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Abstract

Background: Curcumin, as a lipid-lowering drug, has been reported to be effective in the treatment of breast cancer.
However, the underlying molecular mechanisms have not been completely investigated.

Methods: MTT assay was used to determine the effect of curcumin on survival rate of MCF-7 cells. The effects of cur-
cumin on tumor growth were observed in animal models of breast cancer. The positive reactions of Caspase-1, IL-1 and
IL-18 were detected by immunohistochemistry. LC3, p62, CTSB, ASC, Pro-Caspase-1, GSDMD, NLRP3, Caspase-1,
GSDMD-N, IL-1p and IL-18 were determined by Western blot in vitro and vivo. ELISA determined the release of extra-
cellular IL-1B and IL-18. LDH release was measured. The expression level of CTSB in cytoplasm were determined by
immunofluorescence assay. Cell proliferation, cell migration and tube formation assays were used to determine the abil-
ities of cells. In this study, NLRP3 inflammasome inhibitor MCC950, cathepsin B inhibitor CA-074 ME and autophagy
inhibitor 3-MA were used to act on cells to investigate the role of NLRP3 inflammasome, cathepsin B and autophagy in
curcumin-induced pyro ptosis of MCF-7 breast cancer cells.

Results: In mouse model of breast cancer, we observed that curcumin treatment significantly induced cell autophagy and
pyro ptosis. In human breast cancer MCF-7 cells, we found that curcumin induced pyrophoric cell death was depen-
dent on the activation of NLRP3/Caspase-1/GSDMD signaling pathway, which was CTSB-dependent. In addition, cur-
cumin-induced cell autophagy caused lysosomal rupture and CTSB release. Furthermore, NLRP3 inhibitor (MCC950)
significantly suppressed curcumin-induced pyro ptosis, as well as CTSB inhibitor (CA074 Me) and autophagy inhibitor
(3-MA). Besides, we also found that curcumin suppressed cell proliferation, cell migration and tube formation, which

could be reversed by inhibitors.

Conclusions: In summary, our results demonstrated that curcumin induced MCF-7 cell pyro ptosis by the activation of
autophagy/CTSB/NLRP3/Caspase-1/GSDMD signaling pathway. These findings offer novel insights into the potential
molecular mechanisms of curcumin in treatment of breast cancer.
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Introduction

Breast cancer is the most common malignancy in females and
ranks second among causes for cancer related death in women
[1]. Lifestyle is considered an increasingly significant contribut-
ing factor to breast cancer etiology. Obesity, overweight, hyper-
cholesterolemia, metabolic syndrome and alcohol represent risk
factors for breast cancer [2]. Chemotherapy has been used as a
routine treatment for breast cancer and other cancers. However,
chemotherapy is prone to drug resistance and has high side ef-
fects. For many years, clinicians and researchers have been ex-
ploring and examining various therapeutic modalities for breast
cancer. Finding natural anticancer compounds with low toxicity
and high selectivity has always been the mainstream direction
of cancer research.

Curcumin, a lipid-lowering drug is the main component of tur-
meric, derived from the roots of plant Curcuma longa [3]. It has
been widely studied for its anti-cancer, antioxidant, anti-inflam-
matory, anti-angiogenic and wound healing effects for its me-
dicinal properties in Chinese and Indian systems of medicine
[4]. And the main mechanisms of action by which curcumin ex-
hibits its unique anticancer activity include inducing apoptosis
and inhibiting tumor proliferation and invasion by suppressing
various cellular signaling pathways [5]. Several studies reported
that curcumin may regulate multiple signaling pathways, includ-
ing PI3K/AKT, nuclear factor (NF)-kB, MAPK and JAK/STAT
[6]. Recent studies have shown that curcumin can also inhibit
the phosphorylation of protein kinase B (Akt)/mammalian target
of rapamycin (mTOR), decreased B-cell lymphoma 2 (BCL2)
and promoted BCL-2-associated X protein (BAX) and cleavage
of caspase 3, subsequently inducing apoptosis of breast cancer
cells [7]. However, the mechanism of curcumin in breast cancer
has not been totally investigated and lack of in vivo experiments.

Pyro ptosis, a proinflammatory form of regulated cell death that
depends on the enzymatic activity of inflammatory proteases
belong to the caspase family, especially caspase-1 [8]. Plas-
ma membrane rupture, cytoplasmic swelling, DNA cleavage,
NLRP3 inflammasome activation and release of proinflammato-
ry cell contents generally accompany Pyroptosis [9]. Addition-
ally, it needs lipopolysaccharide (LPS) to upregulate, NLRP3
and pro-IL-1f are also essential. Inflammasomes are multi-pro-
tein signaling complexes that trigger the activation of inflam-
matory caspases and the maturation of IL-1p [10]. Nucleotide
oligomerization domain-like receptor proteins (NLRPs), espe-
cially NLRP3, interact with ASC and pro-caspase-1 to active
caspase-1. Caspase-1 is activated within the inflammasome, and
active caspase-1 processes adermin D (GSDMD) and cytokines
such as pro- IL-1p and pro- IL-18. Upon permeabilization of the
plasma membrane by GSDMD pores, cells undergo a lytic, pro-
inflammatory cell death (pyro ptosis) that promotes the release
of mature IL-1p and IL-18 [11]. Currently, it has been reported
that the release of lysosomal cathepsin B induces the activation
of NLRP3 inflammasome [12]. Cathepsin B (CTSB) is an in-
tracellular cysteine protease, mainly localized in the lysosome
[13]. In addition, the level of CTSB in cytoplasm is related to
autophagy flux. When autophagy level increases, autophagic ly-
sosomal degradation leads to cytoplasmic release of CTSB that

related to activation of NLRP3 inflammasomes [14-16].

Autophagy, a lysosomal dependent catabolism process by eu-
karyotic cells degraded longevity proteins and their organelles,
and is involved in the development, differentiation and homeo-
stasis of cells under various physiological and pathological
conditions [17]. Autophagy plays a key role in cancer. In recent
years, few studies have indicated that curcumin can induces au-
tophagy [18-20].

In our study, we hypothesized that curcumin might induce au-
tophagy, the cytosolic release of lysosomal contents (CTSB),
activation of NLRP3 inflammasome and Caspase-1 and GSD-
MD-dependent pyro ptosis.

Materials and Methods

Cell Culture and Treatment

The MCF-7 cells were obtained from the ATCC cell bank. MCF-
7 cells were cultured in DMEM medium (Gibco, 1853128) sup-
plemented with 10% fetal bovine serum (Biological Industries,
1707254) 1% penicillin/streptomycin in a humidified 5% CO,
at 37 °C incubator. Cells were passaged every 3 days at desired
confluence. Curcumin was purchased from Sigma Aldrich (CAS
No.458-37-7, assay>94%) and dissolved in DMSO to make
a stock solution of 50mM. MCF-7 cells were pretreated with
0.2pg/ml lipopolysaccharide (LPS, Sigma Aldrich, L4391) for
4h and then expose to curcumin (8M) for 48h.This experiment
involved pharmacological inhibitors. MCF-7 cells were pre-
treated with the addition of autophagy inhibitor 3-methylade-
nine (3-MA, 5SmM, Sigma, assay 98%), CTSB inhibitor CA-074
Me (10pM, AdooQ, A13256, assay>98%), NLRP3 inhibitor
MCC950 (5SMm, MCE, HY-12815A, assay>98%) and 0.2pg/ml
LPS for 4h, then to expose to curcumin (8uM) for 48h.

Animal Experiment

Ten six-year-old female BALB/c-Nude mice (weight: 20g) were
purchased from Beijing Vital River, raised in the Institute of Ge-
nome Engineered Animal Models for Human Disease of Dalian
Medical University (SPF level). The mice were kept under ster-
ile conditions and fed a sterilized mouse diet and water. All mice
were anaesthetized via inhalation of isoflurane and a tumor cell
suspension of 107 MCF-7 cells in 0.2 ml DMEM was injected
subcutaneously into the inguinal of each mouse. When tumors
reached about 30-60mm3 at 1 week, the mice were randomly
separated into two groups (n = 5/group). The mice were treated
with curcumin 200 ug/kg or saline (control) by intraperitone-
al injections every day for 4 weeks. Tumor size was measured
every week in two perpendicular dimensions with Vernier cal-
ipers and converted to tumor volume using the formula: a*b*b
(a: longer, b: shorter). At the end of the experimental period, all
mice were euthanized and tumors were segregated and weighed.

Cell Viability Assays

The cytotoxicity of curcumin was measured by using the 3-(4,
5-dimethylthiazol-2-yl)-2,  5-diphenyltetrazolium  bromide
(MTT) assay. MCF-7 cells (5*104/ml) were seeded in 96-well
plates and treated with 0,2,4,8,16,32,64,128uM for 24h or
48h.After treatment, MTT (5 mg/ml in sterile PBS, Solar bio,
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M&8180) was added and the 96-well plates were incubated for
4h at 37°C.Thereafter the supernatant was removed and 100pul
DMSO was added into each well for 30 min at 37°C.After that,
the plates were shaken carefully until the blue formazan crystals
were fully dissolved. Then measured the absorbance at 570 nm
using a Bio-Rad Microplate Reader, and the cell viability (%)
was calculated using the formula: (A570 of treated group/A570
of control) x 100%.

Western Blot Analysis

Proteins were extracted from the MCF-7 cells or from the tu-
mors, completely lysed in the lysis buffer by using a nuclear
and cytoplasmic protein extraction kit (Keygen Biotech, Chi-
na). Then quantified with the BCA Protein Assay kit (Thermos,
MK164230). An equal amount (30pg) of total proteins were
loaded into different lanes and separated on 10%-15% SDS-
Page gel, then blotted and transferred onto polyvinylidene di-
fluoride (PVDF) membranes. Membranes were blocked for
1h with 10% skimmed milk by gentle shaking in a water bath
shaker at 37 °C and then incubated with primary antibody LC3
(Abcam, ab192890, 1:1000), p62 (Protein tach, 18420-1-AP,
1:1000), CTSB (Wanleibio, WL01089, 1:500), ASC (Wanleibio,
WL02462, 1:500), pro-Caspase-1 (Wanleibio, WL02996,1:500),
GSDMD (Cell Signaling Technology, #93709, 1:500), NLRP3
(Wanleibio, WL02635, 1:1000), Caspase-1 (Affinity, AF4005,
1:500), GSDMD-N(Abcam, ab215203), IL-1B (Wanleibio,
WL00891, 1:500), IL-18 (Wanleibio, WL01127, 1:1000), B-ac-
tin (Cell Signaling Technology, #3700, 1:1000) at 4°C overnight.
After washing 3 times with PBS, membranes were incubated
with the Secondary Goat anti-mouse IgG and Goat anti-rab-
bit-IgG at room temperature for 1.5h. The bound antibody was
visualized using the Super Signal West Pico Kit (Thermo Scien-
tific) and Bio-Rad ChemiDoc™ MP imaging system (Bio-Rad
Laboratories), then analyzed by Image software. The experi-
ments above were independently repeated three times.

Immunohistochemically Assays

The tissue samples of the tumors, preserved in 2.5% glutaralde-
hyde-polyoxymethylene solution, were dehydrated and embed-
ded in paraffin following routine methods. The paraffin sections
were dewaxed and hydrated following routine methods. Rinsed
the paraffin sections in PBS-T (3x5 min before each following
steps), and then blocked with 3% peroxide-methanol at room
temperature for endogenous peroxidase ablation. Afterwards,
the sections were immersed in a boiling sodium citrate buffer for
15min, cooled down to room temperature. After that, incubated
with blocking buffer (normal goat serum at room temperature
for 20 min. Then incubated with primary antibody Caspasel
(Affinity, AF4005, 1:100), IL-1p (Wanleibio, WL00891, 1:100),
IL-18 (Wanleibio, WL01127, 1:100) at 4°C overnight. After that,
the sections were incubated with the Secondary Goat anti-rab-
bit-IgG at 37°C for 30min.Then incubated with the S-A/ HRP at
37°C for 30 min. Colored with 3,3-diaminobenzidin (DAB), and
kept at room temperature without light for 10 min. After rinsing
adequately with water, the sections were stained with hematox-
ylin for 5s, then dehydrated and sealed with neutral resins. We
observed the sections under an upright microscope.

Immunofluorescence Staining

In order to observe distribution of CTSB in cytoplasm, MCF-
7 cells were incubated on slides and treated with primary rab-
bit monoclonal antibodies against CTSB (Abcam, ab125067,
1:200) after fixation and blocking. Lysosomes were labeled with
Lysotracker Red (Beyotime) and Alexa Fluor 488 secondary an-
tibodies (Proteintech, SA00006-2, 1:400) was added in the dark.
We analyzed the 4, 6-diamidino-2-phenylindole (DAPI) coun-
terstained slides under a fluorescence microscope (40 x 10).

Lactate Dehydrogenase (LDH) Release Assays

To access the toxic effect of curcumin, the LDH release of MCF-
7 cells were measured using an LDH Cytotoxicity Assay Kit (Be-
yotime, C0016). MCF-7 cells were seeded in 96 well plates to
desired confluence and treated with inhibitor for 4h then treated
with curcumin for 48h. One hour before the end of the treatment,
we added 10% of the LDH release reagent and the original cul-
ture volume when the sample showed maximum enzyme activ-
ity. The culture supernatants were collected, and the absorbance
was read at 490 nm with a microplate reader (Thermos Fisher
Scientific). The percentage of LDH released was calculated as
the percentage of the total release amount and considered to be
the sum of the enzyme activity in the cell lysate and the enzyme
activity in the medium.

Enzyme-Linked Immunosorbent Assays (ELISA)
IL-1p and IL-18 levels were measured by using ELISA kits
(Lengton, BPE10083, BPE10092) according to the manufactur-
er’s instructions. MCF-7 cells were seeded in 96-well plates to
desired confluence and treated with inhibitor for 4h then treat-
ed with curcumin for 48h. The 96-well plates were centrifuged
at 3000rpm for 20 min at 4 °C. Finally, the supernatants were
collected. A total of 50ul of serially diluted samples and stan-
dard were added to the ELISA plate wells and incubated with
horseradish peroxidase-conjugated specific antibodies for IL-
1B and IL-18 for 60 min at 37 °C. The OD values were detect-
ed at 450nm by using microplate reader. The linear regression
equation of the standard curve was calculated according to the
concentration of the standard corresponding OD value. Finally,
the sample concentration was calculated on the linear regression
equation according to its OD value.

Cell Migration Assays

For the Trans well migration assays, MCF-7 cells were treated
with various treatments. After indicated treatment, cells were
suspended at serum-free medium then seeded onto the upper
chambers with non-coated membrane (24-well insert; 8-mm
pore size). After that, we filled the lower chambers with 600ml
DMEM containing 10% FBS. After 24 hours of incubation,
non-invading cells on the upper surface of the upper chamber
were utterly removed by using cotton swabs. Other cells on the
lower surface of filters were fixed with methanol for 30 min then
stained with 0.1% crystal violet for 30 min. The number of in-
vaded cells was counted under an upright microscope.

Materiel Tube Formation Assay
Via a precooled pipette, 50 uL of freeze thawing liquid Materiel
(Corning, 354248, USA) was embedded into a 96-well plate at
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4°C. HUVECs (2 x 104 cells per well) were seeded onto the
solidified materiel 96-well plate and cultured for 12 h at 37°C
in 5% CO,. After the HUVECs were overlaid, we replaced the
culture medium of HUVECs with MCF-7 cell culture medium
treated by curcumin and inhibitor. Capillary-like structures were
evident and counted using a phase-contrast microscope and the
networks formed by HUVECs were quantified with Image.

Plate Clone Formation Assay

MCF-7 cells were cultured and seeded onto 6-well plates (1000
cells per well) to prepare the cells for the plate clone formation
assay. Different wells were treated variously. When the cells in
6-well plates growth to a density of 50% per cluster, which were
washed with the phosphate-buffered saline (PBS) and fixed by
4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA).
Giemsa stain (Sigma-Aldrich) was used to stain the cells. Even-
tually, cell clones were counted and analyzed.

Statistical Analysis

All Data were expressed as means + standard deviation (SD)
from at least three independent experiments performed in trip-
licates and analyzed by using the SPSS 20.0. Significance was
determined using one-way analysis of variance (ANOVA) or
t-test, and P value < 0.05 was considered statistically significant.

Result

Curcumin Inhibited Proliferation and Induced Cell Death in
MCEF-7 Breast Cancer Cells

In order to assess the effects of curcumin on proliferation and cell
death of MCF-7 cells, we performed in vitro assays. As shown
in Fig. 1, the cell viability of MCF-7 cells was observed after
incubation with different concentrations (0, 1, 2, 4, 8, 16, 32,
64, 128uM) of curcumin for 48h. At the concentrations above
8uM, curcumin restrained the growth of MCF-7 cells signifi-
cantly (P<0.05).

100+ —
I N . 24h

Cell Viability(100%)

0- - . - - - -

0 1 2 4 8 16 32 64 128

Concentration of curcumin (uM)

Figure 1: Effects of curcumin on cell viability in MCF-7 cells.
Cells were treated with different concentrations of curcumin
(from OuM to 128uM) for 24 and 48 h. Cell viability was detect-
ed by MTT assays. Values were presented as the mean + SEM
of triplicate cell stimulation. (¥*P < 0.05 versus the 24h control
group; #P < 0.05 versus the 48h control group)

Curcumin Inhibited the Tumor Growth in Mouse Mod-
el of Breast Cancer

In vivo assays, we established a mouse model of breast cancer,
to comprehend the role of curcumin on tumors’ growth. Results
obtained by detection of mice body indicated that curcumin has
no toxicity effect on mice. As shown in Fig. 2, tumors’ volumes
decreased significantly (P<0.05) after 4 weeks of curcumin
treatment as compared with control.

A

Control

Curcumin

:

B -o- Control

Tumor volume(mm?®)

0
e T L] ] 1

0 10 20 30 40
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Figure 2: The condition and growth curve of tumours. (A) Im-
age of MCF-7 breast cancer tumours. (B) The growth curve of
the tumour. (*P < 0.05 versus the control group)

Curcumin Induced Pyro ptosis in Vitro and Vivo

To confirm the effect of curcumin in tumor, protein expression
levels of LC3, p62, CTSB, ASC, pro-Caspase-1, GSDMD,
NLRP3, Caspase-1, GSDMD-N, mature IL-1J and IL-18 were
measured. As shown in Fig. 3AB, curcumin treatment (200ug/
kg) significantly (P<0.05) decreased the expression of p62 and
increased the expression of LC3, CTSB, ASC, pro-Caspase-1,
GSDMD, NLRP3, Caspase-1, GSDMD-N, mature IL-1p, ma-
ture IL-18 in tumors compared with control. Furthermore, re-
sult of immunohistochemically illustrated that tumors treated
with curcumin displayed an increase in positive staining of
Caspase-1, mature IL-1p and IL-18 compared with control (Fig.
3CD). In cell experiments (Fig. 4) we found that curcumin treat-
ment(0~128uM) similarly decreased the expression of p62 and
increased the expression of LC3, CTSB, ASC, pro-Caspase-1,
GSDMD, NLRP3, Caspase-1, GSDMD-N, mature IL-1pB
and IL-18 compared with control in LPS-primed cells, with a
dose-dependent manner. Notably, there was no significant dif-
ference between the LPS group and the control group. Together,
these results suggest that curcumin is able to induce pyro ptosis
in MCF-7 cells and tumors.
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Figure 3: Curcumin induced tumour pyro ptosis in vivo. (A)(B) The protein expressions of LC3, P62, CTSB, ASC, Pro- Caspase-1,
GSDMD, NLRP3, Caspase-1, GSDMD-N, IL-1p and IL-18 in different treated tumour groups were detected by Western blotting.
(C)(D) The positive reactions of Caspase-1, IL-1f and IL-18 in different tumour groups were detected by immunohistochemistry.
(*P < 0.05 versus the control group)
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Figure 4: Curcumin induced cells pyro ptosis in MCF-7 cells. (A)(B) After pre-treated with or without 1 pg/ml LPS for 4 h and
treated with different concentrations of curcumin for 48 h (from 0 uM to 8 uM), protein expression of LC3, P62, CTSB, ASC, Pro-
Caspase-1, GSDMD, NLRP3, Caspase-1, GSDMD-N, IL-1f and IL-18 were analysed by western blotting. (*P < 0.05 versus the
control group
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Curcumin-Induced MCF-7 Pyroptosis depends on Ac-
tivation of the NLRP3 Inflammasome

To determine the role of NLRP3 inflammasome components in
activation of caspase-1 under curcumin stress, we inhibited the
expression of NLRP3 using NLRP3-specific inhibitor MCC950.
The MCF-7 cells were pretreated with MCC950 (5 uM) and LPS
(1 pg/ml) prior to treatment with 8 pM curcumin for 48 h. Be-
fore that, we detected the effect of curcumin on the viability of
MCEF-7 cells. As shown in Fig. SAB, NLRP3, Caspase-1, GSD-
MD-N, mature IL-1B and IL-18 expression were increased by

A

curcumin treatment. However, MCC950 restrained Caspase-1,
GSDMD-N expression and IL-1B, IL-18 production. Moreover,
MCC950 inhibited the release of mature IL-1p, IL-18 and LDH
caused by curcumin (Fig. SCD). Besides, in functional experi-
ments, MCC950 reversed the amount of MCF-7 cell migration
decreased by curcumin treatment (Fig. 5E), as well as the ma-
teriel tube formation (Fig. 5F) and plate clone formation (Fig.
5@). In all, these findings indicated that curcumin-induced pyro
ptosis is dependent on NLRP3 inflammasome activation.
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Figure 5: Curcumin-induced pyro ptosis is NLRP3 inflammasome-dependent in MCF-7 cells. (A)(B) MCF-7 cells were pre-treated
with 1 pg/ml LPS and MCC950 (5 uM) for 4 h, and the expression of NLRP3, Caspase-1, GSDMD-N, IL-1p and IL-18 were anal-
ysed by Western blotting. (C) IL-1 and IL-18 levels from different treated groups of supernatants were measured by using ELISA
kits. (D) The LDH release of different treated groups of MCF-7 cells were measured by using an LDH Cytotoxicity Assay Kit. (E)
Ability of migration of MCF-7 cells was detected after the exposure to MCC950 (5 uM) and curcumin (8 uM). (F) Ability of tube
formation of MCF-7 cells was detected after the exposure to MCC950 (5 uM) and curcumin (8 uM). (G) Ability of plate clone
formation of MCF-7 cells was detected after the exposure to MCC950 (5 uM) and curcumin (8 pM). (¥*P < 0.05 versus the control

group; #P < 0.05 versus the 8§ pM group)
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Curcumin-Induced NLRP3 Inflammasome Activation
and Pyro Ptosis Are Mediated By Cytoplasmic CTSB

It has been indicated that NLRP3 inflammasome activation was
associated with a variety of upstream factors, including the re-
lease of lysosomal CTSB. As shown, CTSB expression was up
regulated in cells and tumors after curcumin treated. Therefore,
we pretreated cells with CA-074 Me, an inhibitor of CTSB, to
measure the role of CTSB in curcumin-induced activation of the
NLRP3 inflammasome. As shown in Fig. 6AB, the increased ex-
pression level of CTSB, NLRP3, Caspase-1, GSDMD-N, mature
IL-B, IL-18 proteins caused by curcumin were inhibited by CA-
074 Me compared with control. Besides, CA-074 Me inhibited
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the release of mature IL-1f, IL-18 and LDH caused by curcumin
(Fig. 6CD). Moreover, in functional experiments, CA-074 Me
reversed the amount of MCF-7 cell migration decreased by cur-
cumin treatment (Fig. 6E), as well as the materiel tube formation
(Fig. 6F) and plate clone formation (Fig. 6G). As observed by
microscopy, immunofluorescence results showed that curcumin
treatment could cause MCF-7 intracellular lysosomes to rupture
and release CTSB into the cytoplasm, and CA074 Me treatment
could significantly reverse this situation (Fig. 6H). Together, the
results indicated that curcumin-induced NLRP3 inflammasome
activation and cell pyro ptosis was CTSB-dependent.
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Figure 6: Curcumin-stimulated NLRP3 inflammasome activation and pyro ptosis are mediated by CTSB. (A)(B) MCEF-7 cells
were pre-treated with 1 pg/ml LPS and CA074 Me (10 uM) for 4 h, and the expression of CTSB, NLRP3, Caspase-1, GSDMD-N,
IL-1pB and IL-18 were analysed by Western blotting. (C) IL-1p and IL- 18 levels from different treated groups of supernatants were
measured by using ELISA kits. (D) The LDH release of different treated groups of MCF-7 cells were measured by using an LDH
Cytotoxicity Assay Kit. (E) Ability of migration of MCF-7 cells was detected after the exposure to CA074 Me (10 uM) and cur-
cumin (8 pM). (F) Ability of tube formation of MCF-7 cells was detected after the exposure to CA074 Me (10 uM) and curcumin
(8 uM). (G) Ability of plate clone formation of MCF-7 cells was detected after the exposure to CA074 Me (10 uM) and curcumin
(8 uM). (H) Detection of cytosolic and lysosomal CTSB levels after pre-treatment with CA074 Me (10 uM) for 4 h and treatment
with curcumin (8 uM) for 48 h. (*P < 0.05 versus the control group; #P < 0.05 versus the 8 uM group)
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Curcumin Induced Up-Regulation of MCF-7 Autoph-
agy Then Induced the Release of CTSB, the Activation
of NLRP3 Inflammasome and Pyro Ptosis through Au-
tophagy

The increase in cytosolic CTSB levels is associated with lyso-
somal degradation. The results show an increase in autophag-
ic flux in MCF-7 cells. To confirm the change of autophagic
flux, we used the autophagy inhibitor 3-MA in MCF-7 cells. As
shown in Fig. 7AB, the up-regulation of LC3 and the downreg-
ulation of p62 by curcumin were reversed by 3-MA since 3-MA
inhibited the fusion of auto phagosome and autolysosome. The
protein LC3 could be transformed from a soluble form (LC3-I)
to a lipidzed form (LC3-II) when autophagy was activated. In
addition, p62 is a multifunctional protein regulated by the bal-
ance between its transcriptional regulation and post-translation-
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al autophagy degradation [21]. The LC3 conversion and p62
protein are regard as the most credible biochemical markers of
autophagy [22]. These results suggested that curcumin induced
up-regulation of MCF-7 autophagy. In addition, the expression
of cytosolic CTSB, NLRP3, Caspase-1, GSDMD-N, mature IL-
1B, IL-18 were up regulated by curcumin and down regulated by
3-MA (Fig. 7AB). Moreover, 3-MA inhibited the release of ma-
ture IL-1B, IL-18 and LDH caused by curcumin (Fig. 7CD). Fur-
thermore, in functional experiments, 3-MA reversed the amount
of MCF-7 cell migration decreased by curcumin treatment (Fig.
7E), as well as the materiel tube formation (Fig. 7F) and plate
clone formation (Fig. 7G). These results demonstrated that cur-
cumin induced up-regulation of MCF-7 autophagy, which was
associated with the increase in cytosolic CTSB, activation of
NLRP3 inflammasome and pyrophoric cell death.
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Figure 7: Curcumin induced autophagy in MCF-7 cells. (A)(B) MCF-7 cells were pre-treated with 1 pg/ml LPS and 3- MA (5 uM)
for 4 h, and the expression of NLRP3, Caspase-1, GSDMD-N, IL-1p and IL-18 were analysed by Western blotting. (C) IL-1p and
IL-18 levels from different treated groups of supernatants were measured by using ELISA kits. (D) The LDH release of different
treated groups of MCF-7 cells were measured by using an LDH Cytotoxicity Assay Kit. (E) Ability of migration of MCF-7 cells
was detected after the exposure to 3-MA (5 uM) and curcumin (8 uM). (F) Ability of tube formation of MCF-7 cells was detected
after the exposure to 3-MA (5 uM) and curcumin (8 pM). (G) Ability of plate clone formation of MCF-7 cells was detected after the
exposure to 3-MA (5 uM) and curcumin (8 uM). (*P < 0.05 versus the control group; #P < 0.05 versus the 8 pM group)
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Discussion

The breast cancer has still been the most common cancer among
women worldwide [23]. Recently study indicated that it has a
younger trend [24]. Curcumin, a polyphenol extracted from Cur-
cuma longa in 1815, has gained attention from scientists world-
wide for its anticancer potential [25]. The phosphoinositide
3-kinase (PI3K)/Akt signaling pathway has always been a focus
of interest in breast cancer. However, deregulation of the PI3K/
Akt signaling pathway including PIK3CA activating mutation
is frequently present in breast cancer [26]. Besides, the mecha-
nism of curcumin in the treatment of breast cancer has not been
completely investigated. In the present study, we investigated
the effect on pyro ptosis in curcumin-treated cells. It is worth
mentioning that our study provided the first evidence for cur-
cumin induce cell pyro ptosis by activating autophagy/NLRP3/
Caspase-1/GSDMD pathway in MCF-7 breast cancer cells. Our
study demonstrated that curcumin upregulated the level of auto-
phagy and triggered NLRP3 inflammasome activation, leading
to pyrophoric cell death. In addition, curcumin-induced pyro-
phoric cell death dependent upon the CTSB-mediated activation
of NLRP3 inflammasome and curcumin-induced autophagy was
implicated in the curcumin-induced release of CTSB.

To date, pyro ptosis is a type of programmed cell death mediat-
ed by the formation of plasma membrane pores by members of
the adermin protein family, characterized by the swelling and
lysis of cells, and release of many proinflammatory factors [27].
Caspase-1, as a statically determinate proenzyme, is an import-
ant component of the inflammasome and is formed by different
PRRs through (or without) ASC and Caspasel under the stimu-
lation of specific PAMPs and DAMPs [28]. The inflammasome
contains an NLR and adaptor protein ASC, which interacts with
procaspase-1 through caspase recruitment domain, and then
self-cleavage forms active caspase-1. Caspase-1 mediated the
maturation and secretion of proinflammatory (IL-1f and IL-18)
and lead to pyro ptosis [29]. Adermin D (GSDMD) is a direct
substrate of caspase-1, which can be specially cleaved by in-
flammatory caspases and plays a key role in the downstream
of inflammatory caspases in pyro ptosis [30]. Inflammatory
caspases cleaved GSDMD to form GSDMD-N, which is capa-
ble of forming pore like structures in lipid membranes and thus
constitutes the direct and unique effector of pyro ptosis [31].
GSDMD-N forms pores in the plasma membrane leading to
membrane defects and cytoplasmic protein release [32]. In our
study, treatment with curcumin elevated the levels of Caspase-1,
GSDMD-N, IL-18, IL-18 both in vitro and in vivo. Furthermore,
the immunohistochemically results of Caspase-1, IL-1 and
IL-18 in the tumor tissues of mice were significantly positive
compared with control. In addition, the release of IL-1f, IL-18
and LDH in the cytoplasm were also increased. These results
demonstrated that curcumin induced Caspase-1 and GSDMD
dependent pyro ptosis in MCF-7 breast cancer cells.

Inflammation is involved in the development and progression
of tumors, as well as in the antitumor response to treatment.
Among the inflammasomes family, NLRP3 inflammasome is
the most characterized. As we known that NLRP3 is deubiq-
uitinated and associates to ASC, which then associates to pro-

caspase-1 to form a large multimedia polyprotein complex. Pro-
caspase-1 undergoes auto proteolytic cleavage, possibly due to
proximal-induced multimerization, resulting in the active form
of caspase-1 [33]. The activation of NLRP3 inflammasome in-
duces two primary effects, programmed cell death known as
pyro ptosis, and/or proinflammatory responses caused by the
release of inflammatory cytokines IL-1Band IL-18 [34]. Previ-
ous studies have found that curcumin induced NLRP3 inflam-
masome priming and caspase-1 activation [35]. Interestingly,
however, few studies have shown that curcumin suppresses I1L-
1B secretion through Inhibition of the NLRP3 Inflammasome
[36]. In our study, we reported that treatment with curcumin el-
evated the levels of NLRP3, Caspase-1, IL-1p, IL-18, GSDMD
and GSDMD-N, which was reversed using the NLRP3 inhibitor
MCC950 both in vitro and in vivo. These results indicated that
curcumin caused activation of the NLRP3 inflammasome and
lead to pyrophoric cell death finally.

Previous study confirmed that three signaling pathways of the
NLRP3 inflammasome activation involving potassium efflux,
generation of reactive oxygen species, and cathepsin B release
[37]. Cathepsin B is a cysteine protease involved in the regula-
tion of metalloproteinase, intracellular communication, autoph-
agy induction and immune resistance, and plays an important
role in cancer progression and anticancer therapy [38]. Recent-
ly study indicated that cathepsin B was required for caspase-1
activation induced by many different NLRP3 inflammasome
activators [39]. In our study, the similar results were observed.
Treatment with curcumin elevated the levels of CTSB, NLRP3,
Caspase-1, GSDMD-N, IL-1B and IL-18 both in vitro and in
vivo that could reverse by the cathepsin B inhibitor CA074-Me.
Furthermore, the result also showed that CA074 ME reduced cy-
toplasmic cathepsin B in immunofluorescence assay. Consistent
with others these results demonstrated that the activation of the
NLRP3 inflammasome was mediated by cathepsin B [40].

Autophagy is a process by which proteins and organelles are
phagocytosed in autophagosomal vesicles and delivered to the
lysosome/vacuole for degradation [41]. Autophagy is a tightly
coordinated process that isolates misfolded proteins, damaged
or aged organelles, and mutated proteins in double membrane
vesicles called auto phagosomes that eventually fuse into lyso-
somes, leading to the degradation of the isolated components
[42]. During autophagy, cytoplasmic LC3 protein is processed
and recruited to the autophagosomal membranes; the auto pha-
gosome then fuses with the lysosome to form the autolysosome.
Cytoplasmic LC3-I binds to phosphatidylethanolamine to form
LC3-II. LC3-II was then incorporated into the auto phagosome
membrane [43]. Ubiquitin-associated protein p62 is a classic
autophagy receptor that binds to LC3 and recruits the select-
ed cargo to mature auto phagosomes. A lapidated form of LC3,
LC3-II, p62 has been shown to be an autophagosomal marker
in mammals [44]. In our study, treatment with curcumin elevat-
ed the levels of LC3, CTSB, NLRP3, Caspase-1, GSDMD-N,
IL-1B, IL-18 and decreased the level of p62 both in vitro and
in vivo, indicating that the degradation of auto phagosomes
leads to the release of CTSB into the cytoplasm to activate the
NLRP3 inflammasome. Besides, the increased level of CTSB,
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subsequent activation of NLRP3 inflammasome and Caspase-1
and GSDMD-dependent pyrophoric cell death induced by cur-
cumin were reversed by the autophagy inhibitor 3-MA obvious-
ly. These results are consistent with the recent studies [45, 46].
Notably, curcumin did not increase NLRP3 protein expression
after treatment with the autophagy inhibitor 3-MA, suggested
that curcumin could not directly induce the activation of NLRP3
inflammasome, which was consistent with the anti-inflammato-
ry properties of curcumin. Taken together, these results demon-
strate that curcumin induces autophagy in MCF-7 breast cancer
cells and then activates the NLRP3 inflammasome.

In conclusion, our study indicates that curcumin activates the
NLRP3 inflammasome by inducing autophagy in MCF-7 breast
cancer cells, thus causing pyrophoric cell death via Autophagy/
CTSB/NLRP3/Caspase-1/GSDMD signaling pathway. We also
demonstrate that the molecular mechanism of NLRP3 inflam-
masome activation underlies the autophagy and the release of
CTSB from autolysosome caused by curcumin treatment. In
addition, this study provides a new perspective on curcumin in
the treatment of breast cancer. This knowledge may complement
the treatment strategy for breast cancer and further confirm the
bright future of curcumin in cancer treatment.

Conclusion

Curcumin induces MCF-7 breast cancer cells pyroptosis de-
pendent on caspase-1 and GSDMD. Curcumin-induced pyro-
ptotic cell death in MCF-7 breast cancer cells depends on the
activation of NLRP3 inflammasome. The activation of NLRP3
inflammasome induces by curcumin is mediated by cytoplasmic
CTSB. Curcumin induces autophagy in MCF-7 breast cancer
cells, which then induces inflammation and eventually leads to
pyroptosis.
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