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Pyroptosis is a type of acute cell death that mainly occurs in immune cells. It is character-
ized with robust release of inflammatory cytokines and has emerged to play a critical role
in the pathogenesis of sepsis-associated immune disorders. In this study, we screened for
pyroptotic inhibitors with the ultimate goal to benefit sepsis treatments. Accidentally, we
identified that nitrosonisoldipine (NTS), a photodegradation product of calcium channel
inhibitor nisoldipine, inhibits noncanonical pyroptosis. Using murine immortalized BM-
derived macrophage and human THP-1 cell line, we further discovered that NTS not only
inhibits noncanonical pyroptosis mediated by caspase-11 or caspase-4 but also canoni-
cal pyroptosis mediated by caspase-1. Mechanistically, NTS directly inhibits the enzyme
activities of these inflammatory caspases, and these inhibitory effects persist despite
extensive washout of the drug. By contrast, apoptosis mediated by caspase-3/-7 was not
affected by NTS. Mice pretreated with NTS intraperitoneally displayed improved survival
rate and extended survival time in LPS- and polymicrobe-induced septic models, respec-
tively. In conclusion, NTS is a selective inhibitor of inflammatory caspases that blocks
both the noncanonical and canonical pyroptotic pathways. It is safe for intraperitoneal
administration and might be used as a prototype to develop drugs for sepsis treatments.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Pyroptosis is a type of programmed lytic cell death that occurs in
immune cells upon infection [1]. It is a key response of the innate
immune system to pathogens and it conduces to the elimination
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of the infected cells and the initiation of inflammatory response
[2]. However, overactivation of pyroptosis may be detrimental to
the host and leads to septic shock and multiple organ failure,
thus inhibition of pyroptosis is potentially therapeutic for septic
patients [3].
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It has been well established that two pathways are involved
in the activation of pyroptosis [4]. For the canonical inflamma-
some pathway, the activation of caspase-1 by various inflamma-
somes containing cytoplasmic sensors (e.g., NOD-like receptors)
elicits the cleavage of gasdermin D (GSDMD), which subsequently
executes pyroptosis [5–9]. Simultaneously, caspase-1 mediates
the maturation of pro-inflammatory cytokines such as interleukin
(IL)-1β and IL-18 [8]. For the noncanonical inflammasome path-
way, murine caspase-11 and its human orthologs caspase-4 and
-5 are responsible for the detection of intracellular LPS with the
help of guanylate-binding proteins [10, 11]; activation of these
caspases also leads to the cleavage of GSDMD [5, 12-16]. Fur-
thermore, potassium influx during the noncanonical pyroptosis
may trigger the canonical Nod-like receptor protein 3 (NLRP3)
inflammasome and thereby the activation of caspase-1 and pro-
inflammatory cytokines [13, 17, 18].

GSDMD is the key executor of pyroptosis [19, 20]. Structurally,
GSDMD amino-terminal (GSDMD-NT) end and carboxy-terminal
end are connected by a 43-AA linker, and GSDMD-NT cytotoxicity
is autoinhibited by GSDMD carboxy-terminal end [5, 9, 20–22].
When GSDMD is cleaved, released GSDMD-NT translocates to the
plasma membrane and oligomerizes, forming a pore with an inner
diameter of 10–14 nm that causes cell swelling and the release of
cytoplasmic proteins [20, 23-25].

Calcium influx is an early-stage pyroptotic event preced-
ing plasma membrane rupture [26]. We previously showed
that blocking this process with magnesium affects the function
of GSDMD-NT [27]. When we screened for calcium channel
inhibitors that can prevent pyroptosis and thereby be used for
sepsis treatment, we accidentally found that a degradation prod-
uct of nisoldipine, namely nitrosonisoldipine (NTS), exerts anti-
pyroptotic effect. We further revealed that NTS inhibits pyropto-
sis by impeding the activation of caspase-1/-4/-11. However, NTS
does not affect apoptosis mediated by caspase-3 and -7, indicating
that NTS is a specific inhibitor of inflammatory caspases, which
may be safe for sepsis therapy.

Results

Decomposed nisoldipine inhibits noncanonical
pyroptosis in iBMDMs

A library containing 47 types of calcium channel inhibitors (Sup-
porting Information Table S1) was used to screen for inhibitors of
noncanonical pyroptosis in immortalized BM-derived macrophage
(iBMDM). Cell survival rate was determined by lactate dehydro-
genase (LDH) measurements. To our surprise, among all 47 drugs
only one, namely nisoldipine (#) (it is labeled with (#) because
later it was found decomposed), conferred fully protection against
pyroptosis. Nisoldipine is a calcium channel blocker of the 1,4-
dihydropyridine (1,4-DHP) class, thus we rechecked all the 1,4-
DHP drugs in the library and confirmed the special effect of nisol-
dipine (#) on pyroptosis (Fig. 1A). Nonetheless, when we tried
to further investigate the underlying mechanisms, we found that

nisoldipine purchased from another company (APExBIO) had no
effect on pyroptosis (Fig. 1B). Morphological observation indi-
cated a consistent result with the LDH measurements (Fig. 1C).

Nisoldipine is characterized with high photosensitivity and is
known as the most unstable drug among 1,4-DHP derivatives [28,
29]. Under daylight illumination, nisoldipine can rapidly decom-
pose into its nitrosophenylpyridine analog (i.e., NTS) (Fig. 1D)
[30]. Hence, we speculated that the nisoldipine (#) from the
library might be decomposed. To test our hypothesis, nisoldipine
purchased from APExBIO was illuminated under artificial daylight
for hours. As the light illuminates, the color of the solution fades
(Supporting Information Fig. S1), which suggests photodegrada-
tion of nisoldipine. The products were then used to treat iBMDMs
electroporated with LPS. Importantly, nisoldipine illuminated for
only 1 h displayed significant inhibitory effect on pyroptosis, and
the effect became stronger as nisoldipine was illuminated for
longer hours (Fig. 1E). In addition, our mass spectrometry analy-
sis confirmed that the main component of nisoldipine (#) is bona
fide NTS (Fig. 1F).

NTS inhibits noncanonical pyroptosis in iBMDMs

We next performed MS analysis on the photodegradation products
of nisoldipine. As the total ion chromatogram showed, the peak
of nisoldipine decreased while the peak of NTS increased along
with the illumination (Fig. 2A). Nevertheless, extracted ion chro-
matograms indicated that other degradation product including
nitrophenylpyridine (NTR) was also generated, albeit its intensity
was much weaker relative to NTS (104 vs. 106) (Fig. 2B and C).
In order to clarify which degradation product inhibits pyroptosis,
commercial pure NTS and NTR were used for treatment. It turned
out that NTS, but not NTR, prevented noncanonical pyroptosis in
iBMDMs, as indicated by LDH measurement and propidium iodide
(PI) staining (Fig. 2D and E).

NTS blocks caspase-4/-11 activation in noncanonical
pyroptosis

We next analyzed the underlying mechanism of NTS. First, we
explored whether NTS affects the protein expression of pro-
caspase-11 and the cleavage of GSDMD in iBMDMs (Fig. 3A).
Intriguingly, cells treated with NTS showed a higher level of pro-
caspase-11 than cells treated with DMSO. However, it is unlikely
that NTS boosts the transcription of pro-Casp-11 in the process of
pyroptosis, since NTS exerts a protective effect against pyroptosis.
Instead, it is more likely a feedback of that NTS blocks the acti-
vation of caspase-11. Furthermore, GSDMD cleavage was inhib-
ited by NTS. These results suggested that NTS acts upstream of
GSDMD cleavage.

Since noncanonical pyroptosis is mediated by caspase-4 in
human cell lines, we also examined the effect of NTS in human
THP-1 cells. Similar to iBMDMs, THP-1 cells electroporated with
LPS were largely rescued by NTS but not NTR treatment (Fig. 3B,
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Figure 1. Decomposed nisoldipine inhibits noncanonical pyroptosis in iBMDMs. (A) LPS-primed iBMDMs were electroporated with (or without)
50 ng·mL−1 LPS for 1 h and LDH release was measured using a nonradioactive cytotoxicity assay kit. Cells electroporated without LPS were used
as controls (Ctrl). DMSO and 0.1 mM calcium channel inhibitors were added 30 min before the electroporation. Nisoldipine labeled with “(#)” was
decomposed. (B) LDH release from iBMDMs treated as in (A), as measured with a nonradioactive cytotoxicity assay kit. Nisoldipine without the label
“(#)” was in undecomposed form. (C) Representative brightfield cell images of (B). Pyroptotic cells were indicated with white arrows. Bar = 20 μm.
(D) Scheme of NTS formation in the process of nisoldipine photodegradation under daylight exposure. (E) LDH release from iBMDMs treated as in
(A), as measured with a nonradioactive cytotoxicity assay kit. For artificial daylight illumination, nisoldipine was exposed under a 200 W Philips
tungsten lamp for indicated hours. (F) Representative extracted ion chromatograms of nisoldipine (#) and nisoldipine as measured by MS. Data are
representative of at least three independent experiments (n = 3). For panels A, B, and E, data are presented as mean ± SD; **p < 0.01, as compared
to iBMDMs electroporated with LPS and treated with DMSO by Student’s t test.

Supporting Information Fig. S2). We further confirmed that
caspase-4 enzyme activity was inhibited and GSDMD cleavage
was blocked by NTS treatment (Fig. 3C). To clarify whether NTS
targets caspase-4 or LPS, caspase-4 and GSDMD were overex-
pressed in 293T cells whereby pyroptosis could be induced in
the absence of LPS [31]. In this case, NTS still conferred protec-
tion against pyroptosis and blocked GSDMD cleavage (Fig. 3D and
E), suggesting that NTS targets caspase-4 rather than LPS. Taken
together, these results demonstrate that NTS blocks noncanonical
pyroptosis via inhibition of caspase-4/-11 activation.

NTS blocks caspase-1 activation in canonical
pyroptosis

We next asked whether NTS could inhibit canonical pyroptosis.
Surprisingly, NTS exhibited similar inhibitory effect on canonical
pyroptosis in iBMDMs, no matter it was triggered by nigericin
or ATP (Fig. 4A, Supporting Information Fig. S3A). However,
the detection of unaffected ASC specks in the presence of NTS
ruled out the possibility that NTS impeded the formation of
NLRP3 inflammasome (Fig. 4B). Instead, caspase-1 activation and
GSDMD cleavage (Fig. 4C), along with IL-1β release (Supporting

Information Fig. S3B), were blocked by NTS. Furthermore, NTS
also inhibited nigericin-induced canonical pyroptosis in THP-1
cells (Supporting Information Fig. S4A and 4B). Collectively, these
data indicated that NTS blocks caspase-1 activation in canonical
pyroptosis.

NTS does not affect apoptosis

The above data suggested that NTS might be a pan-caspase
inhibitor, thus we used NTS to treat HeLa cells stimulated with
TNF-α and cycloheximide (CHX). Morphological observation and
flow cytometry analysis suggested that NTS has no effect on apop-
tosis (Fig. 5A-C, Supporting Information Fig. S5), and neither
does it affect caspase-3/-7 enzyme activity (Fig. 5D). These data
excluded the effect of NTS on apoptosis.

NTS directly and irreversibly inhibits the enzyme
activities of inflammatory caspases

To clarify whether the inhibitory effect of NTS on inflam-
matory caspases is direct or indirect, recombinant human
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Figure 2. NTS inhibits noncanonical pyroptosis in iBMDMs. (A) Representative total ion chromatograms of nisoldipine illuminated under a 200 W
Philips tungsten lamp for indicated hours, as measured by MS. (B) Representative extracted ion chromatograms from (A). MW, molecular weight.
(C) Scheme of the photodegradation products of nisoldipine. (D) LPS-primed iBMDMs were electroporated with (or without) 50 ng·mL−1 LPS for 1 h
and LDH release was measured with a nonradioactive cytotoxicity assay kit. Cells electroporated without LPS were used as controls (Ctrl). Drugs
were added 30 min before the electroporation. (E) Representative images of PI (red) uptake of iBMDMs treated as in (D). Nisoldipine with the label
“(#)” was decomposed. Bar = 20 μm. Data are representative of at least three independent experiments (n = 3). For panel D, data are presented as
mean ± SD; **p < 0.01, as compared to iBMDMs electroporated with LPS and treated with DMSO by Student’s t-test.

caspase-1 and -4 were incubated with their respective sub-
strates in the presence of 10 μM NTS (a higher concen-
tration of NTS was avoided due to the significant impact
on absorbance), and recombinant human caspase-3 was used
as a control (Fig. 6A). Importantly, the enzyme activities of
caspase-1, -4, but not -3 were markedly reduced by NTS treat-
ment. Furthermore, washout experiments performed in iBMDMs
triggered with canonical or noncanonical pyroptosis clearly
showed that the inhibitory effect of NTS on inflammatory cas-
pases was irreversible (Fig. 6B), suggesting NTS as a covalent
inhibitor.

NTS is protective in LPS- and polymicrobe-induced
sepsis

We then studied the safety of NTS in vivo. Fifteen male C57BL/6
mice at 6–8 weeks of age were divided into three groups with
five mice each. Mice in each group were injected with 4.44, 14.8,
and 44.4 mg/kg NTS, respectively, and their body weight and via-
bility were monitored every day. All the mice were healthy after
the injection and there were no significant changes in their body
weight during the 1-week observation (Supporting Information
Fig. S6).
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Figure 3. NTS blocks caspase-4/-11 activation in noncanonical pyroptosis. (A) LPS-primed iBMDMswere electroporatedwith (orwithout) 50 ng·mL−1

LPS for 1 h. Cells electroporated without LPS were used as controls (Ctrl). Drugs were added 30min before the electroporation. Immunoblots for pro-
caspase-11 (pro-Casp-11) and full-length GSDMD (GSDMD-FL) and its N-terminal (GSDMD-NT) are shown. α-Tubulin is a loading control. Raw data
are showed in Supporting Information Fig. S7A. (B) LDH release from non-primed THP-1 cells treated as in (A) as measured with a nonradioactive
cytotoxicity assay kit. (C) Caspase-4 enzyme activity and immunoblots for GSDMD-FL and GSDMD-NT in nonprimed THP-1 cells treated as in (A).
α-Tubulin is a loading control. Raw data are showed in Supporting Information Fig. S7B. (D) LDH release from 293T cells transfected with indicated
cDNAand cultured in the absence or presence of 50μMNTS for 16 h, asmeasuredwith a nonradioactive cytotoxicity assay kit. **p< 0.01, by Student’s
t test. (E) Immunoblots for Flag in 293T cells treated as in (D). α-Tubulin is a loading control. Raw data are shown in Supporting Information Fig.
S7C. Data are representative of at least three independent experiments (n = 3). For panels B, C, and D, data are presented as mean ± SD. **p < 0.01,
as analyzed by Student’s t test. For panels B and C, THP-1 cells electroporated with LPS and treated with DMSO were used to compare.

We next examined whether NTS protects against LPS-induced
septic shock. While mice treated with 0.9% NaCl (LPS group) or
low-dose NTS all succumbed within 36 h, 20–30% mice survived
over 72 h in medium- and high-dose NTS groups (Fig. 7A). Con-
sistent with the improved survival, mice treated with NTS showed

markedly reduced amount of plasma IL-1β, IL-6, and TNF-α at 12
h after LPS challenge (Fig. 7B), associated with alleviated lung
injury (Fig. 7C).

To mimic the human septic condition, mice were chal-
lenged with 1.5 g/kg cecal contents collected from the healthy
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Figure 4. NTS blocks caspase-1 activation in canonical pyroptosis. (A) LPS-primed iBMDMs were treated with (or without) 10 μM nigericin or 5
mM ATP for 1 h and LDH release was measured using a nonradioactive cytotoxicity assay kit. Cells treated without nigericin and ATP were used
as controls (Ctrl). Drugs were added 30 min before the treatment. (B) Representative confocal immunofluorescence images of endogenous ASC
specks (green) and DAPI (blue) in cells treated as in (A). Bar = 20 μm. Quantification of ASC specks is also presented. (C) Immunoblots for pro-
caspase-1 (Casp-1 p45) and its cleavage product (Casp-1 p20), GSDMD-FL, and GSDMD-NT in cells treated as in (A). α-Tubulin is a loading control.
Raw data are shown in Supporting Information Fig. S7D and E. Data are representative of at least three independent experiments (n = 3). Data
are presented as mean ± SD. For panel A, **p < 0.01, as compared to cells treated with nigericin or ATP but without NTS or NTR by Student’s
t test.

© 2021 Wiley-VCH GmbH www.eji-journal.eu



Eur. J. Immunol. 2021. 00: 1–12 Immunomodulation and immune therapies 7

Figure 5. NTS does not affect caspase-3/-7-mediated apoptosis in HeLa cells. (A) Representative brightfield cell images of HeLa cells stimulated
with TNF-α plus CHX for 8 h. Cells treated without TNF-α and CHX were used as controls (Ctrl). Drugs were added 30 min before the stimulation.
Bar = 20 μm. (B) Representative flow cytometry plots of cells treated as in (A). (C) Quantification of apoptotic HeLa cells (annexin V+PI−) in (B). (D)
Caspase-3/-7 enzyme activity in cells treated as in (A) measured by a caspase-3/-7 assay kit. Data are representative of at least three independent
experiments (n = 3).

mice. Although all mice in this study succumbed within 36 h,
mice treated with high-dose NTS exhibited longer survival time
(Fig. 7D). The amount of plasma IL-1β at 12 h after challenge was
also markedly reduced by NTS treatment, albeit IL-6 and TNF-α
levels were largely unaffected (Fig. 7E). In summary, NTS is a
safe drug that displays certain therapeutic effects on septic mouse
models.

Discussion

In this study, we identified NTS, a photodegradation product of
nisoldipine, as an inflammatory caspase inhibitor through the
screening of 47 types of calcium channel inhibitor. Although this
discovery seems to be quite fortuitous, it is associated with the
high photosensitivity of nisoldipine. It has been reported that
among 11 types of 1,4-DHPs, nisoldipine is the most unstable one
under light exposure [28]. Another study on the thermal stability
of seven types of 1,4-DHPs also indicated that the decomposition
of nisoldipine is the fastest [29]. As such, it appears that our iden-
tification of the photodegradation product of nisoldipine among
47 types of calcium channel inhibitor was not purely accidental.
In addition to NTS, NTR is also a photodegradation product of

nisoldipine, which is mainly generated upon UV exposure [30,
32, 33]. The only structural difference between NTS and NTR is
that the aromatic nitro group in NTR is replaced by the nitroso
group in NTS. The fact that NTS but not NTR inhibits pyrop-
tosis indicated that the aromatic nitroso group might be essen-
tial for NTS to act as an inflammatory caspase inhibitor. Of note,
nifedipine shares similar structure with nisoldipine and both of
them belong to 4-(2-nitrophenyl)-1,4-DHPs [29]. Like nisoldip-
ine, nifedipine is thermally unstable and light sensitive [28, 29],
and it generates nitrosonifedipine upon light exposure [34]. It has
been reported that nitrosonifedipine had antioxidant effects and
conferred protection against aortic aneurysm formation [35–37],
thus nitrosonifedipine might be a potential inflammatory caspase
inhibitor worth further study.

Our data revealed that NTS inhibits pyroptosis by specifically
blocking the enzyme activities of inflammatory caspases (i.e.,
caspase-1/-4/-11). Although caspase inhibition has long been
viewed as a promising strategy to mitigate inflammation and
some caspases inhibitors did show some therapeutic efficiency
in animal models of human diseases, no drug based on caspase
inhibition has been approved on the market so far [38]. This is
because most synthetic caspase inhibitors, especially the peptide
inhibitors, are metabolically unstable and might cause nonspecific

© 2021 Wiley-VCH GmbH www.eji-journal.eu
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Figure 6. NTS directly and irreversibly inhibits the enzyme activities of inflammatory caspases. (A) Enzyme activities of recombinant human
caspase (Casp)-1, -4, and -3 in the absence or presence of 10 μM NTS as determined by absorbance at 405 nm after incubation with their respective
substrates,namely Ac-YVAD-pNA,Ac-LEVD-pNA,andAc-DEVD-pNA.Substrates treatedwithout caspaseswere used as control (Ctrl). (B) LPS-primed
iBMDMs were treated with (or without) 10 μM nigericin or 5 mM ATP, or electroporated with (or without) 50 ng·mL−1 LPS. After 30 min, cells were
washed twice with PBS and NTS was removed as indicated. LDH release was measured at 30 min and 1 h, respectively, using a nonradioactive
cytotoxicity assay kit. Drugs were added 30 min before the stimulation. Data are representative of three independent experiments (n = 3). Data are
presented as mean ± SD. For panel A, **p < 0.01, as analyzed by Student’s t test.

toxic effects [39]. By contrast, NTS is one of the metabolites of
nisoldipine, an FDA-approved drug that has been widely used
in clinic, which suggests that NTS is relatively safer than those
inhibitors directly screened out from compound libraries. Fur-
thermore, the characteristic that NTS only targets inflammatory
caspases makes it a much more desirable drug for inflammation
inhibition. Indeed, pan-caspase inhibitors like zVAD-fmk have
repeatedly been shown to trigger alternative cell death pathways
like necroptosis and autophagic cell death, which may function
as backup cell death programs for apoptosis [40]. Notably, a
recent study reported disulfiram as a potentially therapeutic drug
to counteract inflammation by abrogating the pore formation
of GSDMD-NT [41]. Compared with disulfiram, NTS not only
inhibits pyroptosis but also IL-1β processing, thus is expected to
exert a better anti-inflammatory effect.

The anti-inflammatory effect of NTS was revealed in LPS and
polymicrobial septic mice models. Of note, mice treated with
medium- and high-dose NTS did not display significant difference
in the level of inflammatory cytokines after LPS challenge, and the
survival in the former group was even higher than the latter (30%
vs. 20%), suggesting that treatment with a higher dose of NTS
does not necessarily lead to a better outcome. In the polymicro-

bial septic model, NTS treatment only extends the survival time
but not survival rate, probably due to the following factors. First,
the polymicrobe model was much more severe than the LPS model
as indicated by higher levels of plasma IL-1β, IL-6, and TNF-α. Sec-
ond, NTS is not known as a bactericidal drug, thus bacterial repro-
duction in the polymicrobe model might be out of control. Third,
noncanonical pyroptosis plays a pivotal role in LPS model and it
has been reported that caspase-11 KO mice were resistant to LPS
challenge [14, 15]. By contrast, the polymicrobe model is more
complicated and may involve various pro-inflammatory pathways.
Nevertheless, the reduced plasma IL-1β level suggested that NTS
still had some anti-inflammatory effects on polymicrobial septic
model, presumably by blocking caspase-1 activation.

In conclusion, we identified NTS, a photodegradation product
of nisoldipine, as a selective inhibitor of inflammatory caspases
(i.e., caspase-1/-4/-11), which directly and irreversibly inhibits
the enzyme activities of these caspases. NTS confers protection
against pyroptosis induced by either the canonical or noncanoni-
cal inflammasome pathway, but it does not affect apoptosis medi-
ated by caspase-3/-7. Furthermore, NTS is safe for intraperi-
toneally injection and pretreatment with NTS confers protection
against sepsis in mice.

© 2021 Wiley-VCH GmbH www.eji-journal.eu
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Figure 7. NTS is protective in LPS- and polymicrobe-induced sepsis. (A) Survival of mice challenged with 20 mg/kg E. coli (Escherichia) O111:B4 LPS
intraperitoneally. NTS of indicated doses (or DMSO) was given 0.5 h before the challenge. N = 10 mice per group. (B) IL-1β, IL-6, and TNF-α levels
in mouse plasma measured by ELISA at 12 h after challenge as in (A). Mice challenged with 0.9% NaCl were used as controls (Ctrl). N = 6 mice per
group. (C) Representative H&E-stained lung sections obtained from mice at 12 h after challenge as in (B). Bar = 100 μm. N = 6 mice per group. (D)
Survival of mice challenged with 1.5 g/kg cecal slurry intraperitoneally. NTS of indicated doses (or DMSO) was given 0.5 h before the challenge.N =
10 mice per group. (E) IL-1β, IL-6, and TNF-α levels in mouse plasma measured by ELISA at 12 h after challenge as in (D). Mice challenged with 0.9%
NaCl were used as controls (Ctrl). N = 6 mice per group. Data are representative of two independent experiments. For panels A and D, *p < 0.05, as
compared to LPS or CS group by log-rank (Mantel–Cox) test. For panels B and E, data are presented as mean ± SD; *p < 0.05, **p < 0.01, as analyzed
by Student’s t test. CS, cecal slurry.

Materials and methods

Cell culture

Murine iBMDMs kindly provided by Dr. F. Shao (National Institute
of Biological Sciences, China) and human THP-1 cells obtained
from Shanghai Institute of Cell Biology (Shanghai, China) were
grown in RPMI 1640 medium. HeLa cells and 293T cells obtained
from ATCC were grown in DMEM. Media were supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. Cells of

passages fewer than 15 were used for experiments. All cells were
cultured at 37◦C and 5% CO2.

Reagents

The calcium channel inhibitor library containing 47 types of drugs
was purchased from MedChemExpress (Compound Library Lay-
out: Rack SA00503815). The “nisoldipine” in the library was
demonstrated decomposed, thus was labeled with “(#)”. Nisol-
dipine (without label) was purchased from APExBIO (Cat No.

© 2021 Wiley-VCH GmbH www.eji-journal.eu
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B1989). NTS (CAS No. 87375-91-5) and NTR (CAS No. 103026-
83-1) were purchased from MedChemExpress. All reagents were
dissolved in DMSO.

MS analysis

MS in positive ion mode was carried out from m/z 100–1250 on
the 4600 LC-MS/MS system (AB SCIEX TripleTOFTM) in State Key
Laboratory of Pharmaceutical Biotechnology affiliated to Nanjing
University.

Plasmid and transfection

GSDMD and caspase-4 cDNAs generated from THP-1 cells were
inserted into the NotI and XbaI sites of pCS2 vectors with or
without an N-terminal 3×Flag epitope tag, respectively. Plasmids
were verified by DNA sequencing. Transfection was performed in
Opti-MEM using Lipofectamine 2000 Transfection Reagent (Cat
No. 11668027; Invitrogen).

Stimulation of noncanonical pyroptosis, canonical
pyroptosis, and apoptosis

To stimulate noncanonical pyroptosis, iBMDMs primed with LPS
overnight or nonprimed THP-1 cells were electroporated with 50
ng·mL−1 LPS using the Neon Transfection System (Invitrogen).
To stimulate canonical pyroptosis, iBMDMs or THP-1 cells were
primed with 1 μg·mL−1 LPS for 4 h followed by 5 mM ATP or 10
μM nigericin treatment for 1 h. To stimulate apoptosis, HeLa cells
were treated with 10 ng·mL−1 TNF-α plus 10 μg·mL−1 CHX for
8 h.

Measurement of LDH release, caspase enzyme
activities, and IL-1β

A CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Cat No.
G178; Promega) was used for measurement of LDH release.
Caspase-4 (Cat No. ab65659; Abcam) and caspase-3/-7 (Cat No.
ab270771; Abcam) Assay kits were used for measurement of
cytosolic caspase enzyme activities according to the manufac-
turer’s protocol. The enzyme activities of recombinant human
caspase-1 (Cat No. CC126; Sigma-Aldrich), caspase-3 (Cat No.
CC119; Sigma-Aldrich), and caspase-4 (Cat No. ab51994; Abcam)
were measured after incubation with their respective substrates
Ac-YVAD-pNA, Ac-DEVD-pNA, and Ac-LEVD-pNA (Cat No. P9701,
P9710, and P9714; Beyotime Biotechnology) at 37◦C for 1 h in a
reaction buffer containing 50 mM Hepes, pH 7.2, 50 mM NaCl,
0.1% Chaps, 10 mM EDTA, 5% glycerol, and 10 mM DTT. The
amount of IL-1β was measured by ELISA (Cat No. MLB00C; R&D
Systems) according to the manufacturer’s protocol. Data were col-
lected using microtiter plate readers. LDH values represent the

percentage of LDH release by a maximum lysis control (1% Triton
X-100-lysed cells).

Live-cell imaging

To observe pyroptotic or apoptotic morphology, cells were treated
as indicated in the six-well plates. Static bright field images were
captured using an Olympus IX71 microscope. For PI staining, cells
electroporated with or without LPS were treated as indicated with
1 μg·mL–1 PI dye addition. Images were captured 1 h later using
a confocal microscope (FV-1000; Olympus).

Immunostaining

Cells grown on coverslips were first fixed in PBS with 4%
paraformaldehyde for 15 min, and then permeabilized in 0.1%
Triton X-100 in PBS for 15 min. After blocking with 5% BSA for
1 h, cells were stained with ASC antibody (ab175449; Abcam)
and then Alexa Fluor 488-conjugated secondary antibody. Nuclei
were counterstained with DAPI (Cell Signaling). Images were cap-
tured at room temperature using a confocal microscope (FV-1000;
Olympus). For each sample, more than four images were taken
and the percentage of ASC specks formation was counted manu-
ally.

Flow cytometry

Cells treated with TNF-α and CHX for 8 h were washed with ice-
cold PBS twice and then stained with PI on ice for 5 min. Cel-
lular debris was excluded with forward scatter and side scatter
gating and PI signals were detected using flow cytometry (BD
LSRFortessa; BD Biosciences). Data were analyzed using FlowJo
software (FlowJo, LLC). PI dye was obtained from an Annexin
V-FITC/PI Apoptosis Detection Kit (Cat No. A211-01; Vazyme).

Immunoblot

Total cell protein was extracted using RIPA lysis buffer (50
mmol·L−1 Tris-HCl [pH 7.4], 150 mmol·L−1 NaCl, 1% NP-40,
0.1 mmol·L−1 EDTA, 1 mmol·L−1 DTT with 0.4 mmol·L−1 PMSF,
0.1 mmol·L−1 Na3VO4, 0.1 mmol·L−1 NaF, and protease inhibitor
cocktail). Protein concentrations were examined using a Bradford
Protein Assay Kit (Cat No. C503031; Sangon Biotech). Proteins
were separated by ExpressPlus PAGE gels (Cat No. M42015C;
GenScript) and then transferred to polyvinylidene difluoride
membranes (Cat No. 29022566; GE Health Life Sciences). After
blocking with 5% fat-free milk at room temperature for 1 h,
blots were incubated with primary antibody overnight at 4◦C. The
next day, the blots were washed with TBST (0.1% Tween-20 in
Tris buffered saline) and then incubated with secondary antibody
for 1 h at room temperature. Proteins were visualized using a
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High-sig ECL Western Blotting Substrate (Cat No. 180–501;
Tanon). Primary antibodies used in this work included anti-
caspase-11 (Cat No. NB120-10454; Novus Biologicals, 1:5000),
anti-caspase-1 (Cat No. SC-515; Santa Cruz, 1:5000), anti-
GSDMD (Cat No. ab209845; Abcam, 1:2000), anti-Flag (Cat
No. F1804; Sigma-Aldrich, 1:5000), and anti-tubulin (Cat No.
BS1699; Bioworld, 1:5000). Secondary antibodies anti-mouse IgG
and anti-rabbit IgG were purchased from Sigma-Aldrich.

Animal studies

C57BL/6 mice were provided by the Model Animal Research Cen-
ter (MARC) of Nanjing University (Nanjing, Jiangsu Province,
China) and were housed in a specific pathogen-free facility
accredited by Association for Assessment and Accreditation of
Laboratory Animal Care International. Six- to 8-week-old male
mice were challenged with 20 mg/kg E. coli O111:B4 LPS or 1.5
g/kg cecal contents intraperitoneally [42]. NTS of indicated doses
was given 0.5 h before the challenge. For cytokine measurements,
mice were euthanized at 12 h after the challenge, and whole
blood collected by cardiac puncture using the EDTA-2K tubes was
centrifuged to provide plasma. The amount of IL-1β, IL-6, and
TNF-α was measured by ELISA (Cat No. MLB00C, M6000B, and
MTA00B; R&D Systems) according to the manufacturer’s proto-
col. For H&E staining, lung tissue collected at 12 h after the chal-
lenge was embedded in paraffin and sectioned, and staining was
performed according to the manufacturer’s protocol (Cat#G1005;
Servicebio).

Statistics

Data are shown as mean ± SD. Statistical analysis was performed
using two-tailed Student’s t-test or log-rank (Mantel–Cox) test for
survival with GraphPad Prism 7 Software (GraphPad Software,
Inc); *p < 0.05, **p < 0.01.
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