased NLRP3 protein expression in cells with poly(l:C) prim-
ing alone, indicating the production of NLRP3 may be equiva-
lent to its proteasomal degradation during poly(l:C) priming.
These data may explain why NLRP3 protein is not expressed
during the priming stage (Figures S30 and S3P). Since ubiqui-
tin-mediated proteolysis plays an essential role in protein
degradation and modification, we further explored if ubiquitina-
tion and the subsequent degradation process of NLRP3 pro-
teins lead to its change during endotoxin exposure. Ubiquitina-
tion assays revealed that NLRP3 is ubiquitinated at baseline
and during poly(l:C) priming in AC16 cells. At 2 h after poly(l:C)
priming, NLRP3 protein was de-ubiquitinated. MitoTempol
reversed poly(l:C) priming + LPS treatment induced NLRP3 pro-
tein de-ubiquitination (Figure S3Q).

Next, we constructed an NLRP3 knockout AC16 cell line that
was reconstituted with NLRP3 protein to test if ROS scavengers
directly inhibit NLRP3 activation. Application of H,O, triggered
NLRP3 activation, as shown by elevated caspase-1 cleavage,
while MitoTempol inhibited H,O5-induced NLRP3 activation in
NLRP3 knockout AC16 reconstituted with NLRP3 protein (Fig-
ure S3R). Importantly, inhibition of K* efflux using extracellular

Figure 3. Caspase-4/11 initiates GSDMD activation prior to the NLRP3 inflammasome leading to cardiac dysfunction in endotoxemia

(A) Principal-component analysis of bulk RNA sequencing data from heart tissue in the indicated mice groups (n = 6).

(B) Heatmap showing differentially expressed genes in heart tissue from the indicated groups.

(C) Volcano plot indicating transcriptomic changes in P7h group (left) and P7ThLPS4h group (right) compared with the control group. The red and blue dots indicate

upregulated and downregulated genes, respectively.

(D) Echocardiographic analysis of LVEF in WT, Casp?7~/~, Nirp3~/~, Casp1~/~, and Gsdmd '~ mice with poly(I:C) for 7 h and LPS for 4 h (n = 6).
(E) MitoSOX red relative fluorescence in heart from the indicated groups (n = 4). Scale bars, 20 pm.
(F) Mitochondrial pores by TEM in heart with the indicated treatments (n = 4). Scale bars, 1 um. Red arrows indicate mitochondrial pores. The red dashed line

indicates the outer mitochondrial membrane.

(G) SDS-PAGE analysis of NLRP3, CASP1, CASP11, and GSDMD expression in heart tissue lysates from WT mice primed with poly(l:C) for 7 h followed by LPS for

1,2,3,0r4h(n=6).

(H-J) (H) SDS-PAGE analysis of NLRP3, CASP1, CASP11, and GSDMD expression in heart tissue lysates from WT or Casp1 17/~ mice (n = 6) and from WT or
Nirp3~'~ mice (n = 6) and (I and J) from WT or Casp?~/~ mice (n = 6) with the indicated treatments.

(K) SDS-PAGE analysis of NLRP3, CASP1, and GSDMD expression in cellular lysates from AC16 with the indicated treatments (n = 4 independent experiments).
One-way ANOVA with Bonferroni post hoc analysis (D-K), and two-way ANOVA with Bonferroni post hoc analysis (A-C). See also Figure S3 and Table S2.
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potassium chloride (KCL, 100 mM) did not inhibit NLRP3 inflam-
masome activation in response to LPS (Figure 3K). Nigericin is a
pore-forming toxin that activates the NLRP3 inflammasome by
stimulating an intracellular K* efflux.?>® Inhibition of mMROS by
MitoTempol did not inhibit LPS priming + nigericin-induced
NLRP3 inflammasome expression and de-ubiquitination in
AC16 cells (Figures S3S and S3T). Thus, this evidence suggests
that the expression and activation of NLRP3 in cardiomyocytes
may be induced by ROS following mitochondrial damage in
response to LPS.

Collectively, our in vitro and in vivo data provide evidence
that the caspase-4/11-GSDMD axis initiates mitochondrial dam-
age and mROS release, and that this associates with further
NLRP3-caspase-1 expression and activation in cardiomyocytes
in response to LPS. mROS production in cardiomyocytes may
increase NLRP3 expression by reducing its proteasome degra-
dation and increasing NLRP3 activation. ROS scavenging blocks
NLRP3 expression by enhancing its ubiquitination and protea-
some degradation and also directly prevents its activation
by ROS.

CL oxidation and externalization induce GSDMD-N
oligomerization and pore formation in mitochondria

The oxidized form of CL redistributes from the IMM to the OMM,
which is considered to be an essential signal for initiating
apoptotic signaling.”” Using ultra-high performance liquid
chromatography-high-resolution tandem mass spectrometry
(UHPLC-HRMS/MS) analysis, we quantified the levels of CL
and oxCL in mitochondria after a 4-h LPS challenge. We identi-
fied 71 individual molecular species of CL in the mitochondria of
cardiomyocytes, among which 6 were oxidized forms (Table S3).
The quantities of total oxCLs were significantly increased with a
4-h LPS challenge compared with that at baseline, while the total
amounts of CL did not change (Figures 4A-4C and S4A). Further,
treatment with XJB-5-131, a conjugate of 4-amino-TEMPO and
CL oxidation inhibitor, blocked endotoxin-induced oxCL accu-
mulation (Figures 4A-4C and S4A) in vitro, and cardiac dysfunc-
tion (Figure 4D; Table S4), cell death (Figure 4E), mROS produc-
tion (Figure S4B), reduction in the mitochondrial membrane
potential (Figure S4C), and mitochondrial membrane pore for-
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mation (Figure 4F) in the in vivo poly(l:C) priming + LPS stimula-
tion model. SDS-PAGE and BN-PAGE immunoblotting showed
that LPS-induced GSDMD-N accumulation and oligomerization
were inhibited by XJB-5-131 in mitochondrial homogenates
from heart tissue (Figures 4G and 4H). Moreover, pretreatment
with XJB-5-131 prevented lethality in endotoxemia (Figure 4l).
Consistent with observations in vivo, we also observed that
XJB-5-131 blocked GSDMD-N accumulation (Figure 4J) and
oligomerization (Figure 4K) in mitochondria from AC16 cells after
2 h of LPS exposure. A mitochondria-targeted peptide SS-31,
which selectively binds to CL to protect it from oxidation, had
a similar cardio-protection effect to XJB-5-131 (Figures 4D-4F
and S4D-S4G; Table S4). Taken together, these findings demon-
strate that oxCL is the direct target for GSDMD-N recruitment
and oligomerization in mitochondria to initiate mitochondrial
pore and cardiac dysfunction in endotoxemia.

To test whether LPS-induced GSDMD-N oligomerization de-
pends on CL in mitochondria, we utilized siRNA against CL syn-
thase (CLS) and measured the localization and oligomerization of
GSDMD-N in cardiomyocytes. The results showed that CLS
knockdown significantly inhibited GSDMD-N enrichment and
oligomerization in mitochondria in AC16 cells after 2 h of LPS
exposure (Figures 4L-4M, S4H, and S4K-S4M). Then, to further
explore whether CL externalization was required for GSDMD-
mediated mitochondrial pore formation, we blocked CL
redistribution by constructing an siRNA against phospholipid
scramblase-3 (PLS3), a key mitochondrial enzyme responsible
for CL translocation from the IMM to the OMM.'??® PLS3 siRNA
transfection also markedly inhibited oligomerization of GSDMD-
N in mitochondria in AC16 cells with a 2-h LPS challenge
(Figures 4N-40, S4H, and S4K-S4M). Furthermore, we also
observed that CLS or PLS3 knockdown in AC16 profoundly in-
hibited LPS-induced GSDMD-N oligomerized in the plasma
membrane (Figure S4l) and cell death (Figure S4J) at 4 h after
LPS treatment. In sum, these data suggest that oxidization and
redistribution of CL induce GSDMD-N oligomerization and
pore formation in mitochondria during the early phase of EIMD.

We further tested whether the protective effect of blocking CL
oxidation is related to an effect on inflammasome expression
and activation. From our work presented above, we know that

Figure 4. Cardiolipin oxidation and externalization induce GSDMD-N oligomerization and pore formation in mitochondria

(A-C) Typical spectra (A), heatmap (B), and quantification (C) of oxidized cardiolipin (0xCL) by mass spectrometry analysis in mitochondria from heart in WT mice
with the indicated treatments (n = 4). For the heatmap, each row represents an individual oxCL species.

(D) Echocardiographic analysis of LVEF and LV mass in WT mice treated with PBS, SS-31 (5 mg/kg), or XJB-5-131 (10 mg/kg) in the indicated groups (n = 6).
(E) TUNEL (red) staining of cardiomyocytes (a-actinin®, green) in the heart with the indicated treatments (n = 6). Scale bars, 20 pm.

(F) Mitochondria pores observed by TEM in the heart from the indicated groups (n = 6). Scale bars, 2 um (top) and 1 um (bottom). Red arrows indicate mito-
chondria pores. The red dashed line indicates the outer mitochondrial membrane.

(G and H) (G) SDS-PAGE analysis of GSDMD-N expression and (H) BN-PAGE analysis of GSDMD-N oligomers from mitochondria in the heart from WT mice with

the indicated treatments (n = 6).

(I) Kaplan-Meier plots of WT mice pretreated with XJB-5-131 (10 mg/kg) and followed by poly(l:C) priming + LPS challenge (n = 10-13).

(J and K) (J) SDS-PAGE analysis of GSDMD-N expression from mitochondria and cytosol and (K) BN-PAGE analysis of GSDMD-N oligomers from mitochondria in
AC16 cells pretreated with XJB-5-131 (10 pM) in the indicated groups (n = 3 independent experiments).

(L-O) (L and N) SDS-PAGE analysis of GSDMD-N expression from mitochondria and cytosol and (M and O) BN-PAGE analysis of GSDMD-N oligomers from
mitochondria in AC16 cells transfected with indicated siRNA (n = 3 independent experiments).

(P-S) SDS-PAGE analysis of NLRP3, CASP1, CASP4, and GSDMD expression in AC16 cells pretreated with XJB (10 uM) (P and Q) or transfected with CLS-siRNA
(R and S) followed by poly(l:C) priming + LPS (10 ng/mL, 2 h) or LPS priming + NGC (5 uM, 1 h) exposure (n = 6 independent experiments). SDHA as a fractional
control for mitochondria fraction (H, K, M, and O). A two-tailed Student’s t test (D-F), two-way ANOVA with Bonferroni post hoc analysis (C, G, H, J, K, P, and Q),
multi-factor ANOVA with Bonferroni post hoc analysis (L-O, R, and S), and log rank test (I). See also Figure S4 and Tables S3 and S4.
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CASP11-GSDMD pathway activation precedes NLRP3-CASP1
activation at the 3-h time point after LPS treatment in poly(l:C)-
primed mice (Figure 3G). In this model, XJB-5-131 significantly
blocked GSDMD accumulation in the mitochondrial membrane
but did not change levels of caspase-11 or GSDMD in whole-
cell lysate (Figures S4N and S40). Instead, XJB-5-131 effectively
blocked the expression and activation of NLRP3, CASP1, and
GSDMD in whole-cell lysate (Figure S4P), as well as GSDMD ag-
gregation in the mitochondrial membrane at 4 h (Figure 4G).
Therefore, we explored whether XJB-5-131 directly inhibited
NLRP3-caspase-1-GSDMD axis in vitro. We showed that XJB-
5-131 promoted NLRP3 proteasomal degradation and ubiquiti-
nation to suppress NLRP3 priming (Figures S4Q-S4S). XJB-5-
131 also inhibited H,O,-triggered NLRP3 activation in NLRP3
knockout AC16 reconstituted with NLRP3 protein (Figure S4T).
We also compared the effect of XJB-5-131 in cardiomyocytes
with poly(l:C) + LPS treatment with that with LPS priming + niger-
icin treatment. XJB-5-131 significantly blocked poly(l:C) + LPS-
induced NLRP3 expression and activation 2 h after the LPS chal-
lenge but did not inhibit nigericin-induced NLRP3 inflammasome
expression and activation in cardiomyocytes (Figures 4P and
4Q). The observations in AC16 with CLS or PLS3 siRNA knock-
down were consistent with the findings in AC16 with XJB-5-
131 treatment (Figures 4R, 4S, and S4U-S4Z). This evidence
indicates that CL oxidation and externalization mediate an in-
crease in NLRP3 expression by reducing proteasome degrada-
tion, thereby enhancing NLRP3 activation in cardiomyocytes
with LPS exposure.

GSDMD pore initially forms independent of BAX/BAK
and VDAC pores in early endotoxemia

To further determine whether the mitochondrial GSDMD-N pore
is independent of conventional apoptotic pores formed by BAX/
BAK and VDACH1 in endotoxemia, we measured the expression
of GSDMD-N, BAX, BAK, and VDAC1 oligomers and their inter-
actions in mitochondria at various time points after LPS expo-
sure in poly(l:C)-primed AC16 cells. The GSDMD-N oligomers
were clearly evident after 2 h of LPS exposure, while appearance
of BAX, BAK, and VDAC1 oligomers and cytochrome c release
were not observed in the mitochondria of AC16 cells until 4 h af-
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ter LPS treatment (Figures 5A and 5B). LPS-induced apoptosis
(Annexin V-FITC*) of AC16 cardiomyocytes increased from
21% at 4 h to 66% at 24 h after treatment (Figure 5C). In parallel,
we observed that caspases responsible for executing apoptosis,
including caspase-3, -8, and -9, were activated in AC16 by 4 h of
LPS exposure (Figure 5D). Blocking BAX, BAK, and VDAC1
expression using siRNA transfection (Figure S5A), had no effect
on LPS-induced GSDMD-N oligomerization in mitochondrial
membrane at 2 h (Figures 5E and S5A), but did prevent the for-
mation of the larger mitochondrial pores comprised of BAX
and VDAC1 at 4 h (Figure 5F). It is notable that BAK deficiency
did not inhibit GSDMD pore formation at either time point.
Furthermore, deletion of BAX, BAK, BAX/BAK, or VDAC1 in
AC16 cardiomyocytes had a protective effect on LPS-induced
cell apoptosis at all time points. But, compared with AC16 cardi-
omyocytes with BAX, BAX/BAK, or VDAC1 deficiency, AC16
with BAK deficiency showed less protection in cell apoptosis
at 12- and 24-h time points (Figure 5G). BN-PAGE analysis
showed that BAK forms oligomers in the mitochondrial mem-
brane. Pull-down experiments established that BAK does not
directly interact with GSDMD pores in LPS-induced cell death,
indicating that BAK oligomerization is independent of GSDMD
pores (Figure 5H). In vivo, GSDMD-N oligomerization was
observed after 4 h of LPS exposure, whereas BAX and VDACH1
oligomerization was not seen in heart mitochondrial homogenate
until 14 h after LPS treatment (Figures S5B and S5C). Thus, we
showed that the GSDMD-N oligomer appears earlier than BAX
and VDAC1 oligomers in the mitochondria of cardiomyocytes
during endotoxemia.

To determine the interactions among GSDMD-N, BAX, and
VDACH1 proteins over time after endotoxin exposure, we per-
formed co-immunoprecipitation assays in AC16 cells challenged
with LPS. The results revealed that GSDMD-N oligomer did not
interact with BAX or VDAC1 at the 2-h time point. However, inter-
actions between GSDMD-N and BAX oligomers or between
GSDMD-N and VDAC1 oligomers were observed in mitochon-
drial homogenates of AC16 cells at the 4-h time point (Figures
5H and S5D). In contrast, interactions between GSDMD-N and
other channel proteins, such as BAK, VDAC2, VDACS, and
MLKL, were not found in AC16 cells at any time point after LPS

Figure 5. The GSDMD pore initially forms independent of BAX/BAK and VDAC pores in early endotoxemia
(A) BN-PAGE analysis of BAX, BAK, VDAC1, and GSDMD-N oligomers in mitochondria of AC16 cells with the indicated treatments (n = 6 independent exper-

iments).

(B) SDS-PAGE analysis of GSDMD, BAX, BAK, VDAC1, and Cyt ¢ expression in AC16 cells with the indicated groups (n = 4 independent experiments).

(C and G) Flow cytometry analysis showed the quantification of apoptotic AC16 cardiomyocytes (Annexin+) with the indicated treatments (n = 3—-4 independent
experiments).

(D) SDS-PAGE analysis of CASP3, CASP8, CASP9, and cleaved PARP1 expression in AC16 cells with the indicated groups (n = 4 independent experiments).
(E and F) BN-PAGE analysis of GSDMD-N oligomers from mitochondria in AC16 cells transfected with NC or indicated siRNA in the indicated groups (n = 4
independent experiments).

(H) Co-immunoprecipitation using an anti-GSDMD antibody were analyzed by BN-PAGE analysis for GSDMD-N, BAX, VDAC1, VDAC2, VDAC3, and MLKL
oligomers from mitochondria of AC16 cells in the indicated treatments (n = 4 independent experiments).

(I) Co-immunoprecipitation assays of GSDMD-N, BAX, and VDAC1 oligomers in mitochondria from HEK293T cells transfected with indicated HA-tagged
plasmids for 24 h (n = 4 independent experiments).

(J-M) BN-PAGE analysis of BAX and VDAC1 oligomers in mitochondria of AC16 cells pretreated with XJB (10 uM) (J) or transfected with PLS3-siRNA (K) in the
indicated groups (n = 4 independent experiments). BN-PAGE analysis of BAX and GSDMD-N oligomers in AC16 cells pretreated with XJB-5-131(L) or transfected
with indicated siRNA (M) and then challenged with ABT-737 (100 nM, 7 h) or poly(l:C) and LPS (10 ng/mL, 4 h) (n = 4 independent experiments).

(N) Schematic depicting the formation of mitochondrial GSDMD, BAX, and VDAC1 pores over the time of LPS exposure. SDHA as a fractional control for
mitochondria fraction (A, F, H, and M). One-way ANOVA with Bonferroni post hoc analysis (l), two-way ANOVA with Bonferroni post hoc analysis (A, B, D, H, and
J), and multi-factor ANOVA with Bonferroni post hoc analysis (E-G and K-M). See also Figure S5.
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treatment (Figure 5H). We also established the delayed interac-
tion of GSDMD-N oligomers with BAX and VDAC1 oligomers in
the heart during endotoxemia (Figure S5E) and in HEK293T cells
transfected with HA-tagged GSDMD-N plasmid and mutants
(Figures 51, S5F, and S5G). L192D or E15K/L192D mutants of
GSDMD-N in HEK293T cells substantially suppressed mito-
chondrial BAX and VDAC1 oligomers (Figures 51 and S5G).
These data suggest that GSDMD-N-mediated mitochondrial
pores initiate and interact with mitochondrial apoptotic pores,
such as BAX and VDACH1 pores, in the development of EIMD.

To further confirm whether oxidized and externalized CL is
also the key target of mitochondrial GSDMD-N to trigger the
BAX and VDAC1 pore formation in endotoxemia, we used
XJB-5-131 or PLS3 siRNA in AC16 cardiomyocytes with 4-h
LPS stimulation. BN-PAGE immunoblotting revealed that XJB-
5-131 (Figure 5J) or PLS3 siRNA (Figure 5K) reduced the levels
of BAX and VDAC1 oligomers in the mitochondria of cardiomyo-
cytes after 4 h of LPS challenge. While XJB-5-131 or CLS siRNA
treatment did not reduce the levels of BAX oligomers in the
mitochondria of cardiomyocytes induced by BH3 mimetics
(ABT-737, 100 nM) (Figures 5L and 5M).?°*° These data support
the conclusion that BAX oligomerization in cardiomyocytes dur-
ing endotoxemia requires oxCL-induced GSDMD-N oligomeri-
zation in mitochondria (Figure 5N).

In sum, these data suggest that oxCL-induced GSDMD-N
oligomers formed early and facilitated the interaction of L192
residue GSDMD-N with BAX and VDAC1 to form larger mito-
chondrial pores in the OMM after GSDMD-N pores have already
formed.

Mitochondrial complex Il is the major contributor to CL
oxidation in cardiomyocytes

It has been previously reported that complexes of the electron
transport chain (ETC) can generate ROS under stress conditions
(Figure 6A).°"°? To determine the potential source of mROS for
the oxidation of CL, we tested selective inhibitors of the electron
transport complexes in AC16 cells treated with LPS for 2 h. The
elevation in mROS content was abolished only by pretreatment
with complex Il inhibitors, such as dimethyl itaconate (DI) or
dimethyl malonate (DMM), indicating that complex Il drove
mROS production in cardiomyocytes during early endotoxemia
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(Figure 6B). Importantly, GSDMD-N accumulation and oligomer-
ization in mitochondria were also suppressed by the addition of
complex Il inhibitors, rather than inhibitors of other complexes
2 h after LPS treatment (Figures 6C-6F and S6A-S6D). The co-
localization of GSDMD-N and the mitochondrial membrane
(TOMM20) was decreased by the complex Il inhibitor DI in
AC16 cells during early endotoxemia (Figure 6G). Moreover,
the application of DI inhibited cytosolic NLRP3 and CASP1 acti-
vation in AC16 with poly(l:C) + LPS treatment without changing
CASP4 expression (Figure 6H). However, DI did not block niger-
icin-induced NLRP3 inflammasome activation in AC16 cells (Fig-
ure 6l). In vivo pretreatment with DI significantly attenuated mito-
chondrial oxCL levels (Figures 6J-6L and S6E; Table S3), mROS
production (Figure 6M), loss of mitochondrial membrane poten-
tial (Figure S6F), cardiomyocyte apoptosis (Figure 6N), and car-
diac dysfunction (Figure 60; Table S4) after poly(l:C) priming +
LPS exposure for 4 and 14 h in the murine model. Notably,
GSDMD-N accumulation (Figures 6P and S6G), oligomerization
(Figure 6Q), and membrane pore formation in mitochondria (Fig-
ure 6R) were suppressed by DI or DMM treatment in LPS-
induced cardiac dysfunction in vivo. Therefore, our data provide
evidence that mitochondrial complex Il is a major contributor to
CL oxidation in cardiomyocytes and to subsequent cardiac
dysfunction.

DISCUSSION

The goal of this study was to define the early events driving mito-
chondrial dysfunction in cardiomyocytes exposed to endotoxin
with a focus on the novel roles of GSDMD. We show that endo-
toxin promptly promotes noncanonical inflammasome-medi-
ated GSDMD cleavage. Simultaneously, ROS generated by
mitochondrial respiratory complex Il oxidizes CL, which is exter-
nalized to the OMM. Cleaved GSDMD-N binds oxCL where it oli-
gomerizes in the OMM forming pores. This occurs prior to the
formation of GSDMD-N plasma membrane pores and prior to
the formation of conventional pro-apoptotic BAX and VDAC1
pores in the OMM. GSDMD-N oligomer-mediated ROS release
from mitochondria accelerates NLRP3 inflammasome expres-
sion and activation, which furthers mitochondria damage and
cell death. Moreover, we provide insights into the mechanisms

Figure 6. Mitochondrial complex Il is the major contributor to CL oxidation in cardiomyocytes during endotoxin exposure

(A) Schematic depicting respiratory chain complex.

B) Quantitative results of MitoSOX red in AC16 cell with the indicated treatments (n = 3 independent experiments).
C-E) BN-PAGE analysis of GSDMD-N oligomers in mitochondria of AC16 cells with the indicated treatments (n = 3 independent experiments).

G) Immunofluorescent images showing the co-localization of mitochondria (TOMM20, green) and GSDMD-N (red) in AC16 cells with the indicated treatments
= 3 independent experiments). White arrows indicate the co-localization of GSDMD-N with mitochondria. Yellow arrows indicate that GSDMD-N is not co-

localized with mitochondria. Scale bars, 20 pm.

(H-N) (H and I) SDS-PAGE analysis of NLRP3, CASP1, CASP4, and GSDMD expression in AC16 cells pretreated with the indicated treatments (n = 6 independent

experiments). Typical spectra (J), heatmap (K), and quantification (L) of oxCL in heart mitochondria in WT mice with the indicated treatments (n = 4). Immuno-

fluorescent staining of MitoSOX red (M) and TUNEL (red) (N) in heart from WT mice with the indicated treatments (n = 6). Scale bars, 20 um.

(O) Echocardiography showing LVEF and LV mass in the indicated groups (n = 6).

(P and Q) (P) SDS-PAGE analysis of GSDMD-N expression and (Q) BN-PAGE analysis of GSDMD-N oligomers from heart mitochondria in the indicated groups

(n = 6).

(R) TEM showing mitochondria pores in heart from WT mice with the indicated treatments (n = 6). Scale bars, 2 um (top) and 1 um (bottom). Red arrows indicate

mitochondria pores. The red dashed line indicates the outer mitochondrial membrane. SDHA as a fractional control for mitochondria fraction (C-E and Q). A two-

tailed Student’s t test (L-O and R), and two-way ANOVA with Bonferroni post hoc analysis (B-F, H, I, P, and Q). See also Figure S6 and Tables S3 and S4.

(
(
(F) SDS-PAGE analysis of GSDMD expression from mitochondria and cytosol of AC16 cells with the indicated treatments (n = 3 independent experiments).
(
(
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behind the roles of mMROS in the priming and activation of the
NLRP3 inflammasome, which includes a suppression of
NLRP3 degradation and direct activation of NLRP3 by mROS.
The mechanistic insights gleaned from this work should inform
efforts to prevent mitochondrial dysfunction during endotoxemia
and potentially sepsis.

A recent study from Lieberman’s team also reported a similar
finding showing that GSDMD permeabilization of mitochondrial
membranes via CL accelerates macrophage pyroptosis.®® We
observed similar findings in cardiomyocytes during endotoxemia
and have extended findings as follows: first, we identified such
GSDMD-N pores form prior to BAX and VDAC1 apoptotic pores
and further incorporate into BAX and VDAC1 oligomers within
mitochondria membranes to exacerbate the apoptotic process.
Second, we showed that mitochondrial complex Il is the main
contributor to CL oxidation and initiates GSDMD-N pores in car-
diomyocytes. Third, we found that mROS release enhances
NLRP3 protein levels by inhibiting proteasomal degradation
and its activation in cardiomyocytes.

GSDMD was first reported to act as a critical executioner of
pyroptosis by inserting its N-terminal domain into the inner leaflet
of the cell membrane and forming extensive pores.'>'® Since
then, the function of GSDMD and its associated mechanism
have been actively studied.'>'"** In addition to being a key
effector in pyroptotic cell death by forming pores in the plasma
membrane, emerging evidence has shown that GSDMD-N
permeabilizes the mitochondrial membrane to activate cas-
pase-3-associated apoptosis or RIPK1/RIPK3/MLKL-depen-
dent necroptosis in immune cells or to suppress YAP-mediated
endothelial cell proliferation in response to different stimuli.'®%
Since GSDMD pores permeabilize mitochondria and lead to
the release of an array of mitochondrial damage-associated mo-
lecular patterns that trigger multiple cellular events, it is crucial to
elucidate the direct targets of GSDMD-N on mitochondria and
initiator of GSDMD cleavage during early injury. By combining
in vivo and in vitro studies, we revealed that oxCL is the direct
target of GSDMD-N on mitochondria in EIMD and that this is
an initiating step that occurs prior to and is required for the for-
mation of conventional mitochondrial apoptosis-induced chan-
nels, such as BAX and VDAC channels. Therefore, blocking the
oxCL-GSDMD interaction could be a promising strategy for pre-
venting and treating endotoxemia-related cardiac dysfunction.

Previous studies have shown that NLRP3 ubiquitination plays
a critical role in the regulation of its degradation and this depends
on the modification of different types of ubiquitin chains.**=’
K48-linked ubiquitin chains serve as a signal for degradation
by proteasomes, while K63-linked ubiquitin chains act as a
signal for altering the functions of the modified protein, including
signaling transduction, DNA repair, and intracellular traf-
ficking.*®*° K27-linked ubiquitination of NLRP3 induced by
various E3 ubiquitin ligases leads to yet different effects on
NLRP3 inflammasome degradation and activation.>*>*° We
found that ROS production increases NLRP3 expression by
reducing its ubiquitination and, hence, degradation, in cardio-
myocytes with poly(l:C) priming + LPS treatment. However, the
identification of the ubiquitin chains involved in ROS-related
de-ubiquitination remains to be investigated in future studies.
Moreover, we found that proteasome inhibition increased
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NLRP3 protein expression with poly(l:C) priming alone, indi-
cating that the production of NLRP3 may be equivalent to its
proteasomal degradation during poly(l:C) priming. This evidence
explains why NLRP3 protein is not expressed during priming.

CL is a tetra-acylated diphosphatidylglycerol lipid found in the
mitochondrial membrane.*" Under physiological conditions, CL
is synthesized in the mitochondria by the enzyme CLS and re-
sides in the IMM.*>*® Pathogenic or proapoptotic stimuli can
change the level of CL oxidation and generate various forms of
oxCL. In addition, the activity of phospholipid-mobilizing en-
zymes, such as PLS3, is also upregulated to mediate the
“flipping” of CL to the outer leaflet of the IMM and exposure of
CL at the OMM during stimulation. Previous studies have
shown that cytosol-exposed oxCL is an essential mediator of
apoptosis, partially by recruiting tBID and forming BAX/BAK olig-
omers at the OMM.?" Preclinical studies have shown that mild
uncoupling of oxidative phosphorylation of mitochondria by
XJB-5-131 leads to a reduction in CL oxidation and beneficial
outcomes in traumatic brain injury and hemorrhagic shock.***°
In our study, we also observed that inhibition of CL oxidation
or translocation attenuated BAX oligomerization in cardiomyo-
cytes at the later phase of endotoxemia. More importantly,
GSDMD-N formed pores with oxCL prior to the formation of
BAX pores in this setting. Although studies have revealed that
oligomeric BAX is sufficient to form small pores on liposomes
and the OMM in the absence of CL,"**" GSDMD-N, or
GSDMD-N-oxCL interaction markedly enhanced the process
of mitochondrial apoptotic pore formation in our study. The
detailed structure of this mitochondrial membrane channel re-
quires cryoelectron microscopy examination in further studies.

The oxidation of CL and subsequent redistribution between
the mitochondrial membranes depend on the production of
ROS.*>** The mitochondrial ETC is a major source of ROS for-
mation through continuous aerobic respiration that generates
0278 Complexes | to V in the mitochondrial ETC are redox
centers that transfer an electron to oxygen.*® Complex | and
complex Il are the primary ROS generators in many cell types,
including macrophages, T cells, and endothelial cells. In this
study, we showed that complex Il contributes to most ROS pro-
duction for CL oxidation and apoptosis in cardiomyocytes during
endotoxemia. One explanation for the high generation of ROS
from complex Il may be associated with reverse electron transfer
from accumulated succinate to NAD+ in inflamed cells.*?*°
Mitochondrial fatty acid oxidation is the major source of energy
for adult cardiomyocytes and a powerful source of FADH2."
The electron transfer from FADH2 potentiates the formation of
ROS within complex 11.°% The elucidation of the source of ROS
may reveal potential strategies for reducing cardiomyocyte dam-
age during endotoxemia.

Limitations of the study

We acknowledge the limitations of our study. First, we focused
on cardiomyocytes, while other heart cell types, such as fibro-
blasts, macrophages, and endothelial cells, may respond differ-
ently to endotoxin. Second, our mechanistic analysis was
focused on mitochondrial GSDMD oligomerization and pore for-
mation. Other gasdermin families identified in mitochondria
should be further explored.’® Third, although our study has
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revealed that GSDMD-N targets oxidized CL to form mitochon-
drial pores and cardiac dysfunction during endotoxemia, other
phospholipids potentially binding to GSDMD remain to be
identified.
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Mitochondria isolation kit for tissue Abcam Cat#:ab110168
Membrane protein extraction kit Thermo Fisher Scientific Cat#:89842
Mitochondria Isolation Kit for Cultured Cells Thermo Fisher Scientific Cat#:89874

Bicinchoninic acid assay (BCA)
NativePAGE Sample Prep Kit
Lactate Dehydrogenase (LDH) Release Assay Kit

20  Cell Reports 43, 114237, May 28, 2024

KeyGEN BioTECH
Thermo Fisher Scientific
Beyotime

Cat#:KGP903
Cat#:BN2008
Cat#:C0017

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Annexin V-FITC kit BD Biosciences Cat#:556547

MitoSOX Red mitochondrial superoxide indicator Thermo Fisher Scientific Cat#:M3600

dihydroethidium (DHE) Sigma Cat#:D7008

In Situ Cell Death Detection Kit, TMR red Roche Applied Science Cat#:12156792910

ATP assay kit Beyotime Cat#:50026B

Reverse Transcription Reagent Kit Transgene Cat#:205410

Deposited data

Bulk RNA sequencing: Raw and analyzed data This paper GSE215131

Code for bulk RNA sequencing and analysis This paper https://github.com/JJClab/heart.git
Experimental models: Cell lines

Human: AC16 Human Cardiomyocyte Cell Line Sigma Cat#:SCC109; RRID:CVCL_4U18

Human: NLRP3 - AC16 cells
Human: HEK293T

Cyagen Biosciences

American Type Culture
Collection (ATCC)

Cat#:STSKO230828CXW1
Cat#:CRL-3216; RRID:CVCL_0063

Experimental models: Organisms/strains

Mouse: C57BL/6J

Hunan Slac Jingda Laboratory

SCXK2016-0002

Mouse: Casp11~/~ Timothy R. Billiar Lab; N/A
Tang X et al., 2021**
Mouse: Gsdmd ™/~ Timothy R. Billiar Lab; Yang et al.** N/A
Mouse: Tlr4~/~ Timothy R. Billiar Lab; Tang et al.** N/A
Mouse: Casp1~/~ Timothy R. Billiar Lab; Xu et al.*® N/A
Mouse: Nirp3~/~ Lu Lab; Tang et al.** N/A
Mouse: B6/JGpt-Gsdmad®™ °1*/Gpt (Gsdmd™"™) GemPharmatech RRID:IMSR_GPT:T008770
Mouse: Myosin heavy chain 6-Cre (Myh6-Cre) Jackson Laboratory JAX: C001041
Oligonucleotides
siRNA targeting sequence: TLR4 Ribobio #stB0000947B
Human: TGGTGAGTGTGACTATTGA
siRNA targeting sequence: NLRP3 Hanbio #HH20210118HNSLY-SI03
Human: CCTCGGTACTCAGCACTAATT
siRNA targeting sequence: CASP4 Hanbio #HH20210118HNSLY-SI02
Human: GCCUCAGUCUGAAGGACAATT
siRNA targeting sequence: CASP1 Hanbio #HH20210118HNSLY-SI01
Human: GCACACGUCUUGCUCUCAUTT
siRNA targeting sequence: GSDMD Hanbio #HH20210628HNSLY-SI01
Human: GCAGGAGCUUCCACUUCUATT
siRNA targeting sequence: CLS Hanbio #HH20201214HNSLY-SI01
Human: GAUGCACCACAUCUAGUAATT
siRNA targeting sequence: PLS3 Tsingke #C203299825
Human: GACAUGUUAUACCAAUGAATT
siRNA targeting sequence: GAPDH Tsingke #C203299829
Human: GUGGAUAUUGUUGCCAUCATT
siRNA targeting sequence: BAX Hanbio #HH20230215HNSLY-SI01
Human: GACGAACUGGACAGUAACAUG
siRNA targeting sequence: BAK Ribobio #stB0003728C
Human: GCTTCGTGGTCGACTTCAT
siRNA targeting sequence: VDACT Ribobio #siB11825153448
Human: ACACTAGGCACCGAGATTA
Primers for TLR4, NLRP3, CASP4,CASP1,GSDMD, This paper N/A

CLS, PLS3, BAX, BAK, VDAC1, Human,
see Table S5 for a list of oligonucleotides

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: pcDNA3.1 h-FL-GSDMD This paper N/A

Plasmid: pcDNA3.1 h-NT-GSDMD Hanbio Addgene Plasmid:
#HH20200828HNSLY-PCO01

Plasmid:pcDNA3.1 h-NT-GSDMD (E15K) This paper N/A

Plasmid:pcDNA3.1 h-NT-GSDMD (L192D) This paper N/A

Plasmid:pcDNA3.1 h-NT-GSDMD (E15K/L192D) This paper N/A

Plasmid: pcDNA3.1 h-IL-1b-myc Hanbio Addgene Plasmid:
#HH20230902HNSLY-PCO1

Plasmid: pcDNA3.1 h-CASP-1-HA Hanbio Addgene Plasmid:
#HH20230902HNSLY-PCO01

Plasmid: pcDNA3.1 h-GFP-PYCARD Hanbio Addgene Plasmid:
#HH20230902HNSLY-PCO01

Plasmid: pcDNA3.1 h-NLRP3-3FLAG Hanbio Addgene Plasmid:

#HH20230902HNSLY-PCO1

Software and algorithms

FlowJo software version 7.6 TreeStar https://www.flowjo.com/

Image Lab 3.0 software Bio-Rad https://www.bio-rad.com/zh-cn/
product/image-lab-software?|D=
KRE6P5E8Z

Imaged software National Institutes of Health https://oit.utk.edu/research/
research-software/imagej/

Adobe lllustrator 2020 Adobe https://www.adobe.com/

ZEN 2 (blue edition) Carl Zeiss https://www.micro-shop.
zeiss.com/en/de/

Prism 8 Graph Pad https://www.graphpad-prism.cn/

R version 4.2.1 The R Foundation https://cran.r-project.org/bin/

windows/base/

Compound Discoverer Software version 3.3 Thermo Fisher Scientific https://www.thermofisher.cn/
cn/zh/home/products-and-
services/promotions/industrial/
compound-discoverer.html

RESOURCE AVAILABILITY

Lead contact
Requests for additional information, resources, and reagents should be directed to the lead contact, Jingjing Cai (caijingjing83@
hotmail.com; caijingjing@csu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Bulk RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed
in the key resources table. All original code has been deposited on Github and is publicly available as of the date of publication. The
DOl is listed in the key resources table. Original western blot images and microscopy data reported in this paper will be deposited at
Mendeley before the date of publication and shared by the lead contact upon request. Any additional information required to rean-
alyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Mouse studies

Male C57BL/6J mice (8—-10 weeks old) were purchased from Hunan Slac Jingda Laboratory Animal Company, Ltd. (Certificate
SCXK2016-0002). TIr4 '~ mice, Gsdmd ™'~ mice, Casp1~/~ mice, and Casp11~’~ mice were provided by Professor Timothy R. Billiar
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at the University of Pittsburgh Medical Center.>>=>° Nlrp3~'~ mice were provided by Professor Ben Lu at Central South University.>*
WT male C57BL/6J mice were used as controls for the above-mentioned transgenic mice. B6/JGpt-Gsdmd®™ “1°/Gpt (Gsdmad™")
mice were generated by CRISPR/Cas9-mediated genome editing from the GemPharmatech Co. Ltd (RRID: IMSR_GPT: T008770).
Myh6-Cre transgenic mice were purchased from Jackson Laboratory (JAX: 011038). Cardiomyocyte-specific knockout (Gsdmad™"
Myh6-Cre [Gsdmd-CKO]) mice were generated by crossing Gsdmd™" mice with the Myh6-Cre strain from Cyagen Biosciences Inc.
Littermates not carrying the Myh6-Cre transgene (Gsdmd™") were used as controls. TIr4~'~ mice, Gsdmd '~ mice, Casp1~'~ mice,
and Casp71~/~ mice were maintained on a 12-h light-dark cycle in a pathogen-free facility at the University of Pittsburgh (Pittsburgh,
PA, USA). Nirp3~'~ mice, Gsdmd™" mice, and Gsdmd-CKO mice were maintained on a 12-h light-dark cycle, 22°C-24°C room tem-
perature, and 40%-70% humidity in a pathogen-free facility at Central South University (Changsha, Hunan, China). All transgenic
strains were backcrossed at least 10 times into a C57BL/6J background and used at the age of 8-10 weeks. All animal experiments
and protocols were approved by the Animal Care and Use Committee and the Ethics Committee of Central South University or the
University of Pittsburgh. The sample size was determined by power calculations with an « level of 0.05 and power of 0.80, at least 6
mice per group were required. To reduce variability and avoid the interference of estrogen and the menstrual cycle, only male mice
were used in the study. Randomization and allocation concealment were performed. All transgenic mice used in our research were
confirmed using standard genotyping techniques. The primers used for genotyping transgenic mice are available in Table S5. Echo-
cardiography assessment in any groups revealed no significant differences in heart rate (Tables S1, S2, and S4).

Endotoxin-induced myocardial dysfunction in vivo

A murine model of endotoxemia was constructed according to a previous study from our group.”?~>* All mice were injected intraper-
itoneally (i.p.) for priming with 1 mg/kg Poly(l:C) (tlrl-pic, Invitrogen, California, USA) and 7 h later treated with LPS (10 mg/kg, i.p.)
(Escherichia coli 0128:B12, L2887, Sigma, St. Louis, MO, USA) dissolved in 0.9% sterile sodium chloride for 4 h or 14 h.

Animal treatments and reagents
To reduce mitochondrial-generated oxidants, 10, 15, 20 mg/kg MitoTempol (ALX-430-150-M005, ENZO Life Science, Farmingdale,
NY, USA) dissolved in 0.9% sterile sodium chloride was injected i.p. 1 h before Poly(l:C) and LPS challenge.*®

To selectively inhibit CL oxidation, 10 mg/kg XJB-5-131 (866404-31-1, Sigma, St. Louis, MO, USA) dissolved in sterile phosphate-
buffered saline (PBS) was pretreated i.p. 1 h before Poly(l:C) and LPS exposure, while 5 mg/kg SS-31 (r-200, 600-DEN-KF-NH2,
ChinaPeptides, Shanghai, China) in PBS was injected twice at 30 min before Poly(l:C) and 30 min before LPS stimulation due to
its poor specific biodistribution and low delivery efficiency.®”->®

For complex Il inhibition, DI (0.69 mg/g) (592498, Sigma, St. Louis, MO, USA) or DMM (160 mg/kg) (136441, Sigma, St. Louis, MO,
USA) in PBS was administered i.p. 10 min before Poly(:C) and LPS challenge.®'>%°

Cell lines culture

The AC16 cell line was purchased from the Sigma-Aldrich Company (Cat#SCC109, RRID: CVCL_4U18, Sigma, St. Louis, MO, USA)
and the HEK293T cell line was obtained from the American Type Culture Collection (Cat#CRL-3216, RRID: CVCL_0063, ATCC, Man-
assas, Virginia, United States). The two cell lines were generated from female donors and then immortalized with SV40. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (SH30022.01, Gibco, Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS) (SH30084.03, Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin solution (KGY0023, KeyGEN BioTECH,
Nanjing, Jiangsu, China) in a humidified incubator at 37°C and 5% CO..

Culture of primary neonatal rat cardiomyocytes (NRCMs)

Briefly, NRCMs were isolated and cultured as described in our previous studies.®'*®> Male Sprague-Dawley rats at 1 to 3 days old
were euthanized by cervical dislocation. The heart tissues were immediately dissected in a sterile environment, and residual blood
was washed away with PBS. The ventricular tissue was separated from the atria and was trisected and digested repeatedly with
0.25% trypsin (25200056, Gibco, Grand Island, NY, USA) at 37°C for 5 min per cycle. After 7-10 cycles, the obtained cells were
cultured at 37°C in a humidified 5% CO, incubator. Three hours later, the supernatant containing suspended cardiomyocytes
was transferred into another dish with DMEM containing 10% FBS for 48 h and then replaced with a fresh medium.

CRISPR/Cas9-mediated generation of NLRP3~/~ AC16 cells

CRISPR/Cas9 genomic editing for gene deletion was performed according to the previous publication.®® Guide RNA sequences tar-
geting NLRP3 (5'- TTAGCGTGGCTAGATCCACA-3') with Bsmbl sticky end were selected for their position and a low number of pre-
dicted off-targets. The off-target analysis is based on the GRCh38/hg38 assembly (2013). PCR sequencing was required to screen
positive colonies of the frameshift mutation, when sgRNA was designed to construct Cas9 and sgRNA plasmids, followed by target
cell line (AC16, NCBI Taxonomy: 9606) transfection via electroporation. AC16 cells were tested for bacteria, mold, mycoplasma and
other contaminants. Clonal efficiency was measured to determine cell proliferation. The region containing the mutation was
sequenced to confirm the genotype. Stable transduced cells were isolated from single clones and enriched for screening. Colonies
were genotyped by PCR and sequencing to validate successful knockout. Clones were identified by immunoblotting with anti-NLRP3
antibodies, and the NLRP3~~ clone was used for the indicated analyses. Positive clones will be Cryopreserved.
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Endotoxin-induced cardiomyocyte injury in vitro

AC16 cells and primary NRCMs were primed with or without 1 ng/mL Poly(l:C) for 3 h and transfected with various doses of LPS
(10, 100, 10000 ng/mL)(TLRL-3PELPS, Invitrogen, California, USA) using 6 uL/mL Lipofectamine 2000 (11668019, Thermo Fisher Sci-
entific, California, USA) according to the manufacturer’s protocol.

Cell treatments and reagents
For mitochondrial-targeted antioxidants, cells were pretreated with 25, 250, and 2500 nM MitoTempol 1 h before 1 ug/mL Poly(l:C)
priming and subsequent 10 ng/mL LPS stimulation.®*

For selective CL oxidation inhibitors, XJB-5-131 or SS-31 was added immediately to fresh DMEM before 1 ng/mL Poly(1:C) priming
to achieve a final concentration of 10 uM.**%°

To directly induce oxidative stress, cells were treated with H,O, (100 mM) for 1

To activate the NLRP3 inflammasome, 10 ng/mL LPS primed for 2 h and followed by 5 uM nigericin (Sigma-Aldrich) for 1 h®”

To determine whether NLRP3 undergoes proteasome or lysosome-mediated degradation, AC16 cells were pretreated with
MG-132 (5 uM) or Chloroquine (10 uM) for 30 min, and then with Poly(l:C) priming + LPS stimulation or LPS priming + nigericin
stimulation.®°-68:°

In the inhibitory studies, cells were pretreated with N-acetylcysteine (NAC, 25 mM) (Sigma-Aldrich) or extracellular potassium chlo-
ride (100 mM) 30 min before challenge with 1 ug/mL Poly(l:C).”

To activate BAX/BAK oligomer and apoptosis, ABT-737 (100 nM), a BH3 mimic, was applied to cells for 7

To determine the source of MROS in cardiomyocytes during endotoxemia, the complex | inhibitor rotenone (0.1 pM)(R8875, Sigma,
St. Louis, MO, USA), the complex Il inhibitors DMM (10 mM) or DI (250 uM), the complex Il inhibitor antimycin A (4 pM) (ab147494,
Abcam, Cambridge, MA, USA), the complex IV inhibitor KCN (50 mM)(1049670100, Millipore, Merck KGaA, Darmstadt, Germany),
and ATP syntheses inhibitor oligomycin (10 uM) (ab141829, Abcam, Cambridge, MA, USA) were added 3 h before Poly(l:C)
priming +10 ng/mL LPS stimulation,®':59-60:70-73

Cells were pretreated with an equal volume of DMEM as controls. All results were normalized to those of the control group.

h66

29,30
h )

METHOD DETAILS

Echocardiography

Echocardiography was performed to evaluate the cardiac function at the specified time point after endotoxin challenge in various
strains. Small animal echocardiography (Vevo 2100, FUJIFILM VisualSonics, Inc., Toronto, Canada) equipped with a 30 MHz linear
transducer was used for the measurements. M-mode images were taken in planes that approximated the parasternal short-axis and
apical long-axis.”*"® The left ventricle and the aortic outflow tract were observed in a two-dimensional B-mode, and the sample line
was placed at the maximum cross-section of the left ventricle to guide the recording of serial M-mode echocardiographic images.
The left ventricular internal diameter at end-diastole (LVIDd) and left ventricular internal diameter at end-systole (LVIDs) were
measured at the mid-papillary muscle level. The left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic volume
(LVESV) were measured according to the maximum and minimum left ventricular area. LVEF was calculated as LVEF=(LVEDV-
LVESV)/LVEDVx100%. LVFS was calculated as LVFS=(LVIDd-LVIDs)/LVIDdx100%. The LVAWd, LVPWd, and LVIDd were
measured to estimate the LV mass (mg) = 1.053 x [(LVAWd+LVPWd-+LVIDd)*-LVIDd®]. All parameters were measured for five sepa-
rate cardiac cycles per mouse.

Cardiac tissue harvest and preparation

For bulk RNA sequencing and real-time quantitative polymerase chain reaction, mice were perfused with cold PBS through the
ascending aorta, and their heart tissues were dissected, harvested in TRIzol reagent (15596026, Invitrogen, Carlsbad, CA, USA),
and stored at —80°C for further analysis.

For mitochondrial isolation, the myocardium was separated and stored at —80°C until use.

For DHE staining, Mitosox staining, and immunostaining, the fresh left ventricular tissues were directly embedded in an optimum
cutting temperature compound without fixation and stored at —80°C.

For terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) and immunofluorescence staining, the
cardiac apex was cut, fixed in 4% paraformaldehyde overnight, dehydrated in 30% sucrose for 24 h, embedded in optimum cutting
temperature compound, and transferred to —80°C for storage.

For transmission electron microscope, the heart samples were cut into 1-mm? pieces, fixed with 2.5% glutaraldehyde (PH1831,
Karnovsky, Beijing, China) in 0.1 M phosphate buffer at 4°C for 1 h, dehydrated, and stored at 4°C.

Bulk RNA sequencing

Total RNA was extracted from heart tissue as described in our recent study.”* The RNA quality and quantity were tested with 1%
agarose gels, a NanoDrop, and an Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA). cDNA libraries were constructed
using an MGlEasy RNA Library Prep Kit V3.0 (96 RXN) (1000005272, MGlI, Shenzhen, China) and RNA sequencing was performed
on a BGISEQ-500 platform according to the manufacturer’s instructions (BGI, Guangdong, China). After removing reads with low
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quality with FastQC, the clean reads were aligned to a mouse genome (mm10) with HiSat2 (version 2.0.4) and Bowtie2 (version 2.2.5),
sorted with RSEM (version 1.2.12), and assembled with StringTie (version 1.3.3.13); scater was used for quality control. The count
information was further taken as the input of DESeq?2 (version 1.4.5) for differentially expressed genes (DEGs) identified with adjusted
p value less than 0.05 and log2[fold change] > 1.5. After log-normalizing the data, Principal component analysis was performed for
dimension reduction. Heatmaps and volcano plots of the DEGs were plotted with the R package ggplot2 (version 3.3.5). GSEA
(version 4.0.1) software was used in the LPS 4-h group compared to the Poly 7-h group and control group, respectively. A curated
gene set (C2 term) was obtained from the molecular signatures database. Pathway sets with a p-value of <0.05 and a false discovery
rate value of <0.25 were considered statistically significant. The top10 significantly upregulated signaling pathways were screened
out based on the normalized enrichment score in each pathway through the ggplot2 package in R.

Preparation of tissue subcellular fractions

Mitochondrial fractions were isolated by using a mitochondria isolation kit for tissue (ab110168, Abcam, Cambridge, MA, USA) ac-
cording to the manufacturer’s instructions. Briefly, the heart tissues were suspended, washed, and minced in 1.5 mL of cold wash
buffer. The tissues were homogenized in 2.0 mL of isolation buffer with thirty-five strokes in a prechilled Dounce homogenizer
(YA0856, Solarbio, Beijing, China), and then was centrifuged at 1,000 x g for 10 min at 4°C to remove unbroken cells. The supernatant
with 2.0 mL of isolation buffer was subsequently centrifuged at 12,000 x g for 15 min at 4°C to collect the pellet. The final supernatant
(cytosolic fraction) was transferred to new tubes and stored at —80°C. The pellet containing mitochondria was washed twice by re-
suspension in 1.0 mL of isolation buffer supplemented with 10 uL of protease inhibitor cocktail and then centrifuged at 12,000 x g for
15 min at 4°C for further purification.

The cell membrane fraction was isolated by using a membrane protein extraction kit (89842, Thermo Fisher Scientific, MA, USA)
according to the manufacturer’s instructions. In brief, the heart tissues were washed, minced, and suspended in 4.0 mL of cell wash
solution. Then, the suspension was homogenized via ten strokes with a prechilled Dounce homogenizer in 1.0 mL of permeabilization
buffer, transferred to a new tube, and incubated for 10 min at 4°C in an additional 1.0 mL of permeabilization buffer with constant
mixing. The homogenate was centrifuged at 16,000 x g for 15 min at 4°C to collect the pellet, which was the cell membrane fraction.
Subcellular fractions were characterized using immunoblotting and antibodies against GAPDH (cytosolic), COXIV or SDHA (mito-
chondrial), Na, K-ATPase (cell membrane), LAMP1 (lysosome), PMP70 (peroxisomes), and GOLPH3 (golgi).®”

Detection of ROS and mROS production in heart tissues

The level of total ROS production in the heart tissues was determined by DHE staining according to our previous report.” Five-micro-
meter-thick non-fixed fresh frozen heart tissues were incubated with 5 mM DHE (D7008, Sigma, St. Louis, MO, USA) for 30 min in the
dark at 37°C. The levels of mROS production in the heart tissues were measured by 5 uM Mitosox red staining (M3600, Invitrogen,
California, USA). Five-micrometer-thick non-fixed frozen heart tissues were incubated with Mitosox red in the dark at 37°C for 15 min.
The sections were then washed and images were captured using a fluorescence microscope (SpinSR10, Olympus, Tokyo, Japan).
Five fields were randomly obtained from each sample, and the DHE-positive or Mitosox red-positive relative fluorescence was
analyzed using ImageJ software as previously described by our team.”® All quantitative results were normalized to those of the con-
trol group, and representative images are shown.

TUNEL staining and immunostaining in heart tissue

For histological analysis, fixed frozen heart tissues were serially cryosectioned at a thickness of 5 um. The cryosections were fixed in
4% paraformaldehyde for 30 min and then rinsed in PBS. The plasma membranes were permeabilized with 0.1% Triton X-100
(T8787, Sigma, St.Louis, USA). Then, the sections were incubated with TUNEL staining by using an /n Situ Cell Death Detection
Kit, TMR red (12156792910, Roche Applied Science, Penzberg, Germany) according to the manufacturer’s instructions. Nonspecific
binding sites were blocked by 5% bovine serum albumin (BSA) (A3912, Sigma, St. Louis, USA) in PBS for 30 min. The slides were then
incubated with a rabbit anti-sarcomeric alpha-actinin primary antibody (Cat#ab137346, [1:200], RRID: AB_2909405, Abcam, Cam-
bridge, USA) overnight at 4°C. Then, the slides were rinsed and incubated with appropriate secondary antibodies at room temper-
ature for 1 h. Subsequently, the nuclei were labeled with DAPI (23627, [1:4000], Roche Penzberg, Germany) for 1-5 min. The stained
slides were photographed with a confocal fluorescence microscope (SpinSR10, Olympus, Tokyo, Japan). The percentage of
TUNEL"actinin* double-positive cells was calculated among 100 cells in each of the 5 randomly selected fields in each section ac-
cording to recent studies.’®’” The quantitative results were normalized to those of the control group, and representative images are
shown.

Quantification of CL and oxCL by UHPLC-HRMS/MS

Approximately 1 mg of mitochondria from heart tissue was used to extract total lipids using a previous method.”® In brief, 300 uL
methanol and 50 pL of 50 times of diluted Cardiolipin Mix | (LM6003, Avanti Polar lipids, St. Louis, MO, USA) as internal standards
were added to each isolated mitochondrial sample. The mixture was vortexed for 30s, then 1000 pL methyl t-butyl ether with 0.05%
Butylated hydroxytoluene was added to extract total lipids by strongly vortex for 1 min. After centrifuging, the supernatant was
collected for evaporating to dryness under nitrogen. Then, the bottom phase was re-extracted by 750 uL hexane/isopropanol
(3:2, 0.05% Butylated hydroxytoluene). The supernatant was combined to dry under nitrogen. The dried residue was redissolved
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in 50 uL methanol, and the supernatant was transferred to the vial for the UHPLC-HRMS/MS analysis of CLs and oxCL on a
ThermoFisher Ultimate 3000 UHPLC system with an Acclaim C30 column (2.1 mm x 100 mm, 3 um, Thermo Fisher Scientific, Cal-
ifornia, USA) at 50°C. The eluents were analyzed on a ThermoFisher Q Exactive Hybrid Quadrupole Orbitrap Mass Spectrometry in
Heated Electrospray lonization Negative mode. The spray voltage was 3.5 kV. Both Capillary and Aux Gas Temperature were 350°C.
The flow rates of Sheath gas and Aux gas were 40 (Arb) and 10 (Arb), respectively. S-Lens RF Level was 50 (Arb). The preprocessing
of raw data and structural identification of metabolite were performed using the commercial software Compound Discoverer (version
3.3) by Thermo Fisher Scientific. The main parameters including mass-to-charge ratio (m/z) of parent ion and mass spectra of frag-
ment ions were set as mass tolerance of 10 ppm for all steps, retention time tolerance of 0.1 min for the peak group, and default values
for other parameters. Both isotopic and adduct ion peaks were identified and redundant peaks were excluded in the data analysis.

Measurement of intracellular endotoxin levels
Limulus amebocyte lysate (LAL) and chromogenic kinetic assay (EC80545S, Bioendo, Xiamen, China) were used to detect intracel-
lular endotoxin levels. Approximately 2x10° cells were centrifuged (800 rpm for 5 min), and the pellet was resuspended in 100 pL
endotoxin-free water. Then, 100 uL of sample and 100 pL of LAL reagent were mixed and heat treated for 1 min at 37°C. After incu-
bation, 100 uL of chromogenic matrix solution was added and incubated at 37°C for 2 min. Next, Azo reagent 1, Azo reagent 2, and
Azo reagent 3 were added and mixed in sequence and allowed to stand for 5 min. Absorbance was analyzed at 545 nm with a
spectrophotometer using the Endoscan-V software (Charles River Laboratories, Charleston, SC, USA). Results are expressed as
EU/mL.79-8°

To observe LPS internalization, AC16 cells were primed with 1 pg/mL Poly(l:C) for 3 h and transfected with 10 ng/mL FITC-con-
jugated LPS (F8666, O55:B5, 1 ng/mL, Sigma, St. Louis, MO, USA) for 2 h using 6 pL/mL Lipofectamine 2000 (11668019, Thermo
Fisher Scientific, California, USA). After stimulation, Hoechst33342 (1 ng/mL) were added for 10 min to nuclear staining. Then, cells
were washed in PBS twice. Images were captured at 1h after stimulation using a confocal laser scanning microscope (Zeiss
LSM900+Airyscan 2, Carl Zeiss, Germany). All imaging data are representative of at least three randomly selected fields.®’

Plasmid transfection

The mutation of leucine192 to aspartate (L192D) or glutamic acid 15 to lysine (E15K), or double mutation in the auto-inhibited region in
GSDMD-N was previously described.'? Plasmids encoding full-length, WT GSDMD-N, E15K-mutant GSDMD-N, L192D-mutant
GSDMD-N, and E15K/L192D-mutant GSDMD-N were cloned from cDNAs and ligated to the pcDNA3.1 vector. The constructed
plasmid was amplified and confirmed by sequencing. In the transfection experiments, AC16 cells were plated at 2.5x10° cells/mL
in 15 cm dishes (20 mL/dish), and HEK293T cells were seeded at 6x 10° cells/mL in 10 cm dishes (10 mL/dish) with DMEM containing
10% FBS without antibiotics for 20 h. On the following day, the AC16 cells were transfected with 20 pg of plasmid DNA in 8.0 mL of
Opti-MEM per dish, and HEK293T cells were transfected with 15 ug of plasmid DNA in 6 mL of Opti-MEM per dish using Lipofectamine
2000 (5 pL/mL). The supernatants and cells were collected from 6 to 24 h to test LDH activity and mROS levels to determine the appro-
priate time points at which exogenous GSDMD-N initiates mitochondrial oxidative stress without cell death for subsequent experi-
ments. All results were normalized to those of the empty vehicle group.

Reconstitution of NLRP3 inflammasome in NLRP3~/~ AC16 cells

A standard reconstitution system in HEK293T cells was performed.®” NLRP3~/~ AC16 cells were seeded into 6-well plates at a den-
sity of 2x10* cells per well in a complete cell culture medium overnight before transfection. The cells were transfected with plasmids
expressing pro-IL-1B-myc (1 png/well), pro-caspase-1-HA (2.5 pg/well), ASC-GFP (100 ng/well), and NLRP3-3*flag (1 png/well) using
Lipofectamine 3000. 36 h—48 h later, replace the medium with DMEM cell culture medium, then the indicated treatments was added.

siRNA transfection

siRNAs targeting human NLRP3, CASP4, CASP1, GSDMD, BAX, and negative control (NC) siRNA were obtained from Hanbio
(Shanghai, China). siRNAs targeting CLS and PLS3 were purchased from Tsingke (Beijing, China). siRNAs targeting TLR4, BAK,
and VDAC1 were purchased from Ribobio (Guangzhou, China). For siRNA transient transfections, AC16 cells were seeded in
6-well plates or appropriate dishes in DMEM supplemented with 10% FBS for 20 h and then incubated with 40 nM of the indicated
siRNA dissolved in DMEM containing 4 pL/mL of Lipofectamine RNAfit (HB-RF-1000, Hanbio, Shanghai, China) in 2-10 mL of DMEM
with 10% FBS per well or dish for 24 h according to the manufacturer’s instructions. The silencing efficiency was examined by
RT-gPCR at least 24 h later. The siRNA sequences used in this study are listed in the key resources table.

mROS measurement using flow cytometry

mROS were detected in live AC16 and HEK293T cells using the Mitosox red mitochondrial superoxide indicator according to the
manufacturer’s instructions. Briefly, cells were stained with 5 uM Mitosox red and incubated for 10 min at 37°C protected from light.
Then, they were gently washed with warm Hank’s balanced salt solution with calcium and magnesium. Mitosox red-positive cell
counts were determined by flow cytometry (BD FACSCalibur, USA) and analyzed using FlowJo software version 7.6 (TreeStar
Inc., USA). The mean fluorescence intensity was quantified as mROS production. The quantitative results were normalized to those
of the control group.
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JC-1 staining for mitochondrial membrane potential measurement

Mitochondrial membrane potential was measured by JC-1 staining (T3168, Invitrogen, California, USA). At the indicated time points,
AC16 cells were stained with 1 mM JC-1 dye for 30 min at 37°C in the dark and then gently washed twice with 1 x PBS with 4% FBS.
The cell fluorescence of 5,000 cells for each sample was measured by flow cytometry and analyzed by Flowjo 7.6. Excitation and
emission settings were 488 nm. JC-1 aggregates and monomers were measured under Texas Red (610/20 600LP) and FITC
(525/50 505LP), respectively. All quantitative results were normalized to those of the control group.

Apoptosis measurement using Annexin V/PI staining

Apoptotic cells were detected with an Annexin V-FITC kit (556547, BD Biosciences). Cardiomyocytes were stained with 5 pL of An-
nexin V-FITC for 15 min and 5 pL of Propidium lodide (PI) (P3566, Invitrogen, California, USA) protected from light. Cardiomyocytes
were gently washed with 1 x binding buffer. Annexin V-FITC+PI- and Annexin V-FITC+PI+ staining were confirmed by flow cytometry
and analyzed using FlowJo 7.6.

Cytotoxicity assay

Cytotoxicity in AC16 and HEK293T cells was measured with an LDH Release Assay Kit (C0017, Beyotime Biotechnology; Wuhan,
China) according to the manufacturer’s instructions. Briefly, One hour prior to the time point, 100 uL of LDH releasing reagent
was added to the complete cell lysis control wells and incubated. At the indicated time points, the supernatant was collected
from each well, centrifuged at 400 x g for 5 min, and then transferred to a 96-well plate. 60 pL of Diluent/Substrate Assay Mix
was added to each well and incubated at room temperature in the dark for 30 min. The plate was then analyzed by spectrophotometry
at 490 nm, and cell death was calculated as following: cytotoxicity (LDH release (%) = 100 x (experimental LDH release/maximum
LDH release). The results were the triplicate mean cell cytotoxicity results.

Confocal microscopy

To detect whether GSDMD-N accumulates in the OMM, AC16 cells were seeded into a 35 mm confocal dish (801001, NEST
Biotechnology, Hong Kong, China) and treated with various stimuli. At the indicated time points, AC16 cells were fixed in 4% para-
formaldehyde for 15 min, rinsed in PBS, and permeabilized with 0.3% Triton X-100. Nonspecific binding sites were blocked by 3%
BSA for 30 min. Subsequently, cells were incubated with rabbit anti-cleaved N-terminal GSDMD (Cat#ab215203, [1:25], RRID:
AB_2916166, Abcam, Cambridge, USA) and an antibody for an outer mitochondrial membrane protein (mouse anti-TOMM20,
Cat#ab186734, [1:500], RRID: AB_2716623, Abcam, Cambridge, USA) overnight at 4°C and then with appropriate secondary an-
tibodies for 1 h at room temperature. The nuclei were labeled with DAPI. Images were obtained via a confocal laser scanning mi-
croscope (Zeiss LSM900+Airyscan 2, Carl Zeiss, Germany). All imaging data are representative of at least three randomly
selected fields.

Cellular ATP content

Cellular ATP content was measured by using an ATP assay kit (S0026B, Beyotime Biotechnology, China) according to the manufac-
turer’s instruction. After stimulation, 2x10° cells were centrifuged (14,000 g for 10 min), and the supernatant was collected for ATP
assay. The luminescence was recorded in an llluminometer with an integration time of 10 s per well. The cellular ATP content was
determined by the chemiluminescence method via a Luminoskan Ascent Serial luminometer (Thermo RS-232C, USA). The results
were normalized to the concentration of protein using BCA Protein Assay Kit (KGP903, KeyGEN BioTECH, China).®®

RNA extraction and RT-qPCR

Total RNA was extracted using TRIzol reagent and quantified using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA).
1 ng of RNA was reverse-transcribed into cDNA with a Reverse Transcription Reagent Kit (205410, Transgene, lllkirch, France). SYBR
Green PCR Master Mix (04913850001, Roche, Basel, Switzerland) was used to quantify the PCR products using a CFX 96 Real-Time
PCR System (CFX 96 Touch, Bio-Rad, California, USA). Gapdh was used as an internal reference. The sequences of the primers used
in the current study are listed in Table S5.

Subcellular fractionation

The mitochondrial and cytosolic fractions of cardiomyocytes and HEK293T cells were separated with a Mitochondria Isolation Kit for
Cultured Cells according to the manufacturer’s instructions (89874, Thermo Fisher Scientific, Waltham, MA, USA). Briefly, approx-
imately 1x107 cells were centrifuged (800 rpm for 5 min), and the pellet was resuspended in 800 L of Mitochondria Isolation Reagent
A, vortexed at medium speed for 5 s, and incubated on ice for 2 min. The swollen cells were then homogenized using a prechilled
Dounce homogenizer with 46 strokes. The minced cells were added to a mixture of 800 uL of Mitochondria Isolation Reagent C
and 200 pL of Mitochondria Isolation Reagent A. The nuclei were separated by centrifugation at 700 x g for 10 min at 4°C. The su-
pernatants were transferred to a new set of tubes and centrifuged again at 12,000 x g for 15 min at 4°C to collect the pellet containing
the isolated mitochondria. The supernatant (cytosolic fraction) was stored at —80°C and the pellet (mitochondrial fraction) was
washed and centrifuged at 12,000 x g for 5 min with 500 puL of Mitochondria Isolation Reagent C for purification.
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The cell membrane fraction was isolated by using a membrane protein extraction kit (89842, Thermo Fisher Scientific, MA, USA)
according to the manufacturer’s instructions. In brief, the cellular pellets from approximately 1x10” AC16 cells were washed,
minced, and suspended in 4.0 mL of cell wash solution. Then, the suspension was homogenized via ten strokes with a prechilled
Dounce homogenizer in 1.0 mL of permeabilization buffer, transferred to a new tube, and incubated for 10 min at 4°C in an additional
1.0 mL of permeabilization buffer with constant mixing. The homogenate was centrifuged at 16,000 x g for 15 min at 4°C to collect the
pellet, which was the cell membrane fraction. The purity of the fractions was analyzed by immunoblotting with antibodies against
GAPDH (cytosolic), COX IV (mitochondrial) and Na, K-ATPase (cell membrane).

Transmission electron microscopy

Heart tissues, AC16, and HEK293T cells with the indicated treatments were dissected into ultrathin sections (70-80 nm) using an
ultramicrotome (RMC MT6000-XL). All sections were stained with lead citrate and uranyl acetate and detected under a transmission
electron microscope (HT7700, HITACHI, Japan).

Antibodies
All antibodies for Western blot analysis, oligomeric state detection, and immunoprecipitation detection used in this study are listed in
Table S6.

Western blot analysis

Proteins were extracted from the left ventricular tissue, cardiomyocytes, HEK293T cells, and subcellular fractions with SDS lysis
buffer (PO013G, Beyotime Biotechnology, Wuhan, China) containing 1% protease inhibitor (CW2200S, Cowin Biotech, Beijing,
China). The protein concentration was quantified with a BCA assay kit (KGP903; KeyGEN BioTECH; Nanjing, Jiangsu, China). Equal
quantities of protein extracts were separated by 6%-15% SDS-PAGE and performed by standard western blotting. Protein expres-
sion was quantified using Image Lab 3.0 software (Bio-Rad, California, USA) and Imaged software (National Institutes of Health, Be-
thesda, Maryland, USA). The total and plasma proteins were normalized to GAPDH, and mitochondrial proteins were normalized to
COX IV.

Blue Native-PAGE (BN-PAGE)

BN-PAGE was used to detect mitochondrial membrane oligomers from HEK293T cells, cardiomyocytes, and heart tissue homoge-
nates.®* Mitochondrial fractions were prepared using a NativePAGE Sample Prep Kit (BN2008, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The lysis buffer contained 1% digitonin to preserve monomeric states as the
loading control for oligomeric forms (Chin et al., 2018; Ma et al., 2014). The protein samples were separated by 4%-16% acrylamide
gradient gels (BN1004BOX, Thermo Fisher Scientific, Waltham, MA, USA). The gels were electrophoresed in cathode buffer B (50 mM
Tricine, 7.5 mM imidazole, 0.02% Coomassie Blue G-250, pH 7.0) and cathode buffer B/10 (50 mM Tricine, 7.5 mM imidazole,
0.002% Coomassie Blue G-250, pH 7.0). Cathode buffer B was replaced with cathode buffer B/10 (with a lower concentration of
Coomassie Blue) when the dye front was one-third of the way through the resolving gel. The proteins on the gels were transferred
to PVDF membranes in native-PAGE transfer buffer containing 50 mM tricine and 7.5 mM imidazole at 0.2 A for 1 h. The blots
were destained in 25% methanol and 10% acetic acid and washed with PBST prior to immunoblotting. COXIV or SDHA as the mem-
brane fraction controls for mitochondria and Na, K-ATPase as a control for cell membrane fraction were used according to previous
studies.®*%°

Co-immunoprecipitation (co-ip) assays

For the analysis of the mitochondrial membrane oligomers, mitochondrial samples from AC16 cells, HEK293T cells, and heart tissue
were lysed with cold RIPA buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% NP-40, 0.25% deoxycholate)(P0013D,
Beyotime Biotechnology, Wuhan, China) containing 1x protease inhibitor and 1x phosphatase inhibitor (CW2383S, Cowin Biotech,
Beijing, China) according to a previous study.®® The lysed samples were centrifuged at 10,000 x g for 10 min. The 30 puL supernatants
were boiled with 1x SDS loading buffer for input prior to SDS-PAGE analysis. The rest of the supernatants (100 uL) was precleared at
4°C for 30 min with 1.0 pg of the control normal anti-mouse IgG (sc-2025, Santa Cruz Biotechnology) together with 20 uL of the re-
suspended volume of Protein A/G PLUS-Agarose (sc-2003, Santa Cruz Biotechnology, California, USA). The pellet beads were
centrifuged at 1,000 x g for 5 min at 4°C. Half of the supernatants were incubated with 2.0 pg of anti-mouse GSDMD
(sc-393581, Santa Cruz Biotechnology, California, USA) and 2.0 pg of control normal mouse IgG antibody at 4°C for 1 h, respectively.
Then, the above mixtures were incubated with 20 pL of Protein A/G-agarose beads on a rotating device at 4°C for 18 h. The immu-
noprecipitation beads were washed with cold RIPA buffer for four times and solubilized with 2 x NativePAGE Sample Buffer contain-
ing 1% n-dodecyl-B-D-maltoside prior to BN-PAGE analysis.

For NLRP3 ubiquitination, total cellular proteins from AC16 cells with the indicated treatments were extracted using cold RIPA
buffer as described above, incubated with protein A/G magnetic beads and then immunoprecipitated with 2.0 ug of anti-mouse
NLRP3 (ab263899, abcam, Cambridge, MA, USA) or 2.0 nug of control normal rabbit IgG antibody (ab172730, abcam, Cambridge,
MA, USA) at 4°C on a rotating device overnight. The eluted proteins were analyzed by Western blotting with the anti-Ub antibody
(sc-8017, 1:200) and anti-NLRP3 antibody (ab263899, 1:1000).
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QUANTIFICATION AND STATISTICAL ANALYSIS

The results are expressed as the mean + standard error of the mean (SEM). All statistical analyses were performed using GraphPad
Prism 8.0 software. The normality of the data was first determined by the Shapiro-Wilk test. For data that passed the normality test,
analyses were performed using a 2-tailed Student’s t-test for comparisons between 2 groups, while one-way ANOVA, two-way
ANOVA, and multi-factor ANOVA followed by Bonferroni post hoc analysis were applied for comparisons among three or more
groups. For nonnormally distributed data, analyses were performed using the Mann-Whitney test for two-group comparisons
and Kruskal-Wallis followed by the Dunn post hoc multiple comparisons test for multigroup comparisons. Survival was analyzed
by the log rank test and presented as Kaplan-Meier curves. p < 0.05 was considered to be a statistically significant difference.
All the statistical analyses were performed by an investigator blind to the allocation of treatment and genotype.
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