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Abstract

Macrophages are critical sentinel cells armed with multiple regulated necrosis pathways, including pyroptosis,
apoptosis followed by secondary necrosis, and necroptosis, and are poised to undergo distinct form(s) of necrosis
for tackling dangers of pathogenic infection or toxic exposure. The natural BH3-mimetic gossypol is a toxic phy-
tochemical that can induce apoptosis and/or pyroptotic-like cell death, but what exact forms of regulated necrosis
are induced remains largely unknown. Here we demonstrated that gossypol induces pyroptotic-like cell death in
both unprimed and lipopolysaccharide-primed mouse bone marrow-derived macrophages (BMDMs), as evidenced
by membrane swelling and ballooning accompanied by propidium iodide incorporation and lactic acid dehy-
drogenase release. Notably, gossypol simultaneously induces the activation of both pyroptotic and apoptotic
(followed by secondary necrosis) pathways but only weakly activates the necroptosis pathway. Unexpectedly,
gossypol-induced necrosis is independent of nucleotide-binding oligomerization domain-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome, as neither inhibitor for the NLRP3 pathway nor NLRP3 deficiency
protects the macrophages from the necrosis. Furthermore, necrotic inhibitors or even pan-caspase inhibitor alone
does not or only partly inhibit such necrosis. Instead, a combination of inhibitors composed of pan-caspase inhibitor
IDN-6556, RIPK3 inhibitor GSK'872 and NADPH oxidase inhibitor GKT137831 not only markedly inhibits the ne-
crosis, with all apoptotic and pyroptotic pathways being blocked, but also attenuates gossypol-induced peritonitis
in mice. Lastly, the activation of the NLRP3 pathway and apoptotic caspase-3 appears to be independent of each
other. Collectively, gossypol simultaneously induces the activation of multiple subroutines of regulated necrosis in
macrophages depending on both apoptotic and inflammatory caspases.
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Introduction containing 3 (NLRP3) in macrophages can be activated by danger

Macrophages are critical tissue-resident innate immune cells pa-
trolling tissues to defend pathogenic infections and tissue injury [1].
In response to pathogenic infection or tissue injury, macrophages
are poised to undergo various forms of regulated necrosis including
pyroptosis, apoptosis followed by secondary necrosis, and ne-
croptosis [2-4]. For example, cytosolic sensors such as nucleotide-
binding oligomerization domain-like receptor family pyrin domain

signals derived from pathogens or injured tissues to trigger in-
flammasome assembly, leading to the activation of caspase-1 which
cleaves gasdermin D (GSDMD) to generate its N-terminal fragment
(GSDMD-NT) that executes pyroptosis [5]. Pyroptosis is a lytic cell
death resulting in not only the release of inflammatory components
but also the release of intracellular pathogens, thus mediating ro-
bust inflammation and allowing the elimination of the pathogens by
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other phagocytes such as neutrophils [6,7]. However, pathogens
can evolve evasion strategies to block some cell death signaling
pathways of infected cells [8,9]. To overcome such evasion, mac-
rophages also have evolved strategies to undergo other forms of
lytic cell death through caspase-8-mediated cleavage of GSDMD
[8,9]. In circumstances when caspase-8 is blocked, one more form
of regulated necrosis subroutine named necroptosis can be induced
in macrophages and other cells [10,11]. On the other hand, in re-
sponse to influenza A virus, vesicular stomatitis virus, Listeria
monocytogenes, Salmonella enterica serovar Typhimurium [12],
Yersinia pseudotuberculosis [13] or murine coronavirus mouse
hepatitis virus [14] infection, multiple forms of cell death including
pyroptosis, apoptosis and necroptosis, can be induced at the same
time in bone marrow-derived macrophages (BMDMs), which has
been named PANoptosis [15,16].

Apart from pathogenic infection, recent studies have shown that
macrophages can undergo secondary necrosis through caspase-3/
gasdermin E (GSDME) upon chemotherapeutic agent treatment
[17,18], which relies on the expression of GSDME protein [18]. Such
GSDME-dependent secondary necrosis is likely to represent a pos-
sible mechanism of side effects of chemotherapy to macrophages
[18,19], but may also contribute to the anticancer effects of che-
motherapeutic agents [20,21].

BH3-mimetics are interesting agents that have been shown to
mimic the pro-apoptotic BH3-only protein to antagonize the activity
of Bcl-2, thus leading to mitochondrial dysfunction and release of
cytochrome ¢ and resulting in apoptosis [22,23]. Gossypol, a toxic
phytochemical isolated from cotton seeds, has been shown to be a
natural BH3-mimetic, acting as pan-Bcl-2 inhibitor that can interact
with pro-survival proteins Bcl-2, Bcl-X;, and Mcl-1 to counteract
their anti-apoptotic effects, thus inducing mitochondria-mediated
apoptosis [24,25]. Due to its toxic effect on mitochondria which
causes damage to sperms, the natural BH3-mimetic gossypol has
been shown to have an anti-fertility effect in males [26]. Subse-
quently, owning to the apoptosis induction activity, gossypol and its
derivatives (e.g., AT-101) have been tested as anti-cancer agents in
a wide range of cancers including prostate cancer [23,27]. Other
synthetic BH3-mimetics (e.g., ABT-737) have been developed as
therapeutic agents for cancers [22].

Emerging evidence suggests that both extrinsic and intrinsic
apoptosis induced by the synthetic BH3-mimetic ABT-737 in com-
bination with protein synthesis inhibitor can induce NLRP3 in-
flammasome activation and interleukin-1p (IL-1B) secretion in
macrophages through Bax/Bak-dependent induction of apoptotic
caspase-3/-7 activation downstream of caspase-8 [28]. It has also
been found that combination of ABT-737 with Mcl-1 inhibitor
(S63845) can drive NLRP3 inflammasome assembly depending on
the pannexin-1 activation via the mitochondrial apoptosis [29].
Although those studies suggest potential side effects of BH3-mi-
metics on immune cells, ABT-737 alone does not induce significant
lytic cell death in macrophages [28,29]. Interestingly, previous
studies showed that the natural BH3-mimetic gossypol was able to
induce apoptosis in tumor cells [30,31]. Our previous studies
showed that gossypol induced pyroptotic-like cell death in macro-
phages [32], indicating that gossypol per se may have potential
action on innate immune cells including macrophages. But the
mechanisms underlying the induction of lytic cell death by gossypol
in macrophages remain largely unknown. Macrophages as afore-
mentioned are armed with various pathways of regulated necrosis,

thus serving as good candidate cells for exploring necrosis of toxic
substances. The toxic effects of gossypol on macrophages are of
great interest to be explored in term of regulated necrosis.

Herein we found that the natural mimetic was able to simulta-
neously induce both pyroptosis and apoptosis/secondary necrosis
but only weak activation of necroptosis in murine macrophages.
Interestingly, any inhibitor for one pathway of regulated necrosis
was unable to suppress gossypol-induced lytic cell death; however,
a combination of inhibitors for multiple cell death pathways (e.g.,
pan-caspase inhibitor, RIPK3 inhibitor and NAPDH oxidase 1/4
inhibitor) robustly blocked the necrosis induced by gossypol, sug-
gesting that the multiple subroutines of gossypol-induced regulated
necrosis are probably independent of each other.

Materials and Methods

Reagents and antibodies

(£)Gossypol (with ~95% purity) (the structure is shown in
Figure 1A), lipopolysaccharide (LPS) (Escherichia coli O111:B4),
Hoechst 33342, propidium iodide (PI) and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (St Louis, USA). Ac-
DEVD-CHO, ferrostatin-1, cyclosporin A, and disulfiram were
bought from MedChemExpress (Princeton, USA). IDN-6556,
GKT137831 (Setanaxib), GSK’872, Necrostatin-1, VX-765, and
MCC950 were obtained from Selleck (Houston, USA). CytoTox 96
Non-Radioactive Cytotoxicity Assay kit was bought from Promega
(Madison, USA). Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose, Opti-MEM, fetal bovine serum (FBS), strepto-
mycin and penicillin were purchased from ThermoFisher/Gibco
(Carlsbad, USA). Gossypol was freshly dissolved in DMSO at
50 mM. The antibody against NLRP3 was bought from Adipogen AG
(Liestal, Switzerland). Specific antibodies against IL-1B, cleaved
caspase-9, cleaved caspase-8, PARP, cleaved caspase-3, caspase-3,
B-actin, p-MLKL, MLKL, AlexaFluor488-conjugated anti-ASC,
horseradish peroxidase (HRP)-conjugated horse-anti-mouse IgG,
and HRP-conjugated goat-anti-rabbit IgG were all obtained from
Cell Signaling Technology (Danvers, USA). Rabbit monoclonal an-
tibodies against pro-caspasel + p10+ pl2, caspase-8, GSDMD, and
DFNAS5/GSDME were purchased from Abcam (Cambridge, UK).
CF568-conjugated goat-anti-rabbit IgG was obtained from Biotium
(Hayward, USA). PE-labeled anti-Ly-6G (Ly-6G-PE) and FITC-la-
beled anti-CD11b (CD11b-FITC) were obtained from BioLegend
(San Diego, USA).

Animals

C57BL/6J mice (6-8 weeks of age) were purchased from the Ex-
perimental Animal Center of Southern Medical University
(Guangzhou, China). C57BL/6] NLRP3*/~ mice were purchased
from GemPharmatech (Nanjing, China). Knockout mice were
backcrossed to the C57BL/6J background for more than eight gen-
erations and NLRP3~/~ mice were identified as described pre-
viously [33]. All animals were maintained under a 12/12 h light/
dark cycle with ad libitum access to food and water and were ac-
climatized for one week before experiments. Mouse experiments
were approved by the Committee on the Ethics of Animal Experi-
ments of Jinan University.

Bone marrow-derived macrophages

BMDMs were prepared as described previously [34]. Briefly, bone
marrow cells from hind femora and tibias of C57BL/6J mice were
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Figure 1. BH3-mimetic gossypol induces pyroptotic-like necrosis in LPS-primed macrophages BMDMs were primed with 500 ng/mL LPS for 4 h,
and then treated with indicated concentrations of gossypol (GOS) and indicated time periods. (A) Structure of gossypol. (B) Lytic cell death was
measured by lactic acid dehydrogenase (LDH) release in culture supernatants (n = 3). (C,D) The cells were treated with gossypol for 3 h (C) or with
graded doses of gossypol for indicated periods (D). Representative cell death images showing bright-field images combined with propidium iodide
(PI, red fluorescence indicating dead cells) and Hoechst 33342 (blue, staining all nuclei). The white arrow in each image indicates a typical cell with
ballooning morphology. Scale bar, 20 um. (E,F) Quantification of Pl-positive cells in five randomly chosen fields and ratios of Pl-positive over all
cells (revealed by Hoechst 33342) are used to show the percent of lytic cell death (n=5). Data are shown as the mean = SD. **P<0.01, ***P< 0.001.

cultured in DMEM supplemented with 10% FBS, 20% L-929-con-
ditioned medium, 100 U/mL penicillin, and 100 pg/mL streptomy-
cin. BMDMs were seeded into 96, 24 and 6-well plates at a density of
5x 10* cells/well, 2.5 x 10° cells/well and 1.6 x 10° cells/well, re-
spectively, in complete DMEM (DMEM containing 10% FBS, 100 U/
mL penicillin, and 100 pg/mL streptomycin), and incubated over-
night at 37°C before experiments.

Lytic cell death

Lytic cell death was measured by PI incorporation essentially as
described previously [35,36]. Briefly, cells were stained with
2 pg/mL PIand 5 pg/mL Hoechst 33342 in PBS for 10 min, followed
by observation with a Zeiss Axio Observer D1 microscope (Carl
Zeiss, Gottingen, Germany). Lytic cell death was also assayed by
lactic acid dehydrogenase (LDH) release using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (Promega) according to instruc-
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tions of the manufacturer.

Western blot analysis
Immunoblotting was performed as described previously to detect
proteins in both cell lysates and supernatants, respectively [34,35].
For the analyses of secreted proteins, soluble proteins in culture
supernatants (equal volume from each sample) were precipitated as
previously described [34].

Immunofluorescence microscopy

BMDMs were seeded in glass-bottom dishes and immuno-
fluorescence microscopy was performed as previously reported
[34]. In brief, cells were fixed with paraformaldehyde and per-
meabilized with methanol. After being blocked with 5% goat serum
in PBS, the cells were incubated with the following primary anti-
bodies overnight at 4°C: anti-caspase-8 antibody (1:300), anti-
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cleaved caspase-3 antibody (1:300) or anti-p-MLKL antibody
(1:300), respectively. The dishes were then incubated with CF568-
conjugated goat-anti-rabbit IgG for 1 h at room temperature, fol-
lowed by incubation with AlexaFluor488-conjugated anti-ASC an-
tibody (1:100) overnight at 4°C. The nuclei were revealed by
Hoechst 33342 staining (5 pg/mL in PBS). Fluorescent images of
cells were captured under the Zeiss Axio Observer D1 microscope.
Images were analyzed by using ZEN software (Carl Zeiss).

Mitochondrial membrane potential measurement

The mitochondrial membrane potential was measured using a mi-
tochondrial membrane potential assay kit with JC-1 (C2006; Beyo-
time, Shanghai, China) according to instructions of the
manufacturer.

Mouse peritonitis

Mice were intraperitoneally (i.p.) pre-treated with indicated in-
hibitors for 1 h prior to injection (i.p.) with gossypol or vehicle (2%
Tween-80 in PBS) for 8 h. The animals were sacrificed via cervical
dislocation and peritoneal lavage cells were collected and washed
with PBS-F (PBS containing 0.1% NaNj; and 1% FBS). Neutrophils
in the peritoneal lavage cells were stained with anti-mouse CD11b-
FITC and anti-mouse Ly-6G-PE. Data were analyzed by flow cyto-
metry on the Attune NXT Flow Cytometer (Thermo Fisher Scientific
(Carlsbad, USA).

Statistical analysis

Data were presented as the mean + standard deviation (SD). Sta-
tistical analysis was performed using GraphPad Prism 5.0 (Graph-
Pad Software Inc., San Diego, USA). One-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test and unpaired Stu-
dent’s t-test was used to analyze the statistical significance among
multiple groups and between two groups, respectively. P< 0.05 was
considered of statistically significant difference.

Results

Natural BH3-mimetic gossypol induces pyroptotic-like
cell death in macrophages

To study whether the natural BH3 mimetic gossypol (Figure 1A)
induces the activation of multiple forms of necrosis in macrophages,
we initially examined lytic cell death in wild-type BMDMs primed
with LPS by assaying LDH release and PI uptake. LPS priming was
adopted to induce the expression of pro-IL-1p and upregulation of
NLRP3 protein for exploring the role of NLRP3 inflammasome. The
results showed that gossypol treatment induced LDH release in a
time- and dose-dependent manner (Figure 1B), indicating the in-
duction of lytic cell death in the macrophages. Consistent with LDH
release, PI uptake also revealed a similar time- and dose-dependent
lytic cell death (Figure 1C-F). Notably, gossypol-induced lytic cell
death had a characteristic of pyroptosis, i.e. cell swelling and bal-
looning accompanied by PI incorporation (Figure 1C,D). In addi-
tion, gossypol was also able to induce lytic cell death in unprimed
macrophages (Supplementary Figure S1A,B). These results in-
dicated that gossypol induces pyroptotic-like cell death in both
unprimed and LPS-primed macrophages.

BH3-mimetic gossypol simultaneously induces activation
of multiple regulated necrosis pathways in macrophages
Recent studies revealed that both apoptotic caspases (such as cas-

pase-8/-9/-3) and inflammatory caspases (such as caspase-1) can
mediate necrosis by cleaving respective executioner substrates
GSDMD [37-41] and GSDME [17,18], while p-MLKL may also
translocate to the plasma membrane to induce necrosis [42-45].
Consistent with previous studies [30-32], western blot analysis in
this study showed that in LPS-primed macrophages, gossypol time-
and dose-dependently induced the release of cleaved caspase-1p10
and mature IL-1p (17 kDa) in culture supernatants accompanied by
the generation of GSDMD-NT in cell lysates (Figure 2A,B), the
hallmarks of inflammasome activation. Consistent with this, ASC
specks were observed in macrophages upon gossypol treatment
(Figure 2C and Supplementary Figure S2A), indicating induction of
inflammasome assembly. Interestingly, concomitant with in-
flammasome assembly, both cleaved caspase-8 and cleaved cas-
pase-9 were detected in gossypol-treated cells in a time-dependent
manner (Figure 2A), indicating the activation of both extrinsic and
intrinsic apoptotic signaling pathways. The downstream caspase-3
was also activated, as revealed by cleaved caspase-3 and its sub-
strate PARP fragment (89 kDa) (Figure 2A). The caspase-3 activa-
tion and the GSDME-NT (37 kDa) generation might be indicative of
the induction of secondary necrosis [17,18]. Notably, p-MLKL
(marker for necroptosis) was only weakly detected in cells treated
with a low dose of gossypol (10 pM) (Figure 2B), at which gossypol
induced robust production of cleaved caspase-8/-9/-3 concomitant
with cleavage of caspase-3 substrates PARP and GSDME. However,
gossypol-induced cleavage of caspase-8/-9/-3, PARP and GSDME
was not dose-dependent but appeared to be reciprocal to the
changes of caspase-1p10 and GSDMD-NT, suggesting that there was
a transition between pyroptosis and other forms of cell death. In
addition, fluorescence microscopy showed that approximately 40 %
of caspase-8, cleaved caspase-3 and p-MLKL aggregates were co-
localized with ASC specks (Figure 2C-E and Supplementary Figure
S2B-D), implicating interconnections among them. Similar to LPS-
primed macrophages, gossypol induced cleavage of GSDME and
PARP as well as phosphorylation of MLKL in unprimed cells (Sup-
plementary Figure S1C), indicating that both apoptosis and ne-
croptosis pathways had been activated. However, GSDMD cleavage
was not observed in unprimed cells, which was likely due to the low
expression of NLRP3 and pro-IL-1f (Supplementary Figure S1D)
and thus the insufficient assembly of NLRP3 inflammasome in un-
primed cells as compared with LPS-primed ones. Together, these
results indicated that gossypol dose-dependently induces the acti-
vation of multiple subroutines of regulated necrosis, including
pyroptosis, apoptosis/secondary necrosis and possibly low level
necroptosis in macrophages.

BH3-mimetic gossypol-induced regulated necrosis is not
efficiently inhibited by blocking any single cell death
pathway in macrophages

Having observed that gossypol-induced regulated necrosis is mor-
phologically similar to pyroptosis, we next sought to investigate
whether gossypol-triggered NLRP3 inflammasome activation is a
cause for other cell death pathways. MCC950, a specific inhibitor of
NLRP3 inflammasome activation [46], was used to pre-treat
BMDMs to block NLRP3 activation, followed by gossypol treatment.
Both LDH release and PI uptake analysis showed that gossypol-
induced necrosis was unaffected by MCC950 (Figure 3A,B). Con-
sistent with this, cell ballooning, a hallmark of pyroptosis, was
unaffected by MCC950 treatment (Figure 3C). To further corrobo-
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Figure 2. Gossypol induces robust activation of both apoptotic and pyroptotic pathways but only weak activation of necroptotic signaling
BMDMs were treated as in Figure 1. (A,B) Western blot analysis showed the expression levels of indicated proteins in cell lysates and culture
supernatants. B-Actin was adopted as a loading control for cell lysates. Positive control (PC) for detection of IL-1B and caspase-1p10 (C.CASP1) in
supernatants or GSDMD in lysates was culture supernatants and cell lysates from BMDMs primed with LPS (500 ng/mL) for 4 h, followed by
stimulation with ATP (5 mM) for 1 h. PC for detection of C.CASP3, C.CASP8, C.CASP9, GSDME and PARP was cell lysates from BMDMs primed with
LPS (500 ng/mL) for 4 h, followed by treatment with doxorubicin (10 uM) for 16 h. PC for detection of MLKL and p-MLKL was cell lysates from
BMDMs treated with LPS (500 ng/mL) and Z-VAD-FMK (50 uM) for 6 h. (C-E) Immunofluorescence microscopy analyses of cells stained with
indicated antibodies. The nuclei were revealed by Hoechst 33342 staining. The insets show a magnified area of one cell with an ASC speck co-
localized with caspase-8, cleaved caspase-3 or p-MLKL aggregates. White arrowheads indicate ASC specks which are co-localized with caspase-8,
cleaved caspase-3 and p-MLKL aggregates, respectively, indicated by yellow arrowheads. Scale bar, 10 um. Sup, supernatant.

rate this, we examined lytic cell death in BMDMs derived from
NLRP3~/~ mice. The data showed that gossypol dose-dependently
induced necrosis (as revealed by PI uptake) in NLRP3~/~ BMDMs
and that the percentages of PI-positive cells were similar between
NLRP3™/~ and wild-type BMDMs (Figure 3D). Gossypol also in-
duced cell swelling and ballooning in NLRP3~/~ BMDMs similar to
wild-type cells (Figure 3E). As caspase-1 activation and GSDMD-NT
generation are downstream events of NLRP3 assembly [39-41], we
further used caspase-1 inhibitor VX-765 and GSDMD-NT inhibitor
disulfiram [47] to examine whether gossypol-induced necrosis
could be suppressed by these inhibitors. PI uptake revealed that
neither VX-765 nor disulfiram had any inhibitory effects on the
necrosis in macrophages upon gossypol treatment (Supplementary
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Figure S3A,B).

Apart from inhibitors for the NLRP3 pathway, we also examined
whether inhibitors for other regulated necrosis pathways could
block gossypol-induced necrosis. First, necrostatin-1, an inhibitor
of RIPK1 (upstream signaling for the necroptosis pathway) had no
effect on gossypol-induced necrosis (Supplementary Figure S3C).
GSK'872, an inhibitor of RIPK3 (a critical signaling component for
necroptosis), slightly but not significantly inhibited the necrosis
(Supplementary Figure S3D). In addition, neither the ferroptosis
inhibitor ferrostatin-1 nor the mitochondrial permeability transi-
tion (MPT)-driven necrosis inhibitor cyclosporin A showed any
effects on the necrosis (Supplementary Figure S3E,F). Furthermore,
caspase-3 inhibitor Ac-DEVD-CHO had no effect on the necrosis
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Figure 3. Gossypol-induced necrosis in macrophages is independent of NLRP3 inflammasome activation BMDMs were first primed with 500 ng/mL
LPS for 4 h, and pre-treated with or without MCC950 (NLRP3 inhibitor) for 1 h, followed by treatment with 15 uM gossypol (GOS) for 3 h in the
presence or absence of each inhibitor. (A,B) Percentages of lytic cell death was measured by lactic acid dehydrogenase (LDH) release (A) in culture
supernatants (n=3), or by propidium iodide (Pl) staining (B) (n=5). (C) Images show morphological characteristics of cell death by bright-field
merging with PI (red, staining lytic cells) and Hoechst 33342 (blue, staining all nuclei). (D,E) BMDMs from wild-type (WT) and NLRP3”~ mice were
primed for 4 h with LPS (500 ng/mL) and stimulated with GOS for a further 3 h. Percentages of lytic cell death were measured by Pl staining (D) and
bright-field images merged with Pl (red) and Hoechst 33342 (blue) fluorescence (E) were captured by fluorescence microscopy. Data are shown as

the mean = SD (n=5). Scale bar, 20 um. ns, not significant.

either, whereas the pan-caspase inhibitor IDN-6556 (Emricasan)
did not inhibit but instead significantly increased necrosis in the
presence of gossypol (Supplementary Figure S3G,H). Interestingly,
IDN-6556 alone induced high level necrosis in LPS-primed mac-
rophages probably through induction of necroptosis, which is
consistent with previous findings that caspase-8 inhibition induces
necroptosis [48-50]. In addition, the only effective inhibitor we
found at present that could partially inhibit gossypol-induced ne-
crosis (Supplementary Figure 3I) was GKT137831, an inhibitor for
NADPH oxidase 1/4 (NOX1/4) that mediates the production of
cellular superoxide anions [51,52].

Together, these results indicated that the blockade of one sub-
routine of regulated necrosis alone could not efficiently block gos-
sypol-induced necrosis, consistent with the aforementioned
findings that multiple subroutines of regulated necrosis in macro-

phages are simultaneously induced by gossypol.

A combination of inhibitors for multiple signaling path-
ways markedly suppresses the regulated necrosis in-
duced by gossypol

Considering the above-mentioned results that single inhibitor for
each regulated cell death pathway is unable to markedly inhibit
gossypol-induced multiple subroutines of regulated necrosis, we
presumed that a combination of different necrosis pathway in-
hibitors might be able to block the necrosis. Thus, we pre-treated
BMDMs with different combinations of inhibitors followed by gos-
sypol treatment, and necrosis was assayed by PI uptake. The results
showed that addition of MCC950 to GKT137831 did not further
enhance the inhibitory effect of GKT137831 (Figure 4A). However,
as shown in Figure 4B, pan-caspase inhibitor (IDN-6556) in com-
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bination with RIPK3 inhibitor (GSK’'872) reduced gossypol-induced
necrosis by ~50% even though IDN-6556 alone did increase ne-
crosis. Furthermore, addition of GKT137831 to IDN-6556 + GSK'872
further decreased the level of gossypol-induced necrosis. Again,
further addition of MCC950 to this combination (GKT137831 + IDN-
6556 + GSK'872) did not significantly decrease necrosis level when
compared with GKT137831 +IDN-6556 + GSK'872 (Figure 4C). Si-
milar results were obtained in NLRP3™/~ BMDMs (Figure 4D).
Taken together, these results indicated that combined administra-
tion of multiple inhibitors (such as GKT137831, IDN-6556 and GSK'
872) is able to robustly inhibit gossypol-induced necrosis, but
NLRP3 inhibitor MCC950 has no additive effect on the necrosis.

NOX1/4 inhibitor combined with pan-caspase and RIPK3
inhibitors blocks all cell death pathways for pyroptosis
and apoptosis/secondary necrosis in macrophages with
or without NLRP3 expression

As the aforementioned data (Figure 4C,D) showed that GKT137831
(NOX1/4 inhibitor) in combination with pan-caspase inhibitor IDN-
6556 plus RIPK3 inhibitor GSK'872) displayed the most pronounced
suppression of gossypol-induced necrosis, we further explored
whether gossypol-induced cell death pathways for different sub-
routines of regulated necrosis are blocked by the inhibitors or their
combination and whether NLRP3 plays a role in this process. As
shown in Figure 5A, the activation of caspase-8/-9/-3 and cleavage of
GSDME and PARP were observed in both wild-type and NLRP3 ™/~
BMDMs, suggesting that gossypol-induced activation of these
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pathways are independent of NLRP3 expression. Interestingly, the
levels of both cleaved caspase-3 and GSDME-NT in NLRP3™/~ cells
were higher than those in wild-type ones upon gossypol treatment
(Figure 5A-C). However, the activation of caspase-1 (as indicated
by cleaved caspase-1p10 and IL-1P in culture supernatants) and
generation of GSDMD-NT were dependent on NLRP3 expression
(Figure 5A), confirming that gossypol-induced inflammasome ac-
tivation relies on NLRP3 expression. Although GKT137831 com-
bined with IDN-6556 and GSK'872 inhibited gossypol-induced
necrosis more substantially than IDN-6556 plus GSK'872, both of
these combinations were able to fully block the activation of the cell
death pathways for pyroptosis and apoptosis/secondary necrosis
either in wild-type cells or in NLRP3~/~ cells (Figure 5A), indicating
that their action is independent of NLRP3 inflammasome. Together,
these data indicated the combined inhibitor regimens were able to
completely suppress the signaling pathways for pyroptosis and
apoptosis/secondary necrosis independently of NLRP3 inflamma-
some activation, and suggested that GKT137831, acting as an in-
hibitor of NOX1/4, might contribute to the suppression of gossypol-
induced regulated necrosis via an as-yet-unidentified pathway.

Caspase-3 activation and NLRP3/ASC pathway are in-
dependent of each other in gossypol-treated macro-
phages

Having found that ASC speck is co-localized with caspase-8, cleaved
caspase-3 and p-MLKL (Figure 2C-E), we next asked whether there
is any association between these signaling pathways. Western blot
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analysis showed that although IDN-6556 in combination with GSK'
872 completely inhibited the activation of all caspases including
caspase-1 (Figure 5A), this combined regimen could not prevent the
assembly of ASC speck (Figure 6A,D), suggesting that gossypol-
induced inflammasome assembly is independent of the activation of
all caspases. Given that caspase-8- or caspase-9-dependent apop-
tosis activates channel-forming glycoprotein pannexin-1 to release
ATP to drive NLRP3 inflammasome activation [29], we tested
whether blocking ATP release or its action has any effect on NLRP3/
ASC assembly. As shown in Figure 6B,F, blocking ATP receptor
P2X7R with competitive antagonist A-804598 or blocking pannexin-
1 activity by trovafloxacin (a well-established panexin-1 inhibitor
[53]) did not display any effects on ASC speck formation in mac-
rophages treated with gossypol, indicating that NLRP3/ASC in-
flammasome assembly is independent of released ATP via the
pannexin-1 channel, consistent with the results from IDN-6556 plus
GSK'872 (Figure 6A,D).

On the other hand, we also asked whether NLRP3/ASC assembly
plays any roles in the activation of apoptotic caspases. We first used
co-staining of cleaved caspase-3 and ASC in gossypol-treated mac-
rophages in the presence of MCC950 to block NLRP3/ASC assem-
bly. The results showed that MCC950-mediated blockade of ASC
speck formation had little effect on caspase-3 activation, as revealed
by cleaved caspase-3 staining (Figure 6C). Further, in BMDMs with
NLRP3 being genetically deleted, gossypol-induced ASC speck for-
mation was fully blocked but induction of cleaved caspase-3 was
unaffected (Figure 6C). Together, these results indicated that the
activation of apoptotic caspases is independent of NLRP3/ASC as-

sembly and vice versa.

Meanwhile, neither MCC950-meidtaed blockade of NLRP3 nor
NLRP3 knockout influenced gossypol-induced phosphorylation of
MLKL in cells treated with gossypol (Figure 6E), suggesting that
MLKL phosphorylation is independent of NLRP3/ASC, which still
needs further investigations.

Considering that gossypol acts as a natural BH3-mimetic to in-
duce mitochondria-mediated apoptosis [24,25], we asked whether
gossypol could induce mitochondrial dysfunction in macrophages.
As expected, gossypol dose-dependently induced a decrease in
mitochondrial membrane potential, as revealed by JC-1 staining
(Supplementary Figure S4A,B). However, neither IDN-6556 + GSK’
872 nor GKT137831 +IDN-6556 + GSK’872 had any influence on
gossypol-induced mitochondrial dysfunction (Supplementary
Figure S4C,D), suggesting that gossypol’s effect on mitochondria
might be upstream or independent of those signaling pathways
targeted by these inhibitors.

Gossypol-induced peritonitis in mice is partly inhibited
by the combined inhibitors

As lytic cell death is an inflammatory form of cell death, we lastly
assayed whether gossypol could induce inflammatory responses in
a mouse model of peritonitis. The results showed that gossypol
administration caused a significant recruitment of neutrophils into
the peritoneal cavity of both WT and NLRP3-deficient mice when
compared with the vehicle control (Figure 7A,B). In addition, we
found that the combination of GKT137831 +IDN-6556 + GSK'872
could partly but significantly attenuated the recruitment of neu-
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trophils into the peritoneal cavity (Figure 7C,D). These results
suggested that gossypol-induced inflammation is at least partly
mediated by regulated necrosis.

Discussion

Regulated necrosis has been defined as a genetically controlled lytic
cell death that eventually culminated in disruption of plasma
membrane with cell swelling and ballooning as morphological
hallmarks [2,3]. Multiple forms of regulated necrosis have been
recently identified, such as necroptosis, ferroptosis, MPT-driven
necrosis, pyroptosis, and secondary necrosis [2]. Although apop-
tosis has been the focus of research of regulated cell death, recent
studies have revealed that regulated necrosis is not only relevant to
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various diseases but also implicated in xenobiotics-elicited toxicity,
thus representing as new therapeutic target and having implications
in toxicity in the context of anticancer therapies [4,54]. In this study,
we found that the natural BH3-mimetic gossypol, as a potential
anticancer agent, is able to robustly induce, in macrophages, mul-
tiple subroutines of regulated necrosis at least including pyroptosis,
apoptosis/secondary necrosis, but only weak necroptosis. The
GSDMD-NT-mediated pyroptosis was a result of NLRP3 inflamma-
some activation as this process was completely blocked by specific
inhibitor MCC950 or by genetic depletion of NLRP3. Intriguingly,
the NLRP3 inflammasome assembly occurred simultaneously with
the activation of apoptotic caspases even in the same cells. How-
ever, the activation of apoptotic caspases appeared to be in-
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Figure 7. Gossypol-induced peritonitis can be attenuated by a combination of multiple signaling pathway inhibitors (A,B) Wild-type (WT) and
NLRP37~ mice were treated with 500 uM gossypol (100 pL/mouse) by intraperitoneal injection. After 8 h, neutrophils (CD11b*Ly-6G*) in the
peritoneal cavity were analyzed by flow cytometry. (C,D) WT mice pre-treated with intraperitoneal injection of combined inhibitors (10 uM GKT
137831+10 puM IDN-6556+10 uM GSK'872) (100 uL/mouse, 1 h) or PBS with 0.1% DMSO, followed by treatment with gossypol (500 uM, 100 plL/
mouse) or treatment with PBS with 0.1% DMSO for 8 h. (A,C) Representative dot-plots of flow cytometry. The number within each dot-plot is the
percentage of neutrophils in peritoneal exudate cells. (B,D) Quantification of neutrophils within the gate in (A,C). Data are shown as the mean +SD
(n=3). *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant. GKT, GKT137831; GOS, gossypol.

dependent of the NLRP3 pathway and vice versa. The necrosis in-
duced by gossypol was only efficiently inhibited by a combination
of multiple cell death pathway inhibitors, but not any one of them.
Our results suggested the natural BH3-mimetic can induce various
subroutines of regulated necrosis including pyroptosis, secondary
necrosis and probably necroptosis in LPS-primed macrophages,
thus providing a further layer of mechanistic explanation for pre-
vious findings of pyroptotic-like cell death [32].

Our finding that gossypol-induced multiple subroutines of regu-
lated necrosis is to some extent consistent with recent studies
showing that pyroptosis, apoptosis and necroptosis can be triggered
in macrophages by various pathogens [12-14]. Such multiple cell
death has been named PANoptosis [15,16] which is mediated by the

PANoptosome that has been regarded as the platform for triggering
PANoptosis [12]. Interestingly, such complex necrosis of macro-
phages induced by pathogens, such as including influenza A virus
and Yersinia pseudotuberculosis, was not or only weakly blocked
by deletion of individual component of PANoptosome but instead
was blocked by combined deletion of the PANoptosome compo-
nents (e.g., caspase-1/-11, RIPK3 and caspase-8) [12], which seems
in line with our combined pan-caspase and RIPK3 inhibitors to in-
hibit gossypol-induced regulated necrosis. However, our results are
different from those previous studies in that we only observed weak
activation of the necroptotic signaling, as evidenced by low level of
p-MLKL, thus whether gossypol-induced necrosis can be regarded
as PANoptosis needs to be further clarified, even though ASC speck
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is co-localized with caspase-8, p-MLKL or cleaved caspase-3. Col-
lectively, apart from pathogenic microorganisms, the natural BH3-
mimetic gossypol can also induce multiple forms of regulated ne-
crosis in macrophages, suggesting that BH3-mimetics may exert its
toxicity by inducing distinct forms of cell death in innate immune
cells including macrophages.

Several recent studies have shown that different forms of cell
death can be switched from one to another if one signaling pathway
is blocked by pathogens. Yersinia effector protein YopJ inhibits
TAK1 or IKK kinase by activating caspase-8 via RIPK1 to cleave
GSDMD, thereby inducing both apoptotic and pyroptotic-like cell
death in macrophages (BMDMs) [8]. A similar study showed that
macrophages stimulated with LPS in the context of TAK1 inhibition
resulted in necrosis accompanied by the activation of pan-caspases,
while Yersinia infection induced similar pyroptotic-like cell death
likely mediated by RIPK3/caspase-8-dependent cleavage of both
GSDMD and GSDME [9]. More recently, it has been demonstrated
that caspase-8 acts as a switch for apoptosis, necroptosis and pyr-
optosis [10,55]. Activated caspase-8, previously known as an in-
itiator for apoptosis, can inhibit the phosphorylation of MLKL (p-
MLKL) mediated by RIPK3, resulting in the blockade of necroptosis,
while cells with caspase-8 being blocked by pan-caspase inhibitor or
by genetic deletion leads to necroptosis [48-50]. Mice deficient with
caspase-8 is embryonic lethal but can be rescued by further deletion
of Ripk3 or MIKI [50]. Interestingly, expression of enzymatically
inactive caspase-8 induced both necroptosis and pyroptosis thus
also causing embryonic lethality, suggesting a pro-death scaffolding
function of the inactive caspase-8, whereas blocking necroptosis by
further deletion of MIklin cells with inactive caspase-8 triggered the
activation of inflammasome (formation of ASC speck and activation
of caspase-1) [10,55]. Consistent with these studies, our study
showed that the blockade of gossypol-induced activation of pan-
caspases (including caspase-8) by pan-caspase inhibitor IDN-6556
resulted in increased necrosis, indicative of triggering of ne-
croptosis. When IDN-6556-triggered necroptosis was inhibited by
co-treatment with RIPK3 inhibitor GSK'872, both necroptosis and p-
MLKL were suppressed; IDN-6556 plus GSK'872-mediated in-
hibitory effect on gossypol-induced necrosis was further enhanced
by addition of inhibitor for NOX1/4, which mediates the production
of cellular superoxide anions [51,52]. In addition, we also found
that depletion of NLRP3 increased the activation of caspase-3 and
cleavage of GSDME (Figure SA-C), whereas gossypol dose-depen-
dently increased caspase-1 activation but decreased caspase-3/
GSDME cleavage (Figure 2B), suggestive of a transition between
pyroptosis and other forms of cell death, though the mechanism of
such transition is unclear at present. Taken together, the afore-
mentioned studies and ours highlight a notion that combined in-
hibition of multiple signaling pathways is needed to efficiently
suppress regulated necrosis that may undergo switch between
subroutines such as necroptosis, pyroptosis, and apoptosis/sec-
ondary necrosis.

It has been revealed that synthetic BH3-mimetic ABT-737 in
combination with TAK1 inhibitor induces caspase-8 or caspase-9-
dependent lytic cell death and NLRP3 inflammasome activation, the
latter of which requires the channel-forming pannexin-1 [29].
Pannexin-1 is activated by caspase-3/-7-dependent cleavage at its C-
terminus during apoptosis [56,57] and the removal of this inhibitory
C-terminal domain leads to the opening of pannexin-1 channel to
release ATP and potassium efflux [56,58], resulting in the activation
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of NLRP3 inflammasome. However, in our study, we found that
NLRP3/ASC inflammasome assembly was independent of pannex-
in-1 channel-mediated release of ATP, as blocking pannexin-1
channel by trovafloxacin or inhibiting ATP receptor P2X7R by its
competitive antagonist A-804598 had no effect on ASC speck for-
mation, suggesting that pannaxin-1 might not be involved in gos-
sypol-induced NLRP3 inflammasome activation. Besides pannexin-
1, MLKL activation through phosphorylation by RIPK3 triggers po-
tassium efflux and NLRP3 inflammasome assembly [59,60]. Yet in
our study, p-MLKL was only weakly increased and more im-
portantly GSK'872 plus IDN-6556 did not block the formation of ASC
speck, indicating that p-MLKL plays no role in this process. On the
other hand, our evidence indicated that the NLRP3 pathway plays a
minimal role in mediating gossypol-induced activation of caspase-
8/-9/-3 in that pharmacological inhibition or genetic deletion of
NLRP3 did not inhibit caspase-8/-9/-3 activation. Altogether, our
results suggest that the BH3-mimetic gossypol may induce both the
activation of apoptotic caspases and the assembly of NLRP3 in-
flammasome, thus leading to inflammatory caspase-1 activation,
through mechanisms that appear independent of each other.

Although we have provided evidence for the activation of both
apoptotic caspase-8/-9/-3 and inflammatory caspase-1, it remains
unclear how they are activated by gossypol. As a pan-Bcl-2 in-
hibitor, the natural BH3-mimetic gossypol can counteract the anti-
apoptotic effect of Bcl-2, Bcl-X; and Mcl-1, thus leading to the ac-
tivation of pro-apoptotic Bax and Bak, which mediates the release of
cytochrome c thus eventually resulting in caspase-3/-7 activation
and apoptosis [23]. In our study, we detected robust activation of
caspase-8/-9/-3, suggesting that the mitochondrial pathway plays a
role in this process. However, reactive oxygen species (ROS) might
also be involved in the action of gossypol-induced activation of
NLRP3 inflammasome, as NOX1/4 blockade could decrease cas-
pase-1 activation. In line with this, it has been documented that
gossypol can cause mitochondrial dysfunction by inhibiting cell
respiration and stimulating the generation of ROS [61]. Con-
sistently, we found that gossypol could induce a marked decrease in
the mitochondrial membrane potential in murine macrophages.
However, recent studies also showed that gossypol induces ROS-
independent apoptosis and mitochondrial dysfunction in human
A375 melanoma cells [30]. Future research is therefore needed to
clarify the precise mechanism(s).

In summary, we found in this study that the natural BH3-mimetic
gossypol, as a toxic phytochemical, is able to induce multiple sub-
routines of regulated necrosis in macrophages, accompanied by the
release of inflammatory factors including IL-1f. Different from
apoptosis, such regulated necrosis represents inflammatory cell
death that can trigger inflammatory responses in vivo, which is
supported by our preliminary data in a mouse model of peritonitis.
Our findings may have some implications in the study of gossypol as
an anticancer agent. As emerging evidence indicates that excessive
level of IL-1B has been associated with poor prognosis in various
cancers [62,63], gossypol-induced release of IL-1f from LPS-primed
macrophages, as well as other inflammatory cellular components
from both primed and unprimed macrophages, during regulated
necrosis may have potential influences on the efficiency of antic-
ancer therapy. Future investigations are therefore warranted to
ensure proper application of BH3-mimetic in clinic considering its
toxic effects in inducing multiple subroutines of regulated necrosis
in innate immune cells including macrophages.
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