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Simple Summary: The response rate of advanced triple-negative breast cancer (TNBC) to immune
checkpoint inhibitors remains unsatisfactory. Recent studies showed that inducing pyroptosis in
tumor cells can amplify the anti-tumor immune response by turning “cold” tumors into “hot” tumors.
Here, we demonstrated that the antibiotic nigericin caused TNBC cell death by inducing concurrent
Caspase-1/GSDMD-mediated pyroptosis and Caspase-3-mediated apoptosis. Notably, we found that
nigericin-induced pyroptosis promoted the infiltration and activation of T cells, as well as showing
a synergistic therapeutic effect when combined with anti-PD-1 antibody treatment. This study
provides a potential strategy to utilize nigericin to boost the anti-tumor immune responses required
to treat advanced TNBC.

Abstract: Although immune checkpoint inhibitors improved the clinical outcomes of advanced
triple negative breast cancer (TBNC) patients, the response rate remains relatively low. Nigericin
is an antibiotic derived from Streptomyces hydrophobicus. We found that nigericin caused cell death
in TNBC cell lines MDA-MB-231 and 4T1 by inducing concurrent pyroptosis and apoptosis. As
nigericin facilitated cellular potassium efflux, we discovered that it caused mitochondrial dysfunction,
leading to mitochondrial ROS production, as well as activation of Caspase-1/GSDMD-mediated
pyroptosis and Caspase-3-mediated apoptosis in TNBC cells. Notably, nigericin-induced pyroptosis
could amplify the anti-tumor immune response by enhancing the infiltration and anti-tumor effect of
CD4+ and CD8+ T cells. Moreover, nigericin showed a synergistic therapeutic effect when combined
with anti-PD-1 antibody in TNBC treatment. Our study reveals that nigericin may be a promis-
ing anti-tumor agent, especially in combination with immune checkpoint inhibitors for advanced
TNBC treatment.

Keywords: nigericin; immune checkpoint inhibitor; pyroptosis; anti-tumor immune-response;
triple-negative breast cancer

1. Introduction

Triple-negative breast cancer (TNBC) represents the most malignant and aggressive
subtype of breast cancer, which lacks expression of estrogen receptor, progesterone re-
ceptor and Her-2 [1,2]. Due to a lack of therapeutic targets and frequent recurrence or
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progression after chemotherapy, TNBC is considered the most challenging breast cancer
subtype to treat [3,4]. Compared to other breast cancer subtypes, TNBC has a higher
mutation burden, more immune cells infiltration and higher programmed cell death ligand
1 (PD-L1) expression [5]. Although Impassion130 and TONIC clinical trials demonstrated
that patients could benefit from immune checkpoint inhibitors, the response rates of anti-
programmed cell death 1 (PD-1)/PD-L1 antibodies alone or combined with chemotherapy
in advanced TNBC patients remain unsatisfactory [6,7]. Thus, there is an urgent demand
for developing a new strategy to improve the therapeutic effect of checkpoint inhibitors for
TNBC treatment.

Mitochondria play essential roles in cellular metabolism. Multiple metabolites of mito-
chondria were reported to contribute to tumor progression and adaptation to treatment [8,9].
Mitochondria are the major source of reactive oxygen species (ROS), which are the by-
product of oxygen consumption and cellular metabolism. The mismanagement of ROS,
which is associated with mitochondrial dysfunction and oxidative stress, can cause defects
in mtDNA repair system and mitochondrial nucleoid protection, which is, in turn, linked
to tumorigenesis in breast cancer [8,10].

Pyroptosis refers to a programmed necrosis featuring membrane pore-forming and
blebbing, cell swelling and eventual cell lysis [11]. In contrast to apoptosis, pyroptosis
is accompanied by the release of large numbers of pro-inflammatory factors, such as
interleukin (IL)-1β and IL-18, thus inducing a strong immune response [12,13]. A previous
study showed that inducing pyroptosis in only 10–20% of tumor cells in cancer tissues is
sufficient to eliminate almost all tumor cells [14], suggesting that pyroptosis can amplify
the anti-tumor immune response by turning “cold” tumors into “hot” tumors [15,16].
Thus, inducing pyroptosis is a potential strategy to boost the anti-tumor immune response
through combination with immune checkpoint inhibitors.

Nigericin is an antibiotic derived from Streptomyces hygroscopicus that acts as
an ionophore, which causes efflux of potassium from the cell and, thus, influences the mito-
chondria membrane potential [17,18]. Recent studies revealed that nigericin can selectively
target cancer stem cells of breast, nasopharyngeal, lung and colorectal cancers [19–21].
Inactivation of Wnt/β-catenin pathway was found to be one of the anti-tumor mechanisms
of nigericin [22]. In addition to the above anti-tumor mechanisms, nigericin was demon-
strated to induce pyroptosis in macrophages by activating NLRP3 inflammasome [23] and
Caspase-1 cleavage [24]. In this study, we found that nigericin could induce TNBC cell
death, and we further investigated the underlying mechanism, as well as the synergistic
anti-tumor effect of nigericin with the PD-1 antibody treatment.

2. Materials and Methods
2.1. Cell Culture and Reagents

Human breast cancer cell MDA-MB-231, MDA-MB-468, SK-BR-3 and MCF-7, T47D
and mouse breast cancer cell 4T1 were obtained from the American Type Culture Collection
(ATCC). MDA-MB-231, MDA-MB-468, SK-BR-3, MCF-7 and 4T1 were cultured in DMEM
supplemented with 10% FBS. T47D was cultured in RPMI-1640 supplemented with 10%
FBS. Nigericin (Sigma, St. Loius, MI, USA, Cat#28643-80-3) was prepared as a 5 mg/mL
(6.7 mM) stock solution in 100% ethanol and diluted by adding an appropriate amount of
endotoxin-free saline or culture medium. The ultimate working concentrations of nigericin
were 0, 0.25, 0.5, 1, 2, 5, 10 and 20 µg/mL. Small-molecule inhibitors, including necrostatin-1
(necroptosis inhibitor, Cat#S8037), ferrostatin-1 (ferroptosis inhibitor, Cat#S7243), chloro-
quine (autophagy inhibitor, Cat#S6999) and z-VAD (pan-Caspase inhibitor, Cat#S7023)
were purchased from Selleckchem. The working concentrations of each inhibitor were
10 µM, 20 µM, 20 µM and 50 µM, respectively.

2.2. Lactate Dehydrogenase (LDH) Release Assay and IL-1β ELISA Assay

For LDH detection, cells were seeded in 96-well culture plates at a density of
5× 104 cells/well and treated with nigericin (2 µg/mL) for 0 h, 12 h, 24 h and 48 h. LDH lev-
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els in the supernatant were measured using a CytoTox96 LDH-release kit (Promega, Madi-
son, WI, USA, Cat#PR-G1780). The percentage of LDH release was calculated using the equa-
tion (LDHsample − LDHbackground)/(LDHmaximum − LDHbackground) × 100%. The
absorbance value at 490 nm was then measured. For IL-1β detection, cells were seeded
in 96-well culture plates at a density of 5 × 104 cells/well and treated with nigericin
(2 µg/mL) for 24 h. IL-1β level was detected using the IL-1β ELISA kit (Invitrogen,
Waltham, MA, USA, Cat#BMS224-2 or BMS6002) according to the manufacturer’s instruc-
tions. The absorbance value at 620 nm was then measured.

2.3. Western Blot

Cells were harvested and lysed in RIPA buffer (Cwbiotech, Beijing, China, Cat#CW2333S)
supplemented with proteinase (Cwbiotech, Beijing, China, Cat#CW2200S) and phosphatase
inhibitors (Cwbiotech, Beijing, China, Cat#CW2383S). The lysates (20 µg protein) were
boiled with sample buffer, separated via SDS-PAGE and transferred to PVDF membrane.
All membranes were blocked with 5% nonfat milk in PBS with 0.1% Tween-20 (PBS-T)
for 1 h and incubated at 4 ◦C overnight with the primary antibodies. After being washed
with PBS-T, membranes were incubated with HRP-conjugated secondary antibodies and
analyzed via chemiluminescence. The antibodies and dilution ratios were listed in Table S1.

2.4. Scanning Electron Microscopy (SEM)

Cells were rinsed with PBS twice and fixed with 2.5% glutaraldehyde overnight.
Sample were dehydrated through a graded series of ethanol (30%, 50%, 70%, 95% and
100%) and dried via the tertiary butanol method. Dried specimens were sputter coated
with gold-palladium and imaged with a JEOL JSM-6390LV field emission scanning electron
microscope operating at 10 kV.

2.5. Immunofluorescence Microscopy

Cells grown on confocal dishes were fixed with 4% paraformaldehyde for 20 min,
followed by permeabilization for 20 min in 0.1% Triton X-100 and blocking using 5% BSA
for 1 h. Next, the cells were stained with the diluted primary antibody anti-GSDMD N-
terminal, as listed in Table S1, followed by incubation with the secondary antibody Alexa
Fluor® 594 Conjugate-labeled anti-rabbit IgG (Cell Signaling Technology, Danvers, MA,
USA) at room temperature for 1 h. Nuclei were counterstained with DAPI (Cell Signaling
Technology, Danvers, MA, USA). Images were captured using a confocal microscope system
(Zeiss LSM 780, Jena, Germany).

2.6. siRNA Knockdown

Cells were seeded in six-well plates to be 70% confluent, before being transfected
with siRNAs (Ige Biotechnology Ltd., Guangzhou, China) targeting Caspase-1, Caspase-3,
GSDMD, GSDME or negative control siRNA using Lipofectamine 3000 according to the
manufacturer’s instructions. After 48 h transfection, MDA-MB-231 and 4T1 cells were
subjected to subsequent analyses. The sequence of siRNA was listed in Table S2.

2.7. Detection of Mitochondrial Membrane Potential Changes

Mitochondrial membrane potential was detected using a 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) probe kit (Thermo Fisher, Waltham,
MA, USA, Cat#M34152) according to manufacturer’s instructions. The JC-1 probe changed
its fluorescent properties based on the mitochondrial membrane potential. At high mito-
chondrial membrane potential, JC-1 aggregated and yielded red-colored emission (590 nm).
At low mitochondrial membrane potential, JC-1 was predominantly a monomer that
yielded green-colored emission (530 nm).
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2.8. Detection of Cellular ROS

The levels of cellular ROS were determined using the Reactive Oxygen Species Assay
Kit (Beyotime, Nantong, China, Cat#S0033S) according to the manufacturer’s instruc-
tions. Intracellular ROS levels were determined via probe 2′,7′-dichlorodihydrofluorescein
diacetates (DCFH-DA) with flow cytometry. DCFH-DA was oxidized to dihydrodichlo-
rofluorescein (DCF) via cellular ROS. TNBC cells were treated in indicated conditions,
followed by incubation with DCFH-DA at 37 ◦C for 20 min. Next, cells were collected, and
we analyzed the green fluorescence of DCF with a FACSCalibur flow cytometer.

2.9. Animal Experiments

Six-to-eight-week old female immunocompetent BALB/c mice were purchased from
Guangdong Medical Laboratory Animal Center (Guangzhou, China). All mice were main-
tained in Sun Yat-en University’s (SYSU) animal facilities, as approved by the Institutional
Animal Care and Use Committee (IACUC) of SYSU (SYSU-IACUC-2022-B0964). Next,
5 × 105 4T1 cells were injected orthotopically into the left inguinal mammary fat pad of
BALB/c mice. Mice were randomly divided into four groups and treated at the same time
with indicated drugs. Nigericin (2 mg/kg) was injected subcutaneously every two days,
and anti-PD-1 (BioXcell, Lebanon, NH, USA, Cat#BE0033-2, 250 µg/mouse) was injected
intraperitoneally every week. Tumor volumes were monitored every three-to-four days. At
the end of the experiment (after about 4 weeks), the mice were sacrificed via carbon dioxide
euthanasia, and tumors were harvested for further analysis.

2.10. Immuno-Histochemistry (IHC)

Next, 4% paraformaldehyde (PFA) was used to fix tumor tissues. After being embed-
ded in paraffin, tissue specimens were cut into 4-µm sections. Sections were deparaffinized
with xylene, rehydrated in graded ethanol and incubated in sodium citrate buffer (10 mM,
pH 6.0 at 95 ◦C 60 min) for antigen retrieval. The sections were blocked with 5% goat
serum, before being incubated overnight at 4 ◦C with primary antibodies (listed in Table
S1). The SP-9000 Detection Kits (ZSGB-BIO, China, Cat#SP-9000) and DAB Kit (ZSGB-Bio,
Beijing, China, Cat#ZLI-9019) were used to stain the sections.

2.11. Mononuclear Cells Suspension Preparation and Flow Cytometry Staining

The single-cell suspension from tumor tissues was prepared as previously described [25].
FITC-, PE-, APC- or PerCP-labeled antibodies to CD45, CD4, CD8, TNF-α were listed in
Table S1. Cells were, firstly, stimulated with 5 ng/mL phorbol 12-myristate 13-acetate
(PMA) and 500 ng/mL ionomycin at 37 ◦C for 2 h, followed by 1 µL Monensin for 2 h.
Next, the cells were stained for surface markers with antibodies in phosphate-buffered
saline (PBS) with 2% fetal calf serum (FCS) on ice for 30 min. After washing with PBS, cells
were either analyzed using a FACSCalibur flow cytometer or further fixed and stained with
cytokine antibodies. Cells were resuspended and incubated with 200 µL Cytofix/Cytoperm
solution (BD Biosciences, Franklin Lakes, NJ, USA, Cat#554722) at 4 ◦C for 20 min, before
being washed in permeabilization buffer (BD Biosciences, Cat#554723) twice and stained
with antibodies against cytokines. Data were analyzed using FlowJo software Version 10.

2.12. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 8.3.0. Data are presented
as mean ± SD. Student’s t-test, one-way ANOVA or two-way ANOVA were performed
to compare the differences between the groups. Two-sided p-values were calculated, and
p < 0.05 was considered statistically significant. In all cases, * p < 0.05, ** p < 0.01,
*** p < 0.001, ns, not significant.
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3. Results
3.1. Nigericin Induces Concurrent Apoptotic and Pyroptotic Cell Death in TNBC Cells

Nigericin suppressed the cell viability of MDA-MB-231 and 4T1 cells in a dose-dependent
manner, recording IC50 values of 2.881 µM and 2.505 µM, respectively (Figure 1A); nigericin
also inhibited the colony formation of these cells (Figure S1A). Flow cytometric analysis indi-
cated that nigericin increased early apoptosis (Annexin V+PI−) and late apoptosis/necrosis
(Annexin V+PI+) in TNBC cells (Figure 1B). After nigericin treatment, some TNBC cells
showed apoptosis morphology, such as cell shrinkage, while some of the other cells showed
swelling, which was a characteristic of pyroptosis (Figure S1B). The release of lactate dehy-
drogenase (LDH), which was caused by cell membrane rupture, is a hallmark of necrotic
cell death, including pyroptosis [26]. Pyroptosis also leads to the secretion of inflammatory
factors, such as IL-1β [12,13]. We found that the levels of LDH and IL-1β in supernatant
increased upon nigericin treatment (Figure 1C,D). Together, these results suggested that
nigericin-treated TNBC cells exhibited both pyroptotic and apoptotic features.
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of nigericin (0, 0.25, 0.5, 1, 2, 5, 10 and 20 µg/mL) for 24 h. Cell viability was measured using MTS
assays, and IC50 value was calculated based on cell viability curve. Displayed are mean± SD relative
to control. (B) Flow cytometry analysis of PI and Annexin V stained TNBC cells before and after
nigericin treatment (nigericin 2 µg/mL for 12 h, Annexin V+PI−: early apoptotic cells, Annexin
V+PI+: late apoptotic/necrotic cells). Right panel shows cell percentages in left flow cytometry
plots. Data are shown as mean ± SD (t-test, * p < 0.05, ** p < 0.01, *** p < 0.001). (C) LDH released
from TNBC cells upon nigericin treatment (2 µg/mL) at different time points was detected using the
LDH release assay. Each bar represents mean ± SD of experimental triplicates (one-way ANOVA,
*** p < 0.001). (D) IL-1β released from TNBC cells upon nigericin treatment (2 µg/mL for 24 h) was
detected with the IL-1β ELISA. Each bar represents mean ± SD of experimental triplicates (t-test,
*** p < 0.001). Level of cleaved Caspase-1 or cleaved Caspase-3 was detected via western blots.
(E) Nigericin treatment induced the cleavage of Caspase-1 and Caspase-3, as detected by western
blots. (F) Representative SEM pictures of MDA-MB-231 treated with nigericin (2 µg/mL for 24 h).
White arrows indicate membrane pores. Black arrows indicate pyroptotic bubbles. Yellow arrows
indicate apoptotic bodies. TNBC, triple-negative breast cancer; PI, propidium iodide; LDH, lactate
dehydrogenase; IL, interleukin; SEM, scanning electron microscope.

Caspase family plays a crucial role in inducing apoptotic or pyroptotic death. Caspase-
1 induces gasdermin-D (GSDMD)-mediated pyroptosis [11,12], and Caspase-3 is known as
the executor of apoptosis [27]. Recently, Caspase-3 was also reported to trigger pyroptosis
through gasdermin-E (GSDME) [28]. In this study, we observed that nigericin could induce
both Caspase-1 and Caspase-3 cleavage (Figure 1E). Consistently, we found that nigericin-
induced death in TNBC cells could be prevented using z-VAD (pan-Caspase inhibitor), but
not by necrostatin-1 (necroptosis inhibitor), ferrostatin-1 (ferroptosis inhibitor) or chloro-
quine (autophagy inhibitor) (Figure S1B), which further verified that nigericin-induced
pyroptotic and apoptotic death in TNBC cells occurred in a Caspase-dependent manner.
With scanning electron microscope (SEM), we also observed the pyroptotic (pore-forming
membranes and bubbles) and apoptotic features (apoptotic bodies) in TNBC cells upon
nigericin treatment (Figure 1F). Together, these results indicated that nigericin induced
concurrent pyroptosis and apoptosis in TNBC cells.

3.2. Nigericin Induces TNBC Cell Pyroptosis via Caspase-1/GSDMD-Dependent Pathway

We then investigated the underlying mechanism of nigericin-induced TNBC cell py-
roptosis. As both cleaved Caspase-1 and cleaved Caspase-3 were elevated with nigericin
treatment (Figure 1E), we detected their downstream factors GSDMD and GSDME [12,28].
Western blots showed that nigericin led to the cleavage of GSDMD but not of GSDME.
The gathering of N-terminal fragments of gasdermin on the cellular membrane is the
key step required for gasdermin to activate pyroptosis [11–13]. The level of N-GSDMD
increased after nigericin treatment (Figure 2A). Next, using immunofluorescence confocal
microscopy, we observed that N-terminal fragments of GSDMD migrated from cytoplasm
to membrane in nigericin-treated cells (Figure 2B). These results suggested that nigericin
induced pyroptosis through the Caspase-1/GSDMD pathway. Consistent with these re-
sults, the nigericin-induced necrosis (Figure 2C) and the release of LDH (Figure 2D) were
decreased by knocking down GSDMD. In addition, high mobility group box-1 (HMGB1),
i.e., the ubiquitous nuclear protein released by necrotic cells that served as an indicator of
pyroptosis [29], also decreased in the supernatant of GSDMD knockdown cells (Figure 2E).
Moreover, nigericin treated TNBC cells did not show pyroptotic morphology with GSDMD
knocking down (Figure 2F). Indeed, MDA-MB-231 expressed a moderate level of GSDMD,
and 4T1 cells expressed a high level of GSDMD (Figure S2A). The cell line SK-BR-3 express-
ing low level of GSDMD did not exhibit pyroptotic features after nigericin treatment (Figure
S2B). As for the TNBC cell line MDA-MB-468, with a moderate level of GSDMD expression,
similar morphologic changes and cleaved N-terminal fragments of GSDMD were observed
upon nigericin treatment (Figure S2C,D). Although we did not observe the nigericin-
induced cleavage of N-terminal fragments of GSDME, we still knocked down GSDME to see
whether it would abolish nigericin-induced pyroptosis. We found nigericin-induced mor-
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phological changes and the release of LDH were not reversed in GSDME knockdown cells
(Figure S2E,F). Therefore, GSDMD, but not GSDME, was responsible for nigericin induced-
pyroptosis in TNBC cells.
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Figure 2. Nigericin-induced TNBC pyroptosis is GSDMD-dependent. (A) Western blots detected GS-
DMD or GSDME in TNBC cells upon nigericin treatment (2 µg/mL or 4 µg/mL for 12 h). (B) Confocal
microscopy detected the N-terminal GSDMD migration from cytoplasm to membrane in MDA-
MB-231 cells upon nigericin treatment (2 µg/mL for 12 h). (C) Flow cytometry detected PI- and
Annexin V-stained TNBC cells with and without GSDMD knockdown, which occurred upon nigericin
treatment (nigericin 2 µg/mL for 12 h, Annexin V+PI−: early apoptotic cells; Annexin V+PI+: late
apoptotic/necrotic cells). (D) LDH released from TNBC cells with or without GSDMD knockdown,
treated with nigericin (2 µg/mL for 12 h). Bar graphs represent mean± SD of experimental triplicates
(t-test, ** p < 0.01). (E) Western blots detected supernatant HMGB1 and cytoplasm GSDMD in control
and GSDMD knockdown TNBC cells treated with nigericin (2 µg/mL for 12 h). (F) Representa-
tive phase-contrast images of control and GSDMD knockdown TNBC cells treated with nigericin
(2 µg/mL for 24 h). Red arrows indicate pyroptotic cells, and yellow arrows indicate apoptotic
cells. TNBC, triple-negative breast cancer; FL-GSDMD, full-length gasdermin-D; N-GSDMD, N-
terminal fragments of gasdermin-D; FL-GSDME, full-length gasdermin-E; N-GSDME, N-terminal
fragments of gasdermin-E; DAPI, 4′,6-diamidino-2-phenylindole; PI, propidium iodide; LDH, lactate
dehydrogenase; HMGB1, high mobility group box-1.
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3.3. Nigericin Causes Mitochondrial Dysfunction in TNBC Cells

We then sought to elucidate the mechanism of how nigericin induced pyroptosis in
TNBC cells. Nigericin works as an ionophore, which causes efflux of potassium from the
cell [17,18]. Using inductively coupled plasma mass spectrometry (ICP-MS), nigericin was
shown to reduce intracellular potassium in both MDA-MB-231 and 4T1 cells (Figure 3A).
Specific to mitochondria, nigericin-induced K+ efflux was accompanied by H+ uptake,
which uncoupled oxidative phosphorylation and inhibited the mitochondria respiration
by decreasing the membrane potential [30,31]. JC-1 probes are widely used to detect the
mitochondrial membrane potential change [32]. After nigericin treatment, the proportion of
JC-1-labeled TNBC cells in green fluorescence increased, suggesting that the mitochondrial
membrane potential decreased (Figure 3B). We then screened the metabolites associated
with mitochondrial metabolism via mass spectrometry, finding that the metabolites in
tricarboxylic acid (TCA) cycle were the most significantly affected of all metabolic pathways
in nigericin-treated TNBC cells (Figure 3C). All metabolites in the TCA cycle decreased
(Figure 3D). Consistent with the above results, FADH2 and NADH also decreased upon
nigericin treatment (Figure 3E), supporting the idea that oxidative phosphorylation was
impaired after nigericin treatment. These results indicated that nigericin treatment induced
the mitochondrial dysfunction.
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ICP-MS. Bar graphs stand for mean ± SD of experimental triplicates (t-test, * p < 0.05). (B) Mitochondrial
membrane potential changes in TNBC cells (nigericin 2 µg/mL for 6 h), as detected via JC-1 probes.
At high mitochondrial membrane potential, JC-1 aggregated and yielded red-colored emission
(590 nm). At low mitochondrial membrane potential, JC-1 was predominantly a monomer that
yielded green-colored emission (530 nm). (C) Metabolites screened via mass spectrometry in 4T1
cells with or without nigericin treatment. Metabolic pathway enrichment of differential metabolites
was performed based on Metaboanalyst (https://www.metaboanalyst.ca (accessed on 31 October
2020)). (D,E) Nigericin significantly impacted mitochondrial metabolism. (D) Metabolites of TCA
cycle and (E) oxidative phosphorylation upon nigericin treatment detected via mass spectrometry.
Bar graphs stand for mean ± SD of experimental quadruplicates (t-test, * p < 0.05, ** p < 0.01,
*** p < 0.001). TNBC, triple-negative breast cancer; JC-1, tetraethylbenzimidazolylcarbocyanine iodide;
ICP-MS, inductively coupled plasma mass spectrometry; TCA cycle, tricarboxylic acid cycle; FADH2,
flavin adenine dinucleotide; NADH, nicotinamide adenine dinucleotide.

3.4. Nigericin-Mediated Mitochondria Dysfunction Induces Caspase-1 Activation and Pyroptosis

Previous studies showed that Caspase-1 activation was responsible for the GSDMD-
dependent pyroptosis [11,12]. Mitochondria dysfunction, which was accompanied by
increased levels of mitochondrial reactive oxygen species (mROS), which was caused by
Caspase-1 activation [33,34]. Herein, we showed that nigericin induced pyroptosis via the
Caspase-1/GSDMD pathway (Figures 1 and 2) and mitochondria dysfunction in TNBC
cells (Figure 3). We hypothesized that nigericin activated Caspase-1 by inducing mito-
chondria dysfunction and ROS accumulation in TNBC cells. Indeed, nigericin treatment
increased the ROS level in TNBC cells (Figure 4A). Previous studies showed the mROS
accumulation resulted in mitochondria membrane damage and increased permeabilization,
allowing the release of mitochondrial DNA (mtDNA) from mitochondria, thus leading to
decreased mtDNA being present in mitochondria [35,36]. We also found that the mtDNA
decreased after nigericin treatment in TNBC cells (Figure S3A). In addition, treatment with
N-acetylcysteine (NAC), which is an antioxidant commonly used for scavenging ROS and
protecting mitochondria [37], prevented nigericin-induced ROS production (Figure 4A) and
pyroptosis (Figure S3B). The nigericin-increased level of cleaved Caspase-1 was dampened
in NAC pre-treated cell lines (Figure 4B). The increased level of N-terminal fragments of
GSDMD upon nigericin treatment was also reversed (Figure 4B). Furthermore, neither
cleavage of GSDMD (Figure 4C) nor elevated LDH release (Figure 4D) was observed in
Caspase-1 knockdown TNBC cells upon nigericin treatment, which verified that nigericin
induced pyroptosis in a Caspase-1-dependent manner. Together, these data suggested that
the nigericin-induced pyroptosis in TNBC cells was elicited via mitochondria dysfunction
and the following Caspase-1 activation.

3.5. Nigericin-Mediated Mitochondria Dysfunction Induces Caspase-3 Activation and Apoptosis

We showed that nigericin induced both pyroptosis and apoptosis in TNBC cells
(Figure 1). Evidence showed that ROS accumulation mediated the alteration of mitochon-
dria membrane permeabilization and caused the release of mitochondrial contents, such as
cytochrome C, thus triggering the mitochondrial apoptosis [38–40]. Activated Caspase-3
cleaves Parp-1 to prevent DNA repair and promote apoptosis [41]. We observed increased
levels of cleaved Parp-1 in nigericin-treated TNBC cells (Figure 5A). Next, we sought to test
whether nigericin-mediated apoptosis was rescued by reducing the ROS accumulation in
mitochondria. We showed that NAC could reverse nigericin-mediated ROS accumulation
and protect mitochondria. Consistently, pre-treatment with NAC reversed the increased
level of cleaved Parp-1 (Figure 5B), thus rescuing the nigericin-induced TNBC cells apop-
tosis (Figure S3B). The cytosol cytochrome C activates apoptosome to mediate Caspase-3
cleavage and trigger apoptosis [38–40]. Although activated Caspase-3 can cleave GS-
DME to induce pyroptosis and cleave Parp-1 for apoptosis, our above data suggested that
Caspase-3/GSDME was not involved in nigericin-mediated pyroptosis (Figure 1). Thus,
we speculated that the upregulated cleaved Caspase-3 participated in nigericin-mediated

https://www.metaboanalyst.ca
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apoptosis. Consistently, the upregulated Caspase-3 cleaved via nigericin treatment could be
restored via NAC pre-treatment (Figure 5B). In addition, the cleaved Parp-1 upon nigericin
treatment decreased upon Caspase-3 knocking down (Figure 5C), suggesting the crucial
role of Caspase-3 in nigericin-induced apoptosis. On the other hand, the release of LDH in
nigericin-treated TNBC cells was not impacted upon Caspase-3 knocking down (Figure 5D),
which further verified that Caspase-3 was not involved in nigericin-induced pyroptosis.
Taken together, these data suggested that nigericin-mediated mitochondria dysfunction
induced apoptotic cell death via Caspase-3 activation.
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(A) Changes in ROS level in TNBC cells treated with indicated reagents, as detected via flow cytometry.
(B,C) Western blots detected expression of Caspase-1 and GSDMD in TNBC cells treated with
indicated reagents. (D) LDH released from TNBC cells treated in indicated reagents was assessed
using LDH assay kits. Bar graphs are shown as mean ± SD of experimental triplicates (one-way
ANOVA, *** p < 0.001). TNBC, triple-negative breast cancer; ROS, reactive oxygen species; Nig,
nigericin; NAC, N-acetylcysteine; GSDMD, gasdermin-D; LDH, lactate dehydrogenase.
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Figure 5. Nigericin-mediated mitochondria dysfunction leads to Caspase-3 dependent apoptosis.
(A–C) Changes in Parp-1 and Caspase-3 in TNBC cells treated with indicated reagents, as analyzed
via western blots. (D) LDH released from TNBC cells treated with indicated reagents was assessed
using LDH assay kits. Each bar represent means± SD of experimental triplicates (one-way ANOVA,
*** p < 0.001). TNBC, triple-negative breast cancer; NAC, N-acetylcysteine; Nig, nigericin; GSDMD,
gasdermin-D; LDH, lactate dehydrogenase.

3.6. Nigericin Plus Anti-PD-1 Shows Synergistic Anti-Cancer Effect

The degree of T cell infiltration and function is tightly linked to the response of anti-
PD-1 in cancer treatment. As pyroptosis in tumor cells strongly boosted inflammation
and enhanced anti-tumor immune responses [14], we proposed that nigericin would
augment the anti-tumor effect of immune checkpoint inhibitors in TNBC. To address
whether nigericin induced-pyroptosis enhanced the anti-tumor effect of T cells with the
combination of PD-1 antibody, MDA-MB-231 cells were cultured with human peripheral
blood mononuclear cells (PBMCs) isolated from human healthy donors (Figure S4A),
followed by treatment with nigericin, anti-PD-1 or their combination. As activated CD4+
and CD8+ T cells would secret TNF-α to exert cytotoxic effects on tumor cells [42], we
performed flow cytometry analysis to detect TNF-α. We then observed significantly higher
TNF-α secretion of CD8+ T cells and slightly higher TNF-α secretion of CD4+ T cells in
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anti-PD-1 and nigericin treatment groups, while T cells in combination therapy group
showed an even higher TNF-α secretion level (Figure 6A). These results supported the idea
that nigericin enhanced the anti-tumor effect of T cells by inducing pyroptosis of tumor
cells. Moreover, nigericin could further augment the PD-1 antibody-mediated anti-tumor
effect of T cells.

Cancers 2023, 15, x FOR PEER REVIEW 12 of 17 
 

 

3.6. Nigericin Plus Anti-PD-1 Shows Synergistic Anti-Cancer Effect 
The degree of T cell infiltration and function is tightly linked to the response of anti-

PD-1 in cancer treatment. As pyroptosis in tumor cells strongly boosted inflammation and 
enhanced anti-tumor immune responses [14], we proposed that nigericin would augment 
the anti-tumor effect of immune checkpoint inhibitors in TNBC. To address whether niger-
icin induced-pyroptosis enhanced the anti-tumor effect of T cells with the combination of 
PD-1 antibody, MDA-MB-231 cells were cultured with human peripheral blood mononu-
clear cells (PBMCs) isolated from human healthy donors (Figure S4A), followed by treat-
ment with nigericin, anti-PD-1 or their combination. As activated CD4+ and CD8+ T cells 
would secret TNF-α to exert cytotoxic effects on tumor cells [42], we performed flow cytom-
etry analysis to detect TNF-α. We then observed significantly higher TNF-α secretion of 
CD8+ T cells and slightly higher TNF-α secretion of CD4+ T cells in anti-PD-1 and nigericin 
treatment groups, while T cells in combination therapy group showed an even higher TNF-
α secretion level (Figure 6A). These results supported the idea that nigericin enhanced the 
anti-tumor effect of T cells by inducing pyroptosis of tumor cells. Moreover, nigericin could 
further augment the PD-1 antibody-mediated anti-tumor effect of T cells. 

 
Figure 6. Nigericin combined with anti-PD-1 is an effective anti-tumor strategy. (A) Flow cytometry 
analysis of TNF-α secreted by CD4+ and CD8+ T cells from human PBMCs co-cultured with MDA-
Figure 6. Nigericin combined with anti-PD-1 is an effective anti-tumor strategy. (A) Flow cytometry
analysis of TNF-α secreted by CD4+ and CD8+ T cells from human PBMCs co-cultured with MDA-
MB-231 and treated with indicated reagents. Each bar represents mean ± SD (one-way ANOVA,
*** p < 0.001). (B) 4T1 cells were injected orthotopically into left inguinal mammary fat pad of BALB/c
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mice, which were treated with either nigericin (subcutaneous) or anti-PD-1 antibody (intraperitoneal)
alone or together. Tumor volumes were monitored every 3–4 days. Displayed are means ± SD
of different groups (two-way ANOVA, *** p < 0.001). (C,D) Representative image (C) and tumor
weights (D) of 4T1 xenografts. Each bar represents mean ± SD (one-way ANOVA, *** p < 0.001).
(E) Proportions of infiltrated CD4 and CD8 in tumors were detected via flow cytometry. Each bar
represents mean ± SD (one-way ANOVA, * p < 0.05, ** p < 0.01). (F) Flow cytometry analysis
of IFN-γ or TNF-α secreted by CD4+ and CD8+ T cells. Displayed are means ± SD of different
groups (one-way ANOVA, * p < 0.001). (G) Expression of cleaved Caspase-1 or cleaved Caspase-3 of
tumors from each group, as detected via IHC. Each bar represents mean ± SD (one-way ANOVA,
** p < 0.01, *** p < 0.001). PD-1, programmed death-1; Nig, nigericin; PBMCs, human peripheral blood
mononuclear cells; TNF, tumor necrosis factor; IHC, immuno-histochemistry.

Next, we evaluated the synergistic anti-tumor effect of nigericin with anti-PD-1 an-
tibody in the 4T1 xenograft model, which included relatively cold tumors and was re-
sistant to immune checkpoint inhibitor treatment due to a lack of T cell infiltration and
activation [43,44]. The 4T1 cells were orthotopically transplanted into the mammary fat
pad of BALB/c mice. Mice were randomly divided into four groups and treated with
the control, nigericin (subcutaneous) or anti-PD-1 antibody (intraperitoneal) alone and
together. As expected, PD-1 antibody alone did not show significant anti-tumor effect,
whereas nigericin showed moderate anti-tumor effect. The combination of nigericin and
anti-PD-1 antibody almost completely suppressed tumor growth (Figure 6B–D). Consis-
tently, the tumor infiltrated CD4+ or CD8+ T cells were increased in the nigericin-treated
and combination therapy groups (Figure 6E), suggesting that nigericin-mediated pyroptosis
modulated the tumor microenvironment to facilitate the T cell infiltration, thus turning
cold tumors into hot tumors. The levels of TNF-α and IFN-γ secreted by CD4+ or CD8+
cells were higher in the nigericin and anti-PD-1 combination therapy groups (Figure 6F and
Figure S4C). In accordance with above results, cleaved Caspase-1 and cleaved Caspase-3
also increased in the nigericin-treated group (Figure 6F). In addition, we did not observe
that nigericin impacted the expressions of PD-1 or PD-L1 in immune cells and cancer
cells (Figure S4D). These data confirmed the synergistic anti-tumor effect of nigericin with
anti-PD-1 antibody.

Meanwhile, the systematic side effects of these treatments were assessed in vivo.
No noticeable histological toxicity was observed in the tissues from heart, liver, spleen,
lung and kidney (Figure S5A). Hematological parameters, including white blood cells,
hemoglobin, aspartate aminotransferase, alanine aminotransferase, albumin and creatinine,
were in the normal range when treatment was completed (Figure S5B). In conclusion, these
results suggested that applying nigericin was an effective strategy for sensitizing TNBCs to
immune checkpoint blockage therapy with acceptable systematic side effects.

4. Discussion

Although numerous agents are being exploited to treat TNBC, effective therapeutic
drugs are still very limited [2–4]. Benefits from immune checkpoint inhibitors were demon-
strated in the Impassion130 and TONIC clinical trials [6,7]. In addition, the Impassion031
clinical trial revealed that anti-PD-1 could improve the response rate of chemotherapies in
neoadjuvant treatment of TNBC [45]. However, the response rate of checkpoint inhibitors
in TNBC remains relatively low. Treatments that modulate the tumor microenvironment
to induce lymphocytes infiltration and enhance their anti-tumor capabilities are being
actively developed to improve the therapeutic effect of checkpoint inhibitors. Clinical
trials of Imbrave150 and Keynote426 showed that targeting blood vessels was an effective
strategy to modulate the tumor microenvironment and improve the anti-cancer effect of
immune checkpoint inhibitors in hepatic and renal cancers [46,47]. Although the anti-
angiogenesis therapy showed synergistic effect with immune checkpoint inhibitors in
TNBC, the therapeutic response remained unsatisfied [48]. Thus, there is a pressing need to
develop effective ways to modulate the immune-microenvironment, as well as boost the
therapeutic effect of checkpoints inhibitors in TNBC. Recently, pre-clinical studies showed
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combination therapy with agents inducing specific anti-tumor immune responses, such as
cancer peptide-based vaccines or epitope–peptide vaccines, providing unique and effective
options for active immunotherapy [49,50].

Nigericin, which is known as a K+/H+ ionophore, can perturb TCA cycle and oxida-
tive phosphorylation by causing mitochondria dysfunction [30,31]. Although nigericin
was proven to be a promising anti-tumor agent in multiple cancers [19–22], the anti-
cancer mechanisms of nigericin were not fully understood. Here, we first demonstrated
that nigericin inhibited TNBC cell viability by inducing concurrent apoptosis and pyrop-
tosis. To be specific, nigericin induced ROS accumulation and mitochondria dysfunc-
tion of TNBC cells, thereby increasing the level of cleaved Caspase-3 and activating the
apoptotic pathway. Meanwhile, the mitochondria dysfunction also resulted in the acti-
vation of Caspase-1/GSDMD cascades, leading to pyroptosis in TNBC cells (Figure 7).
Thus, nigericin treatment inhibited the growth of TNBC in vitro (Figure S1A) and in vivo
(Figure 6B–D).
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Figure 7. Schematic summary of mechanism of Nigericin in inducing anti-tumor immune response.
Nigericin caused cellular potassium efflux and mitochondrial dysfunction, leading to mitochondrial
ROS accumulation, as well as activation of Caspase-1/GSDMD-mediated pyroptosis and Caspase-3-
dependent apoptosis in TNBC cells. Finally, nigericin-induced pyroptosis could amplify anti-tumor
immune response by enhancing infiltration and anti-tumor effects of CD4+ and CD8+ T cells.

Previous studies showed that pyroptosis amplified the anti-cancer immune response
by turning “cold” tumors into “hot” tumors [14–16,51]. Nigericin-mediated pyroptosis is
accompanied by the release of large amount of pro-inflammatory factors, such as IL-1β,
and damage-associated molecular patterns (DAMPs), such as HMGB1, to induce strong
immune responses [12,13,52]. In our study, when pre-treated with nigericin, TNBC cell-
released IL-1β significantly boosted the TNF-α secretion of CD8+ T cells. When nigericin
was combined with PD-1 antibody, T cells could secrete even higher TNF-α, suggesting the
synergistic effect of nigericin with PD-1 on immune response of cancer cells (Figure 6A).
Our in vivo experiment showed that nigericin treatment induced CD4+ and CD8+ T cells
to infiltrate into 4T1 tumors, which was regarded as a cold tumor model [43,44]. These
observations suggested that the inflammation triggered by pyroptosis upon nigericin
treatment turned “cold” tumors into “hot” tumors. Consequently, anti-PD-1 treatment with
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nigericin almost completely inhibited 4T1 tumor growth. Moreover, the safety of nigericin
was also verified, and no obvious systematic side effects were observed in vivo in our
study, as nigericin is widely used in animal experiment and has satisfied safety regulators
for decades [22,53,54]. The limitation of our study is that the animal experiments were
conducted in the orthotopic model of 4T1 mouse breast cancer cells. Further studies using
human breast cancer cells will be performed in the humanized mouse models. Moreover,
whether the expression of Gasdermin family proteins, such as GSDMD, can be utilized as
biomarkers to predict the immune status of tumors and effectiveness of immunotherapy
and nigericin treatment may need to be further tested in the future.

5. Conclusions

Our study demonstrated the anti-tumor effect of nigericin on TNBCs by inducing
concurrent Caspase-1/GSDMD-dependent pyroptosis and Caspase-3-dependent apoptosis.
Moreover, nigericin-induced pyroptosis enhanced the anti-tumor immune response, and
nigericin combined with anti-PD-1 antibody showed a synergistic therapeutic effect. Our
study suggests that nigericin may be a potential anti-tumor agent, especially in combination
with immune checkpoint inhibitors used for TNBC treatment.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers15123221/s1. Figure S1 shows the supplemen-
tary data for Figure 1; Figure S2 shows the supplementary data for Figure 2; Figure S3 shows the
supplementary data for Figures 4 and 5; Figures S4 and S5 show the supplementary data for Figure 6;
Tables S1 and S2 show the supplementary data for the Section 2; Figures S6–S15 show the raw western
blot results for triplicate experiments.

Author Contributions: Conception and design: M.-L.L. and H.L. Development of methodology:
L.W., G.C. and Q.L. Acquisition of data: L.W., S.B., J.H., J.W., X.D. and C.L. Analysis and interpretation
of data: L.W., S.B., W.F. and W.W. Writing, review, and/or revision of the manuscript: L.W., S.B. and
J.H. Study supervision: M.-L.L. and H.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Basic Research and Application of Guangzhou Science and
Technology Planning Project (2023A04J2100), the Natural Science Foundation of China (82073048), the
Guangdong Science and Technology Department (grant number 2020B1212060018, 2020B1212030004), the
Natural Science Foundation of Guangdong Province (grant number 2020A1515110756, 2023A1515010916)
and Beijing Xisike Clinical Oncology Research Foundation (YHR2020QN-0686).

Institutional Review Board Statement: Animal experiments were designed and performed accord-
ing to the guidelines of the Institutional Animal Care and Use Committee of Sun Yat-sen University
(SYSU-IACUC-2022-B0964).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data are available on reasonable request. All data relevant to the study
are included in the article or uploaded as online Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Forouzanfar, M.H.; Foreman, K.J.; Delossantos, A.M.; Lozano, R.; Lopez, A.D.; Murray, C.J.; Naghavi, M. Breast and cervical

cancer in 187 countries between 1980 and 2010: A systematic analysis. Lancet 2011, 378, 1461–1484. [CrossRef]
2. Da, S.J.; Cardoso, N.N.; Izetti, P.; de Mesquita, G.G.; de Melo, A.C. Triple negative breast cancer: A thorough review of biomarkers.

Crit. Rev. Oncol. Hematol. 2020, 145, 102855.
3. Waks, A.G.; Winer, E.P. Breast cancer treatment: A review. JAMA 2019, 321, 288–300. [CrossRef]
4. Diana, A.; Franzese, E.; Centonze, S.; Carlino, F.; Della, C.C.; Ventriglia, J.; Petrillo, A.; De Vita, F.; Alfano, R.; Ciardiello, F.; et al.

Triple-Negative breast cancers: Systematic review of the literature on molecular and clinical features with a focus on treatment
with innovative drugs. Curr. Oncol. Rep. 2018, 20, 76. [CrossRef] [PubMed]

5. Abdou, Y.; Goudarzi, A.; Yu, J.X.; Upadhaya, S.; Vincent, B.; Carey, L.A. Immunotherapy in triple negative breast cancer: Beyond
checkpoint inhibitors. NPJ Breast Cancer 2022, 8, 121. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers15123221/s1
https://doi.org/10.1016/S0140-6736(11)61351-2
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1007/s11912-018-0726-6
https://www.ncbi.nlm.nih.gov/pubmed/30128845
https://doi.org/10.1038/s41523-022-00486-y
https://www.ncbi.nlm.nih.gov/pubmed/36351947


Cancers 2023, 15, 3221 16 of 17

6. Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.A.; Shaw, W.G.; et al.
Atezolizumab and Nab-Paclitaxel in advanced Triple-Negative breast cancer. N. Engl. J. Med. 2018, 379, 2108–2121. [CrossRef]

7. Voorwerk, L.; Slagter, M.; Horlings, H.M.; Sikorska, K.; van de Vijver, K.K.; de Maaker, M.; Nederlof, I.; Kluin, R.; Warren, S.;
Ong, S.; et al. Immune induction strategies in metastatic triple-negative breast cancer to enhance the sensitivity to PD-1 blockade:
The TONIC trial. Nat. Med. 2019, 25, 920–928. [CrossRef] [PubMed]

8. Liu, Y.; Chen, C.; Wang, X.; Sun, Y.; Zhang, J.; Chen, J.; Shi, Y. An epigenetic role of mitochondria in cancer. Cells 2022, 11, 2518.
[CrossRef]

9. Chen, K.; Zhang, J.; Beeraka, N.M.; Tang, C.; Babayeva, Y.V.; Sinelnikov, M.Y.; Zhang, X.; Zhang, J.; Liu, J.; Reshetov, I.V.; et al.
Advances in the prevention and treatment of Obesity-Driven effects in breast cancers. Front. Oncol. 2022, 12, 820968. [CrossRef]

10. Chen, K.; Lu, P.; Beeraka, N.M.; Sukocheva, O.A.; Madhunapantula, S.V.; Liu, J.; Sinelnikov, M.Y.; Nikolenko, V.N.; Bulygin, K.V.;
Mikhaleva, L.M.; et al. Mitochondrial mutations and mitoepigenetics: Focus on regulation of oxidative stress-induced responses
in breast cancers. Semin. Cancer Biol. 2022, 83, 556–569. [CrossRef]

11. Shi, J.; Gao, W.; Shao, F. Pyroptosis: Gasdermin-Mediated programmed necrotic cell death. Trends Biochem. Sci. 2017, 42, 245–254.
[CrossRef] [PubMed]

12. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef] [PubMed]

13. Wang, Y.Y.; Liu, X.L.; Zhao, R. Induction of pyroptosis and its implications in cancer management. Front. Oncol. 2019, 9, 971.
[CrossRef] [PubMed]

14. Wang, Q.; Wang, Y.; Ding, J.; Wang, C.; Zhou, X.; Gao, W.; Huang, H.; Shao, F.; Liu, Z. A bioorthogonal system reveals antitumour
immune function of pyroptosis. Nature 2020, 579, 421–426. [CrossRef]

15. Duan, Q.; Zhang, H.; Zheng, J.; Zhang, L. Turning Cold into Hot: Firing up the Tumor Microenvironment. Trends Cancer 2020,
6, 605–618. [CrossRef] [PubMed]

16. Tan, Y.; Chen, Q.; Li, X.; Zeng, Z.; Xiong, W.; Li, G.; Li, X.; Yang, J.; Xiang, B.; Yi, M. Pyroptosis: A new paradigm of cell death for
fighting against cancer. J. Exp. Clin. Cancer Res. 2021, 40, 153. [CrossRef] [PubMed]

17. Zoratti, M.; Favaron, M.; Pietrobon, D.; Petronilli, V. Nigericin-induced transient changes in rat-liver mitochondria. Biochim.
Biophys. Acta 1984, 767, 231–239. [CrossRef] [PubMed]

18. Zoeteweij, J.P.; van de Water, B.; de Bont, H.J.; Mulder, G.J.; Nagelkerke, J.F. Involvement of intracellular Ca2+ and K+ in
dissipation of the mitochondrial membrane potential and cell death induced by extracellular ATP in hepatocytes. Biochem. J. 1992,
288 Pt 1, 207–213. [CrossRef]

19. Deng, C.C.; Liang, Y.; Wu, M.S.; Feng, F.T.; Hu, W.R.; Chen, L.Z.; Feng, Q.S.; Bei, J.X.; Zeng, Y.X. Nigericin selectively targets
cancer stem cells in nasopharyngeal carcinoma. Int. J. Biochem. Cell Biol. 2013, 45, 1997–2006. [CrossRef]

20. Gupta, P.B.; Onder, T.T.; Jiang, G.; Tao, K.; Kuperwasser, C.; Weinberg, R.A.; Lander, E.S. Identification of selective inhibitors of
cancer stem cells by high-throughput screening. Cell 2009, 138, 645–659. [CrossRef]

21. Yakisich, J.S.; Azad, N.; Kaushik, V.; O’Doherty, G.A.; Iyer, A.K. Nigericin decreases the viability of multidrug-resistant cancer
cells and lung tumorspheres and potentiates the effects of cardiac glycosides. Tumour Biol. 2017, 39, 1393395354. [CrossRef]
[PubMed]

22. Liu, F.; Li, W.; Hua, S.; Han, Y.; Xu, Z.; Wan, D.; Wang, Y.; Chen, W.; Kuang, Y.; Shi, J.; et al. Nigericin exerts anticancer effects on
human colorectal cancer cells by inhibiting wnt/β-catenin signaling pathway. Mol. Cancer Ther. 2018, 17, 952–965. [CrossRef]

23. Katsnelson, M.A.; Rucker, L.G.; Russo, H.M.; Dubyak, G.R. K+ efflux agonists induce NLRP3 inflammasome activation indepen-
dently of Ca2+ signaling. J. Immunol. 2015, 194, 3937–3952. [CrossRef] [PubMed]

24. Willingham, S.B.; Allen, I.C.; Bergstralh, D.T.; Brickey, W.J.; Huang, M.T.; Taxman, D.J.; Duncan, J.A.; Ting, J.P. NLRP3 (NALP3,
Cryopyrin) facilitates in vivo caspase-1 activation, necrosis, and HMGB1 release via inflammasome-dependent and -independent
pathways. J. Immunol. 2009, 183, 2008–2015. [CrossRef] [PubMed]

25. Reichard, A.; Asosingh, K. Best practices for preparing a single cell suspension from solid tissues for flow cytometry. Cytom. A
2019, 95, 219–226. [CrossRef] [PubMed]

26. Chan, F.K.; Moriwaki, K.; De Rosa, M.J. Detection of necrosis by release of lactate dehydrogenase activity. Methods Mol. Biol. 2013,
979, 65–70.

27. Porter, A.G.; Jänicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99–104. [CrossRef]
28. Wang, Y.; Gao, W.; Shi, X.; Ding, J.; Liu, W.; He, H.; Wang, K.; Shao, F. Chemotherapy drugs induce pyroptosis through caspase-3

cleavage of a gasdermin. Nature 2017, 547, 99–103. [CrossRef]
29. Murao, A.; Aziz, M.; Wang, H.; Brenner, M.; Wang, P. Release mechanisms of major DAMPs. Apoptosis 2021, 26, 152–162.

[CrossRef]
30. Henderson, P.J.; Mcgivan, J.D.; Chappell, J.B. The action of certain antibiotics on mitochondrial, erythrocyte and artificial

phospholipid membranes. The role of induced proton permeability. Biochem. J. 1969, 111, 521–535. [CrossRef]
31. Shavit, N.; San, P.A. K+-dependent uncoupling of photophosphorylation by nigericin. Biochem. Biophys. Res. Commun. 1967, 28,

277–283. [CrossRef] [PubMed]
32. Sivandzade, F.; Bhalerao, A.; Cucullo, L. Analysis of the mitochondrial membrane potential using the cationic JC-1 dye as

a sensitive fluorescent probe. Bio. Protoc. 2019, 9, e3128. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.1038/s41591-019-0432-4
https://www.ncbi.nlm.nih.gov/pubmed/31086347
https://doi.org/10.3390/cells11162518
https://doi.org/10.3389/fonc.2022.820968
https://doi.org/10.1016/j.semcancer.2020.09.012
https://doi.org/10.1016/j.tibs.2016.10.004
https://www.ncbi.nlm.nih.gov/pubmed/27932073
https://doi.org/10.1038/nature15514
https://www.ncbi.nlm.nih.gov/pubmed/26375003
https://doi.org/10.3389/fonc.2019.00971
https://www.ncbi.nlm.nih.gov/pubmed/31616642
https://doi.org/10.1038/s41586-020-2079-1
https://doi.org/10.1016/j.trecan.2020.02.022
https://www.ncbi.nlm.nih.gov/pubmed/32610070
https://doi.org/10.1186/s13046-021-01959-x
https://www.ncbi.nlm.nih.gov/pubmed/33941231
https://doi.org/10.1016/0005-2728(84)90192-0
https://www.ncbi.nlm.nih.gov/pubmed/6498179
https://doi.org/10.1042/bj2880207
https://doi.org/10.1016/j.biocel.2013.06.023
https://doi.org/10.1016/j.cell.2009.06.034
https://doi.org/10.1177/1010428317694310
https://www.ncbi.nlm.nih.gov/pubmed/28351327
https://doi.org/10.1158/1535-7163.MCT-17-0906
https://doi.org/10.4049/jimmunol.1402658
https://www.ncbi.nlm.nih.gov/pubmed/25762778
https://doi.org/10.4049/jimmunol.0900138
https://www.ncbi.nlm.nih.gov/pubmed/19587006
https://doi.org/10.1002/cyto.a.23690
https://www.ncbi.nlm.nih.gov/pubmed/30523671
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.1038/nature22393
https://doi.org/10.1007/s10495-021-01663-3
https://doi.org/10.1042/bj1110521
https://doi.org/10.1016/0006-291X(67)90441-X
https://www.ncbi.nlm.nih.gov/pubmed/6035502
https://doi.org/10.21769/BioProtoc.3128
https://www.ncbi.nlm.nih.gov/pubmed/30687773


Cancers 2023, 15, 3221 17 of 17

33. Heid, M.E.; Keyel, P.A.; Kamga, C.; Shiva, S.; Watkins, S.C.; Salter, R.D. Mitochondrial reactive oxygen species induces NLRP3-
dependent lysosomal damage and inflammasome activation. J. Immunol. 2013, 191, 5230–5238. [CrossRef]

34. Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.
Redox Signal. 2014, 20, 1126–1167. [CrossRef] [PubMed]

35. Rottenberg, H.; Hoek, J.B. The path from mitochondrial ROS to aging runs through the mitochondrial permeability transition
pore. Aging Cell 2017, 16, 943–955. [CrossRef]

36. Jou, M.J.; Peng, T.I.; Yu, P.Z.; Jou, S.B.; Reiter, R.J.; Chen, J.Y.; Wu, H.Y.; Chen, C.C.; Hsu, L.F. Melatonin protects against common
deletion of mitochondrial DNA-augmented mitochondrial oxidative stress and apoptosis. J. Pineal Res. 2007, 43, 389–403.
[CrossRef]

37. Spagnuolo, G.; D’Antò, V.; Cosentino, C.; Schmalz, G.; Schweikl, H.; Rengo, S. Effect of N-acetyl-L-cysteine on ROS production
and cell death caused by HEMA in human primary gingival fibroblasts. Biomaterials 2006, 27, 1803–1809. [CrossRef]

38. Lemasters, J.J.; Qian, T.; Bradham, C.A.; Brenner, D.A.; Cascio, W.E.; Trost, L.C.; Nishimura, Y.; Nieminen, A.L.; Herman, B.
Mitochondrial dysfunction in the pathogenesis of necrotic and apoptotic cell death. J. Bioenerg. Biomembr. 1999, 31, 305–319.
[CrossRef]

39. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys.
Acta 2016, 1863, 2977–2992. [CrossRef]

40. Bolaños, J.P.; Moro, M.A.; Lizasoain, I.; Almeida, A. Mitochondria and reactive oxygen and nitrogen species in neurological
disorders and stroke: Therapeutic implications. Adv. Drug Deliv. Rev. 2009, 61, 1299–1315. [CrossRef]

41. Soldani, C.; Scovassi, A.I. Poly(ADP-ribose) polymerase-1 cleavage during apoptosis: An update. Apoptosis 2002, 7, 321–328.
[CrossRef] [PubMed]

42. Knutson, K.L.; Disis, M.L. Tumor antigen-specific T helper cells in cancer immunity and immunotherapy. Cancer Immunol.
Immunother. 2005, 54, 721–728. [CrossRef] [PubMed]

43. Fabian, K.P.; Padget, M.R.; Fujii, R.; Schlom, J.; Hodge, J.W. Differential combination immunotherapy requirements for inflamed
(warm) tumors versus T cell excluded (cool) tumors: Engage, expand, enable, and evolve. J. Immunother. Cancer 2021, 9, e001691.
[CrossRef] [PubMed]

44. Bonaventura, P.; Shekarian, T.; Alcazer, V.; Valladeau-Guilemond, J.; Valsesia-Wittmann, S.; Amigorena, S.; Caux, C.; Depil, S.
Cold tumors: A therapeutic challenge for immunotherapy. Front. Immunol. 2019, 10, 168. [CrossRef]

45. Mittendorf, E.A.; Zhang, H.; Barrios, C.H.; Saji, S.; Jung, K.H.; Hegg, R.; Koehler, A.; Sohn, J.; Iwata, H.; Telli, M.L.; et al.
Neoadjuvant atezolizumab in combination with sequential nab-paclitaxel and anthracycline-based chemotherapy versus placebo
and chemotherapy in patients with early-stage triple-negative breast cancer (IMpassion031): A randomised, double-blind, phase
3 trial. Lancet 2020, 396, 1090–1100. [CrossRef]

46. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef]

47. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulières, D.; Melichar, B.; et al.
Pembrolizumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2019, 380, 1116–1127.
[CrossRef]

48. Liu, J.; Liu, Q.; Li, Y.; Li, Q.; Su, F.; Yao, H.; Su, S.; Wang, Q.; Jin, L.; Wang, Y.; et al. Efficacy and safety of camrelizumab combined
with apatinib in advanced triple-negative breast cancer: An open-label phase II trial. J. Immunother. Cancer 2020, 8, e000696.
[CrossRef]

49. Guo, L.; Overholser, J.; Darby, H.; Ede, N.J.; Kaumaya, P. A newly discovered PD-L1 B-cell epitope peptide vaccine (PDL1-Vaxx)
exhibits potent immune responses and effective anti-tumor immunity in multiple syngeneic mice models and (synergizes) in
combination with a dual HER-2 B-cell vaccine (B-Vaxx). Oncoimmunology 2022, 11, 2127691. [CrossRef]

50. Guo, L.; Overholser, J.; Good, A.J.; Ede, N.J.; Kaumaya, P. Preclinical studies of a novel human PD-1 B-Cell peptide cancer vaccine
PD1-Vaxx from BALB/c mice to beagle dogs and to Non-Human primates (Cynomolgus monkeys). Front. Oncol. 2022, 12, 826566.
[CrossRef]

51. Zhang, Z.; Zhang, Y.; Xia, S.; Kong, Q.; Li, S.; Liu, X.; Junqueira, C.; Meza-Sosa, K.F.; Mok, T.; Ansara, J.; et al. Gasdermin E
suppresses tumour growth by activating anti-tumour immunity. Nature 2020, 579, 415–420. [CrossRef] [PubMed]

52. Roh, J.S.; Sohn, D.H. Damage-Associated molecular patterns in inflammatory diseases. Immune Netw. 2018, 18, e27. [CrossRef]
[PubMed]

53. Yang, Z.; Xie, J.; Fang, J.; Lv, M.; Yang, M.; Deng, Z.; Xie, Y.; Cai, L. Nigericin exerts anticancer effects through inhibition of the
SRC/STAT3/BCL-2 in osteosarcoma. Biochem. Pharmacol. 2022, 198, 114938. [CrossRef]

54. Gao, G.; Liu, F.; Xu, Z.; Wan, D.; Han, Y.; Kuang, Y.; Wang, Q.; Zhi, Q. Evidence of nigericin as a potential therapeutic candidate
for cancers: A review. Biomed. Pharmacother. 2021, 137, 111262. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4049/jimmunol.1301490
https://doi.org/10.1089/ars.2012.5149
https://www.ncbi.nlm.nih.gov/pubmed/23991888
https://doi.org/10.1111/acel.12650
https://doi.org/10.1111/j.1600-079X.2007.00490.x
https://doi.org/10.1016/j.biomaterials.2005.10.022
https://doi.org/10.1023/A:1005419617371
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.addr.2009.05.009
https://doi.org/10.1023/A:1016119328968
https://www.ncbi.nlm.nih.gov/pubmed/12101391
https://doi.org/10.1007/s00262-004-0653-2
https://www.ncbi.nlm.nih.gov/pubmed/16010587
https://doi.org/10.1136/jitc-2020-001691
https://www.ncbi.nlm.nih.gov/pubmed/33602696
https://doi.org/10.3389/fimmu.2019.00168
https://doi.org/10.1016/S0140-6736(20)31953-X
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1136/jitc-2020-000696
https://doi.org/10.1080/2162402X.2022.2127691
https://doi.org/10.3389/fonc.2022.826566
https://doi.org/10.1038/s41586-020-2071-9
https://www.ncbi.nlm.nih.gov/pubmed/32188940
https://doi.org/10.4110/in.2018.18.e27
https://www.ncbi.nlm.nih.gov/pubmed/30181915
https://doi.org/10.1016/j.bcp.2022.114938
https://doi.org/10.1016/j.biopha.2021.111262
https://www.ncbi.nlm.nih.gov/pubmed/33508621

	Introduction 
	Materials and Methods 
	Cell Culture and Reagents 
	Lactate Dehydrogenase (LDH) Release Assay and IL-1 ELISA Assay 
	Western Blot 
	Scanning Electron Microscopy (SEM) 
	Immunofluorescence Microscopy 
	siRNA Knockdown 
	Detection of Mitochondrial Membrane Potential Changes 
	Detection of Cellular ROS 
	Animal Experiments 
	Immuno-Histochemistry (IHC) 
	Mononuclear Cells Suspension Preparation and Flow Cytometry Staining 
	Statistical Analysis 

	Results 
	Nigericin Induces Concurrent Apoptotic and Pyroptotic Cell Death in TNBC Cells 
	Nigericin Induces TNBC Cell Pyroptosis via Caspase-1/GSDMD-Dependent Pathway 
	Nigericin Causes Mitochondrial Dysfunction in TNBC Cells 
	Nigericin-Mediated Mitochondria Dysfunction Induces Caspase-1 Activation and Pyroptosis 
	Nigericin-Mediated Mitochondria Dysfunction Induces Caspase-3 Activation and Apoptosis 
	Nigericin Plus Anti-PD-1 Shows Synergistic Anti-Cancer Effect 

	Discussion 
	Conclusions 
	References

