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Chrysophanol inhibits the progression of gastric cancer by activating nod-like receptor protein-3

BINFEN HOU1, LI ZHAO1, TIANHAO ZHAO1, MINGMING YANG1, WANWAN ZHU1, XIAODONG CHEN2, XIQUAN KE1, ZHENZENG MA1, LIN GU1, MENG WANG1 and MIN DENG1,*

1Department of Gastroenterology, The First Affiliated Hospital of Bengbu Medical College, Bengbu, 233004, China
2Department of Orthopedics, The First Affiliated Hospital of Bengbu Medical College, Bengbu, 233004, China
*Address correspondence to: Min Deng, dengmin@bbmc.edu.cn
Received: 10 January 2022; Accepted: 24 May 2022

Abstract: Aim: Gastric cancer (GC) is one of the most common malignant tumors. Chrysophanol has been reported to possess antitumor effects on a variety of cancers; however, its role in GC remains unclear. This study aimed to investigate the effects of chrysophanol on the proliferation, pyroptosis, migration, and invasion of GC cells. Methods: Human GC cell lines MKN 28 and AGS cells were treated with different concentrations of chrysophanol, then cell proliferation, migration, invasion and pyroptosis were determined by CCK-8, colony-forming assay, wound healing assay, Transwell assay, and flow cytometry. Cell migration and invasion were reassessed in these transfected cells following the transfection of nod-like receptor protein-3 (NLRP3) siRNA in MKN 28 and AGS cells. To examine the downstream signaling pathway of the NLRP3 signaling pathway, NLRP3, caspase-1, gasdermin-D, interleukin (IL)-1β, and IL-18 were detected by quantitative real-time-polymerase chain reaction or western blotting. Results: Chrysophanol inhibited the proliferation of GC cells, caused pyroptosis, inhibited cell migration and invasion, and increased the expression of NLRP3 inflammasomes in GC cells. Knockdown of NLRP3 inhibited the effects of chrysophanol on proliferation, pyroptosis, migration, and invasion of GC cells. Chrysophanol plays an anticancer role by enhancing NLRP3. Conclusions: Chrysophanol exerts anti-neoplastic effects in vitro in GC cells by modulating NLRP3, thus highlighting its therapeutic potential in GC.
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Abbreviations



	AKT
	protein kinase B



	ASC
	adaptor apoptosis-related speckle-like protein



	Chrysophanol
	1,8-dihydroxy-3-methyl-9,10-anthraquinone



	DAMPs
	damage-related molecular patterns



	ERK1/2
	extracellular signal-regulated kinase1/2



	GC
	Gastric cancer



	GSDMD
	gasdermin-D



	MAPK
	mitogen-activated protein kinase



	NF-κB
	nuclear factor kappa-B



	NLRP3
	Nod-1ike receptor protein 3



	PCD
	programmed cell death



	ROS
	Reactive oxygen species




Introduction

Gastric cancer (GC) is one of the most common malignant tumors in the digestive system, ranking fifth in the global malignant tumor incidence and fourth in terms of fatality rates (Machlowska et al., 2020). Patients with GC are currently treated primarily through surgical operation, supplemented by radiotherapy and chemotherapy (Song et al., 2017). However, although many methods have been adopted to treat tumors (Liu et al., 2022), the median survival time of patients with advanced GC is rarely longer than 12 months, and patients with metastasis have a 5-year survival rate below 10% (Crew and Neugut, 2004). Despite the effective use of anticancer drugs such as trastuzumab (Shitara et al., 2020), paclitaxel (Shitara et al., 2018), and oxaliplatin (Al-Batran et al., 2016) in the treatment of clinically common GC patients, their drug resistance and side effects call us to further understand the molecular biological mechanisms of occurrence and growth of GC to develop targets for GC treatment.

In recent years, many drugs have been isolated from natural plants. Chinese medicine has been established as a common alternative and complementary treatment method for a wide variety of cancers, indicating that it has the potential to become a promising alternative treatment method in the future. Chrysophanols (1,8-dihydroxy-3-methyl-9,10-anthraquinone) are the main components of Rheum officinale, found in nature as anthraquinone compounds, which have a wide range of biological activities, such as antibiosis, anti-inflammatory (Lian et al., 2017; Meng et al., 2018) antitumor (Su et al., 2020).

According to our previous research, chrysophanol inhibits the activity of colorectal cancer cells by targeting the decorin protein (Deng et al., 2020). These results provide a reference for the study of the antitumor activity of chrysophanol. However, the exact mechanism of action of chrysophanol on GC cells is still unknown. Therefore, the purpose of this study was to investigate the anti-GC effects of chrysophanol and its specific molecular targets.

Pyroptosis is a type of programmed cell death (PCD) due to inflammation (Humphries et al., 2020). In contrast to other types of cell death, pyroptosis is associated with morphological changes such as swollen cells, large bubbles, pore formation in the plasma membrane, and changes in subcellular organelles (Wang et al., 2017). Nod-1ike receptor protein 3 (NLRP3) inflammasome is a cytoplasmic protein complex containing NLRP3, adaptor apoptosis-related speckle-like protein, and pro-caspase-1 (Fu et al., 2022; Ren et al., 2019). Activation of NLRP3 inflammasomes leads to the maturation and secretion of interleukin (IL)-1β and IL-18, which leads to cell damage and pyroptosis (Sharif et al., 2019). NLRP3 inflammasome plays a crucial role in the progression of various cancers such as lung cancer (Wang et al., 2016), colorectal cancer (Chung et al., 2019), and breast cancer (Quagliariello et al., 2020). Previous studies have shown that NLRP3 is highly expressed in GC (Ren et al., 2020). In addition, antitumor agents such as resveratrol (Zou et al., 2018) and parthenolide (Juliana et al., 2010) have been shown to trigger cell death via NLRP3 inflammasomes (He et al., 2018). The regulation of NLRP3 is, therefore, a promising therapeutic strategy. In this study, we examined the effect of chrysophanol on GC cell pyroptosis, as well as its regulation and mechanism on NLRP3 in that process, to provide a theoretical basis for its potential value in the treatment of GC.

Materials and Methods

Experimental materials

Chrysophanol was purchased from MCE (Monmouth Junction, NJ, USA), RPMI 1640 medium and fetal bovine serum (FBS) were purchased from Gibco (CA, USA), and FAM-FLICA Caspase-1 kit was purchased from ImmunoChemistry Technologies (Bloomington, MN, USA), lactate dehydrogenase (LDH) kit was purchased from Jiancheng Biotechnology (Nanjing, China), NLRP3 (catalog number: 19771-1-AP), caspase-1 (Catalog number: 22915-1-AP), gasdermin D (GSDMD; catalog number: 20770-1-AP), IL-1β (catalog number: 16806-1-AP), IL-18 (catalog number: 10663-1-AP), and nuclear protein Ki67 (catalog number: 27309-1-AP) were purchased from ProteinTech (Wuhan, China). NLRP3 siRNA was purchased from Gemma Pharmaceutical Technology (Shanghai, China); enzyme-linked immunosorbent assay (ELISA) kit IL-1β (CSB-E08053h), IL-18 (CSB-E07450h) were purchased from CUSABIO (Wuhan, China); Radioimmunoprecipitation assay buffer (RIPA) cell lysate, phenylmethylsulfonyl fluoride (PMSF), BCA protein quantitative kit, Trizol, Cell counting kit-8 (CCK-8) were purchased from Beyotime Biotechnology (Shanghai, China), lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA), retro-transcription kit was purchased from TransGen Biotech (Beijing, China).

Patients and tissue samples

This study was approved by the Institutional Review Board of The First Affiliated Hospital of Bengbu Medical College. All the participants provided written informed consent. Thirty patients who underwent surgical resection were sampled for tumor tissue and adjacent tissue. All the clinical tissue samples were immediately stored at −80°C for further use.

Cell lines and culture conditions

The human GC cell lines MKN 28 and AGS were purchased from the Chinese Academy of Medical Sciences (CAS, Beijing, China). Cells were cultured in RPMI-1640 medium, supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin in 5% CO2 at 37°C. The culture medium was renewed every 2 days, and cells were passaged once they reached 70%–80% confluence. Cells were seeded at an appropriate density according to each experimental design.

Cell viability assay

Cells were plated uniformly in 96-well plates containing 5 × 103 cells per well. The cells were incubated overnight with chrysophanol at 0, 2, 5, and 10 μM for 24 and 48 h each. Ten microliters of each concentration was added to each well for 2 h in a microplate (Bio-Tek USA) to determine the absorbance at 450 nm. Three parallel holes were set in each treatment group. In addition to the negative control and blank zero hole, and the survival rate% = [OD (450) treatment group−OD (450) empty self-group]/[OD (450) control group−OD (450) empty self-group] 100%. The cell growth curve was drawn with time as the abscissa and cell survival rate as the ordinate. All experiments were conducted independently and repeated three times.

Colony formation assay

Cells were inoculated evenly in a 6-well plate with 500 cells per well. The cells were cultured in different concentrations of chrysophanol (0, 5, and 10 μM) for 2 weeks, during which the culture medium containing chrysophanol was changed once every 3 days for 2 weeks. The medium was discarded, and the cells were washed with phosphate-buffered saline (PBS) once, then fixed in 4% paraformaldehyde at room temperature for 20 min, and then stained with 0.1% crystal violet at room temperature for 30 min. After washing the cells thrice with PBS, the cells were observed and photographed under an inverted microscope. The cell colony number was counted by Image-J.

Flow cytometry

Cells were uniformly inoculated in a 6-well plate with 5 × 105 cells/well. The cells were treated with different concentrations of chrysophanol (0, 5, and 10 μM) for 24 h and then collected with reference to the FAM-FLICA Caspase-1 assay kit, which describes double-positive staining for activated caspase-1 and propidium iodide (PI) in cells to assess cell pyroptosis. All assays were performed independently and repeated three times.

Lactate dehydrogenase assay

Cells were uniformly cultured at 1 × 105 cells/well in a 24-well culture plate. The cells were treated with different concentrations of chrysophanol (0, 5, and 10) for 24 h. The absorbance value at 490 nm was measured by a microplate reader, and the release rate of LDH was calculated as rate% = (measured OD value − control OD value)/(standard OD value − blank OD value) × 100%.

Wound healing assay to detect migration

Cells were evenly inoculated in 6-well plates at 5 × 105 cells/well, and cultured to 70%–80% of the fusion, and were treated with different concentrations of chrysophanol (0, 5, and 10 μM) to scratch monolayer cells with disinfected pipet tips. The fragments were washed in PBS for 0 and 24 h to observe the migration of cells to the wound surface. Cell migration to the wound surface was observed under an inverted microscope and photographed. All experiments were performed independently and repeated three times.

Transwell invasion assay

The cells were suspended in 100 μL of RPMI 1640 containing 2% FBS and then inoculated with Matrigel (BD Biosciences, New Jersey, USA). The bottom chamber was filled with 500 μL RPMI 1640 supplemented with 10% FBS for 24 h. Then, the medium was discarded, washed once with PBS, and fixed with 4% paraformaldehyde at room temperature for 20 min, after which the cells in the chamber were wiped with a wet cotton swab and stained with 0.5% crystalline violet at room temperature for 30 min. After washing the cells thrice with PBS, they were dried and observed under an inverted microscope and photographed. The number of cells in each group was counted by Image-J, and all experiments were conducted independently three times.

Western blot assay

Cells were lysed for 30 min using RIPA buffer containing 1% PMSF. The protein concentration was determined by BCA protein assay kit. The proteins were electroblotted to a polyvinylidene fluoride membrane (Millipore, Massachusetts, USA). The membrane was incubated with primary antibodies against NLRP3, cleaved caspase-1, IL-18, and GSDMD. β-actin was used as the internal reference. All experiments were carried out independently three times.

RNA extraction and quantitative real-time-polymerase chain reaction (qRT-PCR)

Cells were uniformly seeded into 6-well plates at 5 × 105 cells/well with different concentrations of chrysophanol (0, 5, and 10 μM) for 24 h. Total RNA from the culture cells was isolated using the TRIzol Reagent and reverse transcribed into cDNA using One-Step gDNA Removal and cDNA Synthesis SuperMix of TransGen Biotech kit. Target gene expression was analyzed by RT-PCR using Power SYBR Green PCR Master Mix, with β-actin as the internal control. The forward and reverse primers were synthesized by Sangon (Shanghai, China) according to previously published sequences. The relative expression of the target genes was calculated using the 2−ΔΔCT method (Table 1).
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Nod-like receptor protein-3 small interfering RNA (siRNA) transfection

NLRP3 siRNA (sense: 5’-CCUACCUUCUCUAUCAGAUTT-3’; anti-sense: 5’ - AUCUGAUAGAGAAGGUAGGTT-3’), NLRP3 siRNA was purchased from GenePharma (Shanghai, China). NLRP3 siRNA (100 nM) or negative control siRNA was mixed with Lipofectamine 2000 to make the transformation mixture. The cells were incubated with the transfection mixture for 6 h and then changed with RPMI-1640 medium with 10% FBS. The cells were incubated for an additional 48 h before harvest.

Immunohistochemical analyses

Tissues fixed in 4% paraformaldehyde were embedded in paraffin and sliced into 4 μm thick sections. Then these sections were treated with 0.3% TritonX-100 for 30 min and immunostained with Ki67, NLRP3, and caspase-1 primary antibodies at 4°C overnight and then with universal secondary antibodies at 37°C for 60 min. Next, tissues were visualized using the 3-amino-9-ethylcarbazole after applying for 10 min. The tissues were washed with PBS three times, counterstained with hematoxylin, then dehydrated, and then a cover slip was placed according to the protocol.

Enzyme-linked immunosorbent assay

The supernatants of the cell culture medium were collected and detected using a human IL-1β and IL-18 ELISA kit according to the kit instructions.

Online database study

NLRP3 expression was derived from the Oncomine database (http://www.oncomine.com). The Cancer Genome Atlas (TCGA) database the NLRP3 gene expression in GC was obtained from ULCAN online database (http://ualcan.path.uab.edu/). The survival curve of NLRP3 gene in GC was obtained from the UALCAN online database (http://ualcan.path.uab.edu/).

Statistical analysis

SPSS 25.0 software (SPSS Inc., USA) was used for the student’s t-test analysis of the experimental data. The results were expressed as the means ± standard deviation (SD) of three independent experiments. p < 0.05 was considered statistically significant.

Main Text

Chrysophanol inhibits gastric cancer cell proliferation

The chemical structure of chrysophanol is shown in Fig. 1A. MKN 28 and AGS cells were treated with different concentrations of chrysophanol for 24 and 48 h. The CCK8 assay revealed markedly decreased viability of GC cells after treatment with 0. 5 and 10 μM chrysophanol (p < 0.05 or p < 0.01), suggesting that chrysophanol inhibits cell viability in a dose-dependent manner (Figs. 1B and 1C). The colony formation assay revealed that chrysophanol significantly reduced the rate of proliferation of MKN 28 and AGS cells (p < 0.01, Figs. 1D and 1E). Colony formation experiments indicated that chrysophanol treatment significantly reduced the number of human GC cell colonies. These results suggest that chrysophanol inhibits human GC cell proliferation in a dose-dependent manner.
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Figure 1: Chrysophanol inhibits the proliferation of MKN 28 and AGS cells. (A) Chemical structure of chrysophanol; (B–C) Two human gastric cancer lines (MKN 28 and AGS) were treated with chrysophanol at different concentrations (0, 2, 5, 10 μM) for 24 and 48 h, each. Cell viability was measured by CCK8 assay; (D–E) Colony formation assay of MKN 28 and AGS cells treated with chrysophanol at different concentrations (0.5 and 10 μM) * p < 0.05; ** p < 0.01.

Chrysophanol up-regulates the expression of nod-1ike receptor protein 3 inflammasomes in gastric cancer cells

To explore the relationship between chrysophanol and the NLRP3 inflammasome, the expression level of NLRP3, cleaved caspase-1, and IL-1β were determined by qRT PCR following treatment with different concentrations of chrysophanol (0. 5 and 10 μM). As shown in Figs. 2A–2C, the expression level of NLRP3 inflammasome was significantly up-regulated after treatment with 5 and 10 μM chrysophanol in MKN 28 and AGS cells (p < 0.01). Pyroptosis is also known as gasdermin-mediated programmed necrosis (Gross et al., 2009); our results indicated that the expression of gasdermin-D (GSDMD) and IL-18 increased in MKN 28 and AGS cells after 5 and 10 μM chrysophanol treatment (p < 0.05, Figs. 2D–2G). These results indicate that chrysophanol and NLRP3 are positively regulated in GC cells.

[image: images]

Figure 2: Chrysophanol increases the expression of nod-1ike receptor protein 3 (NLRP3) inflammasome in MKN 28 and AGS cells. MKN 28 and AGS cells were treated with different concentrations of chrysophanol (0.5 and 10 μM). (A–C) The mRNA expression level of NLRP3, caspase-1, and IL-1β was detected by quantitative real-time-polymerase chain reaction. (D–G) The protein expression level of gasdermin D (GSDMD) and IL-18 was detected by western blotting. * p < 0.05; ** p < 0.01.

Chrysophanol could trigger pyroptosis in gastric cancer cells

Chrysophanol treatment induced morphological changes in GC cells, including decreased cell density, cell rounding, and cell floating (Fig. 3A). Compared with the control group, LDH release in 5 and 10 μM chrysophanol groups increased significantly in a dose-dependent manner (p < 0.01; Fig. 3B). Next, the assessment of cell pyroptosis by flow cytometry (Fig. 3C) revealed that chrysophanol significantly increased the activation percentage of caspase-1 cells in a dose-dependent manner. These results thus suggest that chrysophanol triggers downstream cell pyroptosis through activation of the NLRP3 inflammasome.
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Figure 3: Chrysophanol promotes pyroptosis of MKN 28 and AGS cells. (A) MKN 28 and AGS were treated with chrysophanol at different concentrations (0.5 and 10 μM), cell morphology was observed and photographed under a 100x magnification microscope; (B) Lactate dehydrogenase (LDH) release rate was detected by LDH assay; (C) Cell pyroptosis was detected by Caspase-1/PI flow cytometry. * p < 0.05 ** p < 0.01.

Chrysophanol suppresses the migration and invasion of MKN 28 and AGS cells

To investigate the effect of chrysophanol on metastasis of GC cells, wound healing and Transwell invasion assays were performed. As compared to the control group, the migration rate of MKN 28 and AGS cells treated with 5 and 10 μM chrysophanol was significantly reduced (p < 0.01 or p < 0.001; Fig. 4A). Similarly, the invasion ability of 5 and 10 μM chrysophanol to GC cells was also lower than that of the control group (p < 0.05 or p < 0.001; Fig. 4B). Taken together, chrysophanol can significantly inhibit MKN 28 and AGS cell migration and invasion.
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Figure 4: Chrysophanol suppresses the migration and invasion of MKN 28 and AGS cells. MKN 28 and AGS were treated with different concentrations of chrysophanol (0.5 and 10 μM), and then (A) cell migration was assessed by wound healing assay; (B) cell invasion was detected by Transwell assay. Magnification: ×100. Scale bar = 20 μM. * p < 0.05; **p < 0.01 and ***p < 0.001.

Chrysophanol induces pyroptosis by regulation of nod-1ike receptor protein-3

To investigate the possible roles of NLRP3 in GC, we searched the OncoMine database and found that the level of NLRP3 is significantly higher in GC cells (p < 0.05; Fig. 5A). The expression of NLRP3 in GC tissues was higher than in adjacent tissues in the TCGA database (p < 0.001; Fig. 5B). NLRP3 expression was significantly increased in MKN 28 and AGS cells compared to that in GES-1 cells (p < 0.01, p < 0.001; Figs. 5C–5E). The expression of NLRP3 and caspase-1 appeared to be low in paracarcinoma tissue, and was significantly elevated in human GC tissue, while the expression of Ki 67, which is associated with cell proliferation, was higher in cancer tissues than in paracancerous tissues (p < 0.001; Figs. 5F–5H). Moreover, NLRP3 expression correlated negatively with survival in Kaplan-Meier survival analysis (p < 0.05; Fig. 5I). To further explore the effect of NLRP3 on GC occurrence and development, NLRP3 siRNA and NC were transfected into MKN 28 and AGS cells. As a result of siRNA-mediated knockdown of NLRP3 gene, the expression level of NLRP3 was dramatically reduced compared to the control group (p < 0.01, or p < 0.001; Figs. 6A–6D). The results indicated a successful transfection of the NLRP3 siRNA and NC into MKN 28 and AGS cells.
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Figure 5: Chrysophanol induces pyroptosis through the regulation of nod-1ike receptor protein-3 (NLRP3). The expression of NLRP3 in human GC tissues and adjacent tissues, (A) Data from OncoMine Database (normal = 19, GC = 79, http://www.oncomine.com); (B) Data from TCGA Database (http://ualcan.path.uab.edu/); (C) quantitative real-time-polymerase chain reaction analysis of NLRP3 in GES-1, MKN 28, and AGS cells; (D–E) The protein levels of NLRP3 in GES-1, MKN 28, and AGS was detected by western blotting; (F–H) IHC staining for NLRP3, caspase-1, and Ki 67; (I) Kaplan–Meier analysis of NLRP3 expression in the survival of GC patients (http://ualcan.path.uab.edu/). Magnification: ×200. Scale bar = 20 μM. *p < 0.05; **p < 0.01 and ***p < 0.001.
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Figure 6: Detection of nod-1ike receptor protein 3 (NLRP3) expression and LDH release after transfection. (A–D) MKN 28 and AGS cells were transfected with NLRP3 siRNA and NC, and the expression level of NLRP3 siRNA in these transfected cells was detected by qRT-PCR and western blot; the transfected cells were treated with 10 μM chrysophanol for 24 h, then (E) the release of LDH was examined by LDH kit. *p < 0.05; **p < 0.01; ***p < 0.001.

Subsequently, the LDH assay was examined again. The results of Fig. 6E demonstrated that chrysophanol significantly increased the release of LDH compared with that in the control group (p < 0.01; Fig. 6E). NLRP3 siRNA, together with chrysophanol, reduced the release of LDH in MKN 28 cells compared with that in the chrysophanol (10 μM) group. These data suggest that NLRP3 siRNA could partially reverse pyroptosis in MKN 28 and AGS cells.

Chrysophanol exerted antitumor effect via the nod-like receptor protein-3 signaling pathway in gastric cancer cells

Wound healing and Transwell assays were used to examine the effects of NLRP3 on cell migration and invasion. The migration ability of MKN 28 cells and AGS cells was significantly decreased following chrysophanol treatment (p < 0.001; Fig. 7A). Similarly, the invasion ability of MKN 28 and AGS cells was decreased after treatment with chrysophanol compared to the control group (p < 0.001, Fig. 7B). However, these effects were reversed by NLRP3 siRNA suppression in MKN 28 and AGS (p < 0.001, Figs. 7A and 7B). The results indicated that NLRP3 siRNA partially reversed the inhibitory effects of chrysophanol on cell migration and invasion in GC cells.
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Figure 7: Chrysophanol inhibited MKN 28 and AGS cell migration and invasion by regulation of nod-like receptor protein-3 (NLRP3). Cell migration was assessed by wound healing assay. (B) Cell invasion was assessed by Transwell assay; Magnification: ×100. Scale bar = 20 μM.*p < 0.05; **p < 0.01; ***p < 0.001.

To further investigate the underlying mechanism, downstream signaling pathways of NLRP3 were analyzed. According to qRT PCR assay results, the mRNA level of IL-1β in the chrysophanol group was higher than in the control group (p < 0.01; Fig. 8A). Western blot results displayed that the levels of cleaved caspase-1 and IL-18 protein significantly increased after treatment with chrysophanol compared to the control group in MKN 28 cells (p < 0.01; Fig. 8B). The results showed that chrysophanol increased caspase-1, IL-18, and IL-1β expression levels in MKN 28 cells (p < 0.01; Figs. 8A–8D). Nevertheless, this effect was partially reversed by chrysophanol + NLRP3 siRNA (p < 0.001; Figs. 8A–8D). According to the results, increased expression of IL-1β and IL-18 was observed in the supernatant of chrysophanol-treated MKN 28 and AGS cells (p < 0.001; Figs. 8E and 8F). The level of these inflammatory factors declined by NLRP3 siRNA treatment. These results indicated that chrysophanol may exert its antitumor effects through the NLRP3 signaling pathway in GC cells.
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Figure 8: Chrysophanol exerts an antitumor effect via the nod-like receptor protein-3 (NLRP3) signaling pathway. (A) The mRNA levels of IL-1β were detected by quantitative real-time-polymerase chain reaction; (B–D) The protein levels of cleaved caspase-1 and IL-18 were detected by western blot; (E–F) Inflammatory factors IL-1β and IL-18 were detected by enzyme-linked immunosorbent assay. *p < 0.05, **p < 0.01, ***p < 0.001.

Discussion

In recent years, many natural compounds have been found to have antitumor effects (Zhang et al., 2021), and the advantages of small side effects and low drug resistance make it a hot spot for researchers. Chrysophanol is an anthraquinone component isolated from rhubarb (Kuo et al., 2020). A number of preclinical studies have shown that similar to other rhubarb extracts, chrysophanol has anticancer effects in various types of tumors by targeting multiple signaling pathways. Thus, chrysophanol is potential cancer prevention or treatment agent. Chrysophanol was observed to inhibit ovarian cancer cell proliferation by activating the MAPK (mitogen-activated protein kinase) signaling pathway (Lim et al., 2018). Chrysophanol inhibits breast cancer cell growth via the NF-κB (nuclear factor kappa-B) signaling pathway (Ren et al., 2018). Chrysophanol induces apoptosis in choriocarcinoma mainly by inducing reactive oxygen species (ROS) production and AKT (protein kinase B) and ERK1/2 (extracellular signal-regulated kinase1/2) pathways (Lim et al., 2017). In addition, our previous study revealed that chrysophanol inhibits colorectal cancer activity by targeting decorin (Deng et al., 2020). In this study, chrysophanol was found to inhibit GC cell proliferation and induce pyroptosis.

Pyroptosis is a type of PCD caused by inflammasomes-mediated cell lysis, which causes rupture of the plasma membrane to release contents and proinflammatory mediators, further leading to cell death via both the classical caspase-1 dependent pathway and the non-classical caspase-4/5/11 dependent pathway (Shi et al., 2017). Some drugs have been shown to induce pyroptosis to inhibit tumor cell growth (Du et al., 2021). Induced pyroptosis may be a potential treatment for the tumors. We found in this study that chrysophanol promotes the pyroptosis of GC cells through the caspase-1 signaling pathway. GSDMD-mediated pyroptosis is one of the key mechanisms involved in GC pathogenesis and chemotherapy, including proliferation, immune response, and resistance to chemotherapy in GC (Wang et al., 2018). As a result of chrysophanol treatment, GSDMD expression and LDH were increased, suggesting that chrysophanol might play a role in pyroptosis through caspase-1 signaling to reduce cancer growth.

NLRP3 inflammasome plays a key role in activating the caspase-1 signaling pathway and is the most characteristic inflammasome (Ren et al., 2019). It plays an important role in the occurrence and development of various types of tumors (Guo et al., 2018). Breast cancer fibroblasts have been found to sense damage-related molecular patterns and respond by activating NLRP3 inflammasome pathways, leading to the secretion of pro-inflammatory signals and IL-1β. Activation of the NLRP3 inflammasome enhances the proliferation, invasion, and migration of A549 lung cancer cells (Ershaid et al., 2019). Polyphyllin VI induces pyroptosis in caspase-1-mediated non-small cell lung cancer cells via induction of ROS/NF-κB/NLRP3/GSDMD signaling axis (Teng et al., 2020). We found in this study that the antitumor effect of chrysophanol may be related to the up-regulation of NLRP3 expression. Chrysophanol induced pyroptosis in GC cells in a dose-dependent manner and increased the expression of NLRP3 and its downstream components, including caspase-1 and IL-1β in GC cell lines after treatment. The results suggest that chrysophanol may induce pyroptosis of GC cells through the NLRP3/caspase-1 signaling pathway.

The role of chrysophanol in the prevention of GC via the NLRP3 inflammasome was examined using NLRP3 siRNA. After treatment with chrysophanol, the levels of NLRP3 and its molecules downstream of this pathway, including caspase-1, IL-1β, and IL-18 were increased in GC cells when compared to the control group. The initial stage of tumor metastasis involves the migration and invasion of tumor cells into surrounding tissues and blood vessels, and is a major reason for a low prognosis and survival (Mahauad-Fernandez et al., 2018). In one study, resveratrol was found to inhibit renal carcinoma cell invasion and migration by regulating NLRP3 (Tian et al., 2020). In this study, we found that chrysophanol inhibited the invasion and migration of GC cells by regulating NLRP3 expression. In addition, the antitumor effects of chrysophanol were partially reversed when combined with NLRP3 siRNA treatment. These results suggest that chrysophanol might play an antitumor role by up-regulating NLRP3 expression.

In conclusion, chrysophanol inhibited the growth, migration, and invasion of GC cells and induced pyroptosis. In terms of molecular mechanisms, chrysophanol plays an antitumor role through up-regulation of the NLRP3 (Fig. 9). To our knowledge, this is the first report on the relationship between chrysophanol and NLRP3 in GC cells. Chrysophanol is expected to be a potential treatment for GC, and NLRP3 may be a potential molecular target. There is still much to learn about the mechanism of chrysophanol in NLRP3.
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Figure 9: Schematic illustration of this study findings. Chrysophanol treatment activated nod-like receptor protein-3 inflammasome and induced cell pyroptosis.

However, our current study has some limitations. The pleiotropy of NLRP3 in tumorigenesis and whether ’the antitumor effect of chrysophanol on GC cells is due to other factors or non-canonical pyroptosis warrant further research. In addition, this study cannot exclude the possibility that other forms of cell death, such as apoptosis and necrosis, also play an important role in the antitumor pathophysiology due to chrysophanol. Moreover, chemotherapeutic drugs have also been found to contribute to immune cell infiltration in the tumor microenvironment, thereby increasing the antitumor immunity induced by chemotherapeutic drugs through direct interaction with NLRP3 and dephosphorylation of PTEN by bone marrow cells (Huang et al., 2020). It is reasonable to assume that chrysophanol plays a role in regulating the tumor microenvironment, but future studies are needed to verify these findings.
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TABLE 1

The list of primers used in this study

Gene Primers Sequence

NLRP3 Forward 5-CGG TGA CCT TGT GTG TGC TT-3’
Reverse 5-TCA TGT CCT GAG CCA TGG AAG-¥

Caspase-1 Forward 5-GAA CAA AGA AGG TGG CGC AT-3
Reverse 5-AGA CGT GTA CGA GTG GGT CT-3’

IL-1P Forward 5-CCT ATG T CT TGC CCG TGG AG-3’
Reverse 5-CAC ACA CTA GCA GGT CGT CA-3

B-actin Forward 5-TTG TAA CCA ACT GGG ACG ATATGG -¥

Reverse

5-GAT CTT GAT CTT CAT GGT GCT AGG-3
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