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Pyroptosis is a gasdermin-mediated pro-inflammatory form of programmed cell death (PCD). Tumor 
necrosis factor-ɑ (TNF-ɑ) is an inflammatory cytokine, and some studies have shown that TNF-ɑ can 
cause pyroptosis of cells and exert anti-tumor effects. However, whether TNF-ɑ exerts anti-tumor 
effects on breast cancer cells by inducing pyroptosis has not been reported. In this study, to explore 
the impact of TNF-ɑ on pyroptosis in breast cancer cells, we treated MCF-7 cells with TNF-ɑ and found 
that TNF-ɑ induced cell death. Moreover, we observed that the dead cells were swollen with obvious 
balloon-like bubbles, which was a typical sign of pyroptosis. Further studies have found that the anti-
tumor effect of TNF-ɑ on breast cancer cells in vitro was achieved through the canonical pyroptosis 
pathway. In addition, TNF-ɑ-induced pyroptosis in MCF-7 cells was associated with mitochondrial 
dysfunction, in which mitochondrial membrane potential was decreased and mitochondrial ROS 
production was increased. After inhibiting ROS production, the activation effect of TNF-ɑ on NLRP3/
Caspase-1/GSDMD pathway was weakened, and the inhibitory effect of TNF-ɑ on the growth of 
MCF-7 cells in vitro was also decreased, further confirming the involvement of ROS in TNF-ɑ-induced 
pyroptosis. Overall, our study revealed a new mechanism by which TNF-ɑ exerts an anti-tumor effect 
by inducing pyroptosis in MCF-7 cells through the ROS/NLRP3/Caspase-1/GSDMD pathway, which may 
provide new therapeutic ideas for the treatment of breast cancer.
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Breast cancer (BC) is a common malignant tumor, ranking first in both morbidity and mortality among female 
malignancies and posing a severe threat to women’s lives and health1. Over the years, researchers have found 
that cell death is closely related to tumorigenesis and progression of BC. Inducing programmed cell death (PCD) 
has become an important means of BC treatment2–7. Apoptosis, a major PCD, has long been considered an 
important mechanism for preventing the emergence of BC and has been widely studied8. However, since one 
of the characteristics of tumors is to escape apoptosis, finding other non-apoptotic programmed cell death 
modalities is essential for BC treatment.

Tumor necrosis factor (TNF) was first identified in 1975 from activated macrophages, natural killer cells (NK 
cells), and T lymphocytes9. In 1985, Shalaby named the TNF produced by macrophages TNF-α. As a pleiotropic 
cytokine, TNF-α plays a vital role in cell survival and death10. Studies have shown that TNF-α has a broad 
spectrum of cytotoxic effects on various cancer cells, such as colorectal cancer, lung cancer, and sarcoma11. 
TNF-α has shown a crucial anti-tumor activity in breast cancer cells as well. It is found that high levels of TNF-α 
are related to a reduced risk of breast cancer progression. Furthermore, TNF-α can inhibit the growth of ER-
positive breast cancer cells by influencing cell cycle progression12. Many studies have also confirmed the anti-
tumor effect of TNF-α by inducing apoptosis in breast cancer cells. For example, it has been found that TNF-α 
exerts cytotoxic effects and induces apoptosis in MCF-7 cells. In addition, claudin-1 exerts an anti-apoptotic 
effect on TNF-α-induced apoptosis in MCF-7 cells13. Gelsolin-mediated ROS production also has important 
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implications for TNF-α-induced apoptosis in MCF-7 cells14. Nevertheless, whether TNF-α can exert an anti-
tumor effect on MCF-7 cells through other non-apoptotic PCD pathways has not been reported.

Like apoptosis, pyroptosis has recently been found to play an essential role in the development of tumorigenesis. 
Pyroptosis is a new form of pro-inflammatory PCD characterized by cell swelling, balloon-like bubbles forming 
on cell membranes, cell rupture, and release of cell contents15. The canonical pathway dependent on Caspase-1 
activation was the first identified pyroptosis pathway, and studies have shown that the activation of NLRP3 
inflammasome plays a vital role in this process16–18. Stimulated by danger signals like pathogens, intracellular 
pattern recognition receptors recognize these signals and bind to Caspase-1 precursors through the adaptor 
protein apoptosis-associated speck-like protein containing a CARD (ASC) to form the NLRP3 inflammasome. 
Inflammasomes can activate Caspase-1 to cleave GSDMD further, and the GSDMD-N terminus can induce 
cell membrane perforation, thereby promoting pyroptosis19,20. In the non-canonical pathway, Caspase-4,5,11 
are activated under the stimulation of LPS and other signals, and GSDMD is cleaved to produce GSDMD-N 
to induce pyroptosis. In addition, studies have found that specific stimuli lead to the activation of Caspase-3, 
and the activated Caspase-3 cleaves GSDME to produce an N-terminal fragment (GSDME-N), which is also 
involved in the pore formation and leads to cell pyroptosis21,22. Recently, emerging studies have demonstrated 
that pyroptosis plays a crucial role in tumor progression, and inducing pyroptosis has also become one of the 
critical hot spots in BC immunotherapy23. TNF-α has been found to activate Caspase-3 to cleave GSDME and 
transform apoptosis into pyroptosis to inhibit tumor growth24. However, the potential mechanisms by which 
TNF-α exerts its anti-cancer effect via regulation of pyroptosis in BC remains unclear.

In this study, we first detected the effect of TNF-α on pyroptosis and NLRP3/Caspase-1/GSDMD pathway 
in MCF-7 cells. Second, we investigated whether mitochondrial dysfunction participated in TNF-α-mediated 
pyroptosis. Finally, we assessed the role of ROS caused by mitochondrial dysfunction in TNF-ɑ-induced 
pyroptosis. We found that TNF-α induced NLRP3/Caspase-1/GSDMD-mediated pyroptosis by regulating 
mitochondrial dysfunction to increase mitochondrial ROS production, thereby inhibiting the proliferation of 
MCF-7 cells.

Results
TNF-ɑ inhibited cell proliferation and induced pyroptosis in MCF-7 cells
We first treated MCF-7 cells with different concentrations of TNF-α for 48 h to observe the effect of TNF-α 
on the proliferative ability of breast cancer cells. The results showed that the viability of MCF-7 cells treated 
with TNF-α decreased in a dose-dependent manner (Fig. 1A). The colony formation assay further verified the 
inhibitory effect of TNF-α on the growth of MCF-7 cells (Fig. 1B, C). Subsequently, we explored whether TNF-
α-induced cell death was associated with pyroptosis. We found that compared with the control group, cells in 
the TNF-α treatment group were swollen, and large bubbles were blown out of the cell membrane, which was a 
distinct pyroptosis morphology (Fig. 1D). Due to membrane rupture, PI can stain pyroptosis cells. Figure 1E and 
F showed that PI-positive cells gradually increased after TNF-α treatment. Pyroptosis cell membrane rupture 
leads to the release of cell contents. Thus, we measured the amount of LDH in the supernatant of MCF-7 cells 
in different groups. We found that TNF-ɑ treatment significantly increased LDH release in a dose-dependent 
manner, suggesting that TNF-ɑ disrupted the integrity of MCF-7 cells (Fig.  1G). Besides, we examined the 
release of cellular inflammatory cytokines in MCF-7 cells after TNF-ɑ treatment. We found that IL-1β and IL-18 
expression were significantly increased in the supernatant of the cells after using TNF-α (Fig. 1H, I). The above 
experiments showed that TNF-ɑ inhibited cell growth and induced pyroptosis in MCF-7 cells.

TNF-ɑ induced pyroptosis in MCF-7 cells through NLRP3/Caspase-1/ GSDMD pathway
To investigate the underlying mechanism of TNF-ɑ-induced pyroptosis in MCF-7 cells, we stimulated MCF-
7 cells with TNF-ɑ at concentrations of 50 or 100 ng/ml for 48 h. Then, we detected the expression levels of 
pyroptosis-related proteins by western blot (Fig. 2A). The results showed that the expression level of NLRP3 
protein was increased after TNF-ɑ treatment compared with the control group, suggesting that NLRP3 
inflammasome may be activated (Fig. 2B). Meanwhile, the expression of activated Caspase-1 and GSDMD-N 
with perforation activity were also up-regulated after TNF-ɑ treatment, suggesting that the classical pyroptosis 
pathway was involved in TNF-ɑ-induced MCF-7 cell death (Fig. 2C, D). Immunofluorescence staining further 
confirmed the result (Fig. 2E, F). These results implied that TNF-ɑ induced NLRP3/Caspase-1/GSDMD pathway-
mediated pyroptosis in MCF-7 cells. Next, we applied the NLRP3 inhibitor MCC950 to inhibit this pathway and 
observe the effect on cell viability. A significant reduction in MCF-7 cell deaths after inhibition of NLRP3 was 
observed under the microscope (Fig. 2G). The CCK-8 assay further detected the inhibition effect of NLRP3 on 
the viability of MCF-7 cells and found that the application of MCC950 partially reversed the inhibitory effect of 
TNF-ɑ on the growth of MCF-7 cells (Fig. 2H). These results suggested that TNF-ɑ-induced MCF-7 mortality 
was partially achieved due to NLRP3/Caspase-1/GSDMD pathway-mediated pyroptosis.

TNF-ɑ-induced mitochondrial dysfunction promoted pyroptosis in MCF-7 cells
We further explored the underlying mechanism by which TNF-ɑ induced pyroptosis in MCF-7 cells. Since 
multiple studies have shown that mitochondria are essential in regulating pyroptosis, we first explored whether 
mitochondria are involved in TNF-ɑ-induced pyroptosis in MCF-7 cells. By performing immunofluorescence 
assays on GSDMD and mitochondrial staining, we found that GSDMD and mitochondrial co-localization were 
more pronounced after TNF-ɑ treatment, suggesting that mitochondria may be involved in TNF-ɑ-induced 
pyroptosis in MCF-7 cells (Fig. 3A, B).

Next, we evaluated the effect of TNF-ɑ treatment on the mitochondrial function of MCF-7 cells. We observed 
the changes in the mitochondrial membrane potential of MCF-7 cells after JC-1 staining by fluorescence 
microscopy. The results showed that TNF-ɑ treatment reduced the ratio of JC-1 aggregates (red) to monomers 
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(green) compared with the control group, indicating a decrease in mitochondrial membrane potential and 
depolarization of mitochondria (Fig. 3C, D). Since mitochondrial depolarization is closely associated with ROS 
production, we detected intracellular ROS expression after TNF-ɑ treatment. DCFH-DA dye was used to stain 
ROS, and it can be seen that TNF-ɑ treatment significantly increased the production of cellular ROS (Fig. 3E, F). 
Mitochondria are the primary source of ROS, and we further stained mitochondria and ROS to observe whether 
TNF-ɑ-induced ROS production was derived from mitochondria and the results showed that TNF-ɑ treatment 
increased the fluorescence intensity of selective mitochondrial ROS in MCF-7 cells, indicating that TNF-ɑ 
induced mitochondrial ROS production (Fig. 3G, H). These results suggested that TNF-ɑ-induced pyroptosis 
was associated with mitochondrial dysfunction and ROS accumulation.

TNF-ɑ induced pyroptosis was reversed by NAC treatment
To verify the role of ROS in TNF-ɑ-induced pyroptosis in MCF-7 cells, we first pretreated the cells with ROS 
scavenger (NAC) for 2 h and then applied TNF-ɑ. It was seen that NAC significantly suppressed the increase 
of ROS in MCF-7 cells induced by TNF-ɑ (Fig. 4A, B). Besides, NAC treatment significantly reversed the TNF-
ɑ-induced decrease in MCF-7 cell viability (Fig. 4C). Clone formation experiments showed that the number 
of MCF-7 cell clones formed significantly increased after ROS inhibition compared with the TNF-ɑ treatment 

Figure 1.  TNF-ɑ inhibited cell growth and induced cell pyroptosis in MCF-7 cells. (A) Cell viability of MCF-7 
cells after treatment with various concentrations of TNF-ɑ (0, 20, 50, 100,200 ng/ml) for 48 h was detected 
by CCK-8 assay. (B) The inhibitory effect of TNF-ɑ on colony formation of MCF-7 cells. (C) Quantitative 
analysis of colony formation assay.(D)Representative microscopic images of MCF-7 cells treated with TNF-ɑ. 
Red arrows indicate pyroptotic cells. (E) Fluorescence microscopy images of MCF-7 cells stained with 
Hoechst 33342(Blue, staining nucleus) and PI (Red, staining dying cells) after TNF-ɑ treatment. (F) Statistical 
analysis of the percentage of PI-positive cells. (G) LDH release in the supernatant of each group after TNF-ɑ 
treatment. (H, I) The contents of IL-18 and IL-1β in the supernatant of MCF-7 cells after TNF-ɑ treatment. 
*P < 0.05;**P < 0.01;*** P < 0.001; ****P < 0. 0001. Scale bars, 50 μm.
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group (Fig.  4D, E). We also found that NAC treatment inhibited TNF-ɑ-induced pyroptosis and decreased 
the number of cells and pyroptosis morphology blown out of the plasma membrane (Fig. 4F). Meanwhile, the 
number of PI-positive cells and the release of LDH were reduced as well (Fig. 4G-I). The release of IL-1β and 
IL-18 were decreased in the cell supernatant after NAC treatment (Fig. 4J, K). The above results indicated that 
TNF-ɑ-induced pyroptosis was reversed by NAC treatment.

Figure 2.  TNF-ɑ induced pyroptosis in MCF-7 cells through NLRP3/Caspase-1/ GSDMD pathway. (A) 
Western blot analysis of pyroptosis-related proteins in MCF-7 cells with indicated concentrations of TNF-ɑ for 
48 h. β-actin was included as a loading control. (B-D) Quantitative results of NLRP3, Cleaved-Caspase-1, and 
GSDMD-N in MCF-7 cells. (E) Representative immunofluorescence microscopy images of GSDMD in MCF-7 
cells. (F) Quantitative results of relative fluorescence intensity of GSDMD from random regions of the images. 
(G) Representative microscopic images of MCF-7 cells in different groups. (H) CCK-8 detected the inhibition 
effect of MCC950 on cell viability. *P < 0.05;**P < 0. 01; *** P < 0.001.Scale bars, 50 μm.
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Reduction of ROS generation inhibited NLRP3/Caspase-1/GSDMD-mediated pyroptosis 
induced by TNF-ɑ
Next, we explored the inhibitory effect of ROS on the TNF-ɑ-induced classical pyroptosis. We found that NAC 
pretreatment significantly reduced the expression of pyroptosis-related proteins, including NLRP3, C-Caspase-1 
and GSDMD-N in MCF-7 cells (Fig. 5A-D). Immunofluorescence analysis further verified the inhibitory effect 
of NAC on GSDMD (Fig. 5E, F). These results demonstrated that ROS played an essential role in TNF-ɑ-induced 
pyroptosis.

Discussion
Cell death has a significant influence on internal environmental homeostasis and disease development25. The 
tumorigenesis is marked by a successful evasion of the regulation of cell death to achieve unlimited replication. 
As the most common malignant tumor in women, the incidence of breast cancer has been increasing since the 
1970s and has now become one of the central diseases of female death around the world26. Increasing evidence 
has demonstrated the importance of cytokines exerting their biological function against breast cancer27. As a 
cytokine with various biological functions, TNF-α has potent anti-tumor activity, which can kill some tumor 
cells in vivo and in vitro and inhibit tumor cell proliferation11,28. Recombinant TNF-α has been successfully 
prepared and gradually applied to treat tumors29,30. Our experiments confirmed that TNF-ɑ significantly 

Figure 3.  TNF-ɑ-induced mitochondrial dysfunction promoted pyroptosis in MCF-7 cells. MCF-7 cells 
were treated with indicated concentrations of TNF-α for 48 h. (A) Immunostaining of GSDMD and 
the mitochondria in MCF-7 cells. (B) Co-localization analysis plot of GSDMD with mitochondria. (C) 
Fluorescence microscopy images of Mitochondrial membrane potential (ΔΨm) in MCF-7 cells measured by 
a JC-1 assay kit. (D) Statistical graph of the ratios of JC-1 aggregates /monomer. (E) Fluorescence microscopy 
images of ROS measured by a DCFH-DA probe. (F) Quantitative results of relative fluorescence intensity of 
ROS from random regions of the images. (G) Fluorescence microscopy images of the subcellular location of 
ROS in MCF-7 cells labeled with the probe DCFH-DA and MitoTracker Red CMXRos. (H) Co-localization 
analysis plot of ROS and mitochondria. **P < 0. 01; *** P < 0.001; ****P < 0. 0001. Scale bars, 50–25 μm.
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Figure 4.  TNF-ɑ induced pyroptosis was reversed by NAC treatment. MCF-7 cells were pretreated with or 
without 5 mM NAC for 2 h and then treated with indicated concentrations of TNF-ɑ (50 ng/ml) for another 
48 h. (A) Fluorescence microscopy images of ROS measured by a DCFH-DA probe. (B) Quantitative results of 
relative fluorescence intensity of ROS from random regions of the images. (C) CCK-8 detected the inhibition 
effect of NAC on cell viability. (D) Colony formation of MCF-7 cells in each group. (E) Quantitative analysis of 
colony formation assay. (F) Representative microscopic images of MCF-7 cells in different groups. Red arrows 
indicate pyroptotic cells. (G) Fluorescence microscopy images of MCF-7 cells stained with Hoechst 33342 and 
PI. (H) Statistical analysis of the percentage of PI-positive cells. (I) LDH release in the supernatant of MCF-7 
cells in different groups. (J, K) Effect of NAC treatment on the contents of IL-18 and IL-1β in the supernatant 
of MCF-7 cells.  * P < 0.05;**P < 0. 01; ***P < 0.001; ****P < 0. 0001. Scale bars,50 μm.
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inhibited the proliferation of MCF-7 cells by CCK-8 and colony formation assay. Many studies have shown that 
TNF-ɑ can induce apoptosis and arrest the cell cycle in various cancer cells, thereby inhibiting the growth of 
cancer cells13,31,32. Further studies are needed to explore whether TNF-ɑ exerts an anti-tumor effect on breast 
cancer cells via other non-apoptotic PCD pathways.

Pyroptosis is a PCD that can cause severe inflammatory responses, and TNF-α was initially found to induce 
pyroptosis in inflammatory diseases. The inflammatory signaling pathway involved in TNF-α plays a crucial 
role in pyroptosis in acute kidney injury (AKI) and acute liver failure (ALF)33. In addition, inhibition of TNF-α-
induced Caspase-3/GSDME-mediated cell pyroptosis can alleviate rheumatoid arthritis34. Another study found 
that idiopathic pulmonary fibrosis (IPF) is mainly due to the production of pro-inflammatory factor TNF-α 
then activates the NF-κB signaling pathway to induce inflammasome including NLRP3 and cause pyroptosis 
through a series of cascade reactions35. With further research, TNF-α-induced pyroptosis has been proven to 
be associated with the development of various cancers. TNF-α and gemcitabine induce Caspase-3/GSDME-
mediated pyroptosis in pancreatic cancer cells and release numerous inflammatory factors. Furthermore, TNF-α 
treatment can activate Caspase-8 to cleave GSDMC to produce GSDMC-N to induce pyroptosis in cancer cells36. 
The combination of TNF-α and cycloheximide (CHX) can activate BAK/BAX and induce Caspase-3-GSDME-
mediated pyroptosis in colorectal cancer cells with high GSDME expression37. Inducing pyroptosis in breast 
cancer cells can inhibit the development of cancer. However, whether TNF-α exerts an anti-tumor effect on 
breast cancer by inducing pyroptosis has not been studied. Through experimental studies, we found that TNF-ɑ-
treated MCF-7 cells were swollen and ruptured, bubbles were blown out of the cell membrane, and cell contents 
were released, suggesting that cells may undergo pyroptosis. Studies have shown that the activation of NLPP3 
can lead to pyroptosis and the release of pro-inflammatory factors, and the activation of inflammasomes in 

Figure 5.  Reduction of ROS generation inhibited NLRP3/Caspase-1/GSDMD-mediated pyroptosis induced 
by TNF-ɑ. MCF-7 cells were pretreated with or without 5 mM NAC for 2 h and then treated with indicated 
concentrations of TNF-ɑ (50 ng/ml) for another 48 h. (A) Western blot analysis of NLRP3, Cleaved-
Caspase-1, and GSDMD-N expression in MCF-7 cells. β-actin was included as a loading control. (B-D) 
Quantitative results of NLRP3, Cleaved-Caspase1, and GSDMD-N in different groups. (E) Representative 
immunofluorescence microscopy images of GSDMD in MCF-7 cells. (F) Quantitative results of relative 
fluorescence intensity of GSDMD from random regions of the images. **P < 0. 01; ***P < 0.001; ****P < 0. 0001. 
Scale bars,50 μm.
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tumors plays a vital role in anti-tumor immunity. In this study, we found that TNF-ɑ treatment promoted the 
formation of NLRP3 inflammasome, which further activated Caspase-1 to become active C-Caspase-1 and then 
cleaved GSDMD to produce GSDMD-N fragments with perforated activity and eventually caused pyroptosis in 
MCF-7 cells. Our present findings raise the question of how TNF-ɑ induces pyroptosis through the canonical 
pathway in MCF-7 cells.

Mitochondrial dysfunction can lead to the production of cellular ROS, and many studies have confirmed 
that ROS plays an essential role in many types of cell death, such as apoptosis, necrosis, and pyroptosis38–43. 
Mitochondrial ROS can promote NLRP3 inflammasome-dependent pyroptosis. Xie et al. find that Simvastatin 
inhibits colon cancer growth through the ROS/Caspase-1/GSDMD-mediated pyroptosis pathway44. In addition, 
hydrogen induces pyroptosis in endometrial cancer cells through the ROS/NLRP3/Caspase-1/GSDMD 
pathway45. A recent study found that mitochondrial ROS is involved in tetraarsenic hexoxide-induced Caspase-3/
GSDME-mediated pyroptosis in triple-negative breast cancer cells, thereby exerting anti-tumor effects46. Based 
on the above studies, we speculate that ROS may be involved in TNF-ɑ-induced pyroptosis in MCF-7 cells. 
Notably, we found that TNF-ɑ induced mitochondrial dysfunction, and the production of mitochondrial ROS 
was increased after TNF-ɑ treatment. The addition of antioxidants (NAC) significantly reduced the elevated ROS 
levels induced by TNF-ɑ. Moreover, with the decrease of ROS, the TNF-ɑ-induced pyroptosis of MCF-7 cells was 
also reduced, and the inhibitory effect on MCF-7 cell growth in vitro was also weakened. The specific mechanism 
of TNF-ɑ-induced pyroptosis in breast cancer cells is shown in Fig. 6.

In summary, our study confirmed that TNF-ɑ treatment led to mitochondrial dysfunction, which induced 
pyroptosis in MCF-7 cells through ROS / NLRP3 / Caspase-1 / GSDMD pathway. The study enriches the research 
on the anti-tumor effects of TNF-ɑ and provides a meaningful reference for breast cancer-related experiments 
and treatments.

Materials and methods
Chemicals and reagents
Recombinant Human TNF-α was purchased from PeproTech (New Jersey, USA). MCC950 was bought from 
Aladdin (Shanghai, China). Fetal Bovine Serum (FBS), Dimethyl Sulfoxide (DMSO), and Dulbecco’s Modified 
Eagle Medium (DMEM) were obtained from Gibco (Grand Island, NY, USA). RIPA Lysis Buffer, Loading 
Buffer, Protease Inhibitors, Hoechst 33342 and Propidium Iodide (PI), LDH Cytotoxicity Assay Kit, ROS Assay 
Kit, Mitochondrial membrane potential assay kit (JC-1), Mito-Tracker Red CMXRos and N-acetyl-L-cysteine 
(NAC) were bought from Beyotime Biotechnology (Shanghai, China). Human IL-18 Elisa Kit and Human IL-
1β Elisa Kit were purchased from Jingkang Bioengineering Company (Shanghai, China). PVDF membranes 
were supplied from Roche (Basel, Switzerland). Tween and Trypsin Penicillin-Streptomycin were purchased 
from Biosharp (Anhui, China). PageRuler Prestained Protein Ladder was bought from Thermo Fisher Scientific 
(Massachusetts, USA). ECL reagent was purchased from GE Healthcare (Little Chalfont, UK). Antibodies 
specific to NLRP3, C-Caspase-1, GSDMD, and β-actin were supplied from Affinity (Cincinnati, OH, USA). 
The secondary antibodies, including Horseradish Peroxidase (HRP)-conjugated goat anti-rabbit and mouse IgG 
were purchased from ZSGB-BIO (Beijing, China).

Figure 6.  Potential mechanism of TNF-ɑ-induced pyroptosis in MCF-7 cells.
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Cell culture
The MCF-7 cell line was procured from Pricella Biologicals (Wuhan, China). Cells were cultured in DMEM 
medium containing 10% FBS and 1% Penicillin-Streptomycin solution and placed in a cell culture incubator 
containing 5% CO2 at 37 °C. MCF-7 cells were subcultured every 2–3 days according to their status and density.

Cell viability assay
Logarithmic growth phase cells with good growth status were selected to make cell suspensions and then plated 
5 × 103 cells per well in 96-well plates. MCF-7 cells were incubated in the incubator for 24 h and then treated with 
indicated concentrations of TNF-α for 48 h. Subsequently, 10 ul of CCK-8 reagent was added to each well. The 
plate was placed in the incubator for 2 h, and then the absorbance (OD value) was measured at a wavelength of 
450 nm using a microplate reader.

Colony formation assay
Cells in the logarithmic growth phase were trypsinized and then seeded in 6-well plates at a density of 7 × 102 
cells per well. The plate was incubated in an incubator at 37 °C for 24 h and continued incubating for 2 weeks 
after TNF-α treatment. Methanol was added to fix the cells for 10 min after PBS washing and then stained with 
crystal violet solution. The plate was washed several times with clean water after staying at room temperature for 
5 min and then inverted in air to dry to observe the formation of clones.

Microscopy imaging
Logarithmic growth phase cells with good growth status were selected and counted for cell suspensions. MCF-7 
cells were then seeded in 6-well plates with 1 × 105 cells per well. The plates were placed in the incubator and then 
treated with the indicated concentration of TNF-α for 48 h after cell attachment, observing the cell morphology 
under the microscope.

Hoechst/propidium Iodide (PI) staining
Selecting logarithmic growth phase cells in good growth condition, prepared cell suspensions, and counted. 
MCF-7 cells were then seeded in 12-well plates at a density of 5 × 104 per well and treated with indicated 
concentrations of TNF-α for 48 h after cell adhesion. 1 ml of buffer, 5 µl Hoechst, and 5 µl PI were added per well 
after PBS washing and incubated in the dark for 20 min, and then the cells were observed with a fluorescence 
microscope after PBS washing.

Lactate dehydrogenase (LDH) release assay
LDH release was considered an essential indicator of cell membrane integrity. Logarithmic growth phase cells 
with good growth status were selected and counted for cell suspensions. Cells were plated with 1 × 104 cells per 
well in 96-well plates. After the cells were adherent, they were treated with different concentrations of TNF-α, 
and LDH release reagents were added according to the instructions. After reaching the predetermined time, the 
cell culture plate was centrifuged by a multi-well plate centrifuge at 400 g for 5 min. The supernatant of each 
well was added to the corresponding well of a new 96-well plate, and the LDH detection working solution was 
added and mixed. The plate was incubated at room temperature for 30 min in the dark. The absorbance was then 
determined at 490 nm with a multimode microplate reader.

Elisa
ELISA kits were used to evaluate the effects of TNF-ɑ on IL-1β and IL-18 production. MCF-7 cells were treated 
with different concentrations of TNF-α, and the cell supernatant was collected and centrifuged at 4 °C, 3000 rpm 
for 15 min. The IL-18 and IL-1β content in cell supernatant of different groups was then measured by ELISA kit 
according to the manufacturer’s instructions.

Western blotting analysis
RIPA Lysis Buffer was added to MCF-7 cells and lysed on a shaker for 30 min. Once lysis was completed, cells were 
collected by centrifugation at 12,000 rpm/min for 15 min at 4 °C. The concentration of proteins was determined, 
and then the prepared protein was stored at -20 °C for later use. 10–12% SDS denaturing polyacrylamide gels 
were prepared, and electrophoresis was performed. Proteins were transferred onto a PVDF membrane and then 
blocked with 5% skim milk at room temperature with slow shaking on a shaker for 2 h. After washing with TBST, 
PVDF membranes were incubated with anti-NLRP3, Cleaved-Caspase-1, GSDMD, GSDMD-N, and β-actin 
primary antibodies overnight on a 4  °C refrigerator shaker, recovered primary antibodies the next day and 
then incubated PVDF membranes with HRP-conjugated rabbit/mouse secondary antibodies for 1 h at room 
temperature. Protein expression was detected by ECL chromogenic detection after TBST washing.

Immunofluorescence assay
MCF-7 cells were trypsinized and seeded in 12-well plates with 5 × 104 cells per well. TNF-α treatment was 
followed by fixation with 4% paraformaldehyde for 20 min, then permeabilized the cells with 1% Triton X-100 
for 15 min and blocked with 5% BSA for 1 h at room temperature. Primary antibodies (1:100 dilution) prepared 
with BSA were added and incubated overnight at 4°C. After PBS washing, the fluorescent secondary antibody 
(1:200 dilution) was added and incubated for 1 h in the dark. After staining with hoechst33342 for 15 min, 
the cell crawling slides were removed and mounted with an autofluorescence quenching mountant and then 
observed with an inverted fluorescence microscope.
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Mitochondrial membrane potential measurement
MCF-7 cells in the logarithmic growth phase were counted and seeded in 12-well plates at a density of 5 × 104 cells 
per well and then treated with different concentrations of TNF-α for 48 h after cell attachment. The JC-1 staining 
solution was added and incubated on the plate in a 37ºC cell culture incubator for 20 min. After washing two 
times with JC-1 staining buffer, the cell culture medium was added to the plate and observed under a fluorescence 
microscope. When the mitochondrial membrane potential is high, JC-1 collects in the mitochondrial matrix to 
form a polymer, which can produce red fluorescence. In contrast, when the mitochondrial membrane potential 
is low, JC-1 cannot gather in the mitochondrial matrix, and JC-1 is a monomer and can create green fluorescence. 
The Image J program was used to analyze the JC-1 aggregates/monomers ratio.

Measurement of ROS
MCF-7 cells in the logarithmic growth phase were counted and seeded in 24-well plates at a density of 3 × 104 
cells per well and then treated with different concentrations of TNF-α for 48 h after cell adhesion. Removing 
the old culture medium and washing the plate with PBS, the DCFH-DA working solution (10 mM) was added 
subsequently and incubated at 37  °C for 20  min. Then, the plate was washed three times with a serum-free 
medium and placed under an inverted fluorescence microscope for observation.

Statistical analysis
All experiments were repeated at least three times, and all data were presented as Mean ± SD. One-way ANOVA 
and Tukey’s multiple comparisons test were used to analyze the significance of the intergroup differences. The 
data were statistically analyzed using GraphPad Prism and Image J software. P < 0.05 was considered statistically 
significant.

Data availability
All data utilized in this study are included in this article.
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