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Schisandrin B exerts anticancer effects on human gastric cancer cells through ROS-mediated MAPK, STAT3, and NF-κB pathways
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Abstract: Schisandrin B (Sch B) is a monomer with anti-cancer and anti-inflammatory effects, which are isolated from the plant Schisandra chinensis (Turcz) Baillon. We investigated the anti-gastric cancer (GC) effects of Sch B and its underlying molecular mechanisms. The Cell Counting Kit-8 assay was used to determine the effects of Sch B on the viability of GC and normal cell lines. Hoechst/propidium iodide staining and flow cytometry were used to assess the apoptosis induction of Sch B. Western blotting was used to evaluate the effects of Sch B on downstream apoptotic proteins. The DCFH-DA fluorescent probe was used to assess the regulatory effects of Sch B on reactive oxygen species (ROS) levels and related signaling pathways in GC cells. The results showed that Sch B could regulate the phosphorylation level of mitogen-activated protein kinase (MAPK) by upregulating ROS accumulation in gastric cancer cells, and then reduce the expression of nuclear factor kappa B (NF-κB) and phosphorylated transcription 3 (p-STAT3). In addition, Sch B downregulated the cell cycle proteins cyclin-dependent kinase 2/4/6 and cyclin D1/E, and arrested cells in the G0/G1 phase. Moreover, it also inhibited cell migration, which was reversed with N-acetylcysteine pretreatment. In summary, Sch B has killing effects on GC cells by upregulating the production of intracellular ROS and regulating the MAPK/STAT3/NF-κB signaling pathway, leading to the migration arrest and apoptosis of GC cells.
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Introduction

Gastric cancer (GC) is one of the most common cancers and has the third highest cancer mortality rate (Rawla and Barsouk, 2019). Early symptoms of GC may not be noticeable, and many patients are already in the advanced stage when first diagnosed. Although standard radical gastrectomy and postoperative chemotherapy can benefit GC patients to some extent, the prognosis of most patients is still poor (Liu et al., 2021; Sun et al., 2021a). Thus, it is important to find novel effective drugs that can serve as adjuvant therapy for GC and to explore new therapeutic targets for GC in order to improve the survival rate, prognosis, and quality of life of patients with this disease (Liu and Henkel, 2002; Sun et al., 2021b).

Traditional Chinese medicine (TCM) has long been used to treat clinical diseases and has made great contributions to improving the health of people worldwide (Xu and Zhang, 2020). The extraction of effective substances from TCM has become an important means to obtain compounds with low toxicity and anti-tumor effects for the treatment of advanced cancer. In the past several decades, great advancements have been made in the utilization of Schisandrin B (Sch B), which is extracted from the TCM Schisandra chinensis (Turcz) Baillon, for the prevention and treatment of cancer, confirming the potential application of TCM as a treatment strategy for cancer (Zhong et al., 2021). Sch B has been shown to have strong inhibitory effects on liver cancer cells (Wu et al., 2004) and strong toxicity in colon cancer cells (Li et al., 2019). Sch B can also inhibit the viability of lung cancer cells by activating the nuclear factor kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways (Li et al., 2021). In addition, Sch B may be the only compound that has been confirmed to have great potential for anti-cancer application, as it can be used as both a chemotherapeutic sensitizer and a myocardial protective agent (Xu et al., 2011). Previous studies have also shown that Sch B induces cell cycle arrest and triggers cell apoptosis by inhibiting signal transducer and activator of transcription 3 (STAT3) phosphorylation and nuclear translocation, thus exhibiting effective anticancer activity against triple-negative breast cancer (Dai et al., 2018). Interestingly, studies have found that Sch B can promote the accumulation of ROS in hepatocellular carcinoma HEPA1-6 cells, then induce ROS-mediated autophagy and Th1/Th2 imbalance, and finally play an anticancer role (Tan et al., 2022). Although it is known that Sch B can affect the MAPK, STAT3, and NF-κB signaling pathways, in-depth information is still lacking.

Therefore, we focused on Sch B as a research target to explore whether Sch B can affect reactive oxygen species (ROS) levels in GC cells to induce apoptosis, cell cycle arrest, and inhibition of cell migration through the MAPK, STAT3, and NF-κB pathways.

Materials and Methods

Cell lines and cell culture

GC cells (AGS, KATO-3, MKN-28, MKN-45, NCI-N87, SNU-5, SNU-216, SNU-484, SNU-668, YCC-1, YCC-6, and YCC-16) and normal cells were purchased from Otwo Biotech Inc. (ShenZhen, China), BeNa Culture Collection (Henan, China), and Bluef Biotechnology Development Co., Ltd. (Shanghai, China). The cells were cultured with RPMI 1640 and DMEM medium (Gibco, Waltham, USA) supplemented with 10% FBS (Gibco), 100 U/mL penicillin (Gibco), and 100 μg/mL streptomycin (Gibco).

Cell counting kit-8 assay

Cells were cultured in 96-well plates at 5% CO2 in a 37°C incubator (Sanyo, Osaka, Japan), and treated with different concentrations of Sch B (Herbpurify, Chengdu, China) and Cisplatin (DDP) (Solarbio Life Science, Beijing, China) for 24 h. The effects of Sch B on cell viability were determined using the Cell Counting Kit-8 (Solarbio), and cell viability was determined using enzyme-linked immunosorbent assay (Tecan Inc., Switzerland).

Analysis of cell apoptosis

Apoptosis morphology was detected by the Hoechst 33342/propidium iodide (PI) double staining Kit (Solarbio) and visualized using the EVOS FL automated cell imaging system (Thermo Fisher Scientific, USA). The number of apoptotic cells and mitochondrial membrane potential were detected using the Annexin V Apoptosis Detection Kit (Solarbio) and Mitochondrial Membrane Potential Detection Kit (Solarbio) according to the manufacturer’s instructions. The cell cycle was analyzed by flow cytometry (Beckman Coulter, Inc., USA).

Measurement of cellular ROS levels

Intracellular ROS levels in GC AGS cells were measured using the Reactive Oxygen Species Assay Kit (Beyotime, China) according to the manufacturer’s instructions. At 30 min before Sch B treatment, AGS cells were pretreated with 10 µM N-acetylcysteine (NAC) (Beyotime) and the number of apoptotic cells was detected by flow cytometry.

Cell cycle analysis

The DNA Content Quantitation Assay (Solarbio) was used to detect the number of cells in different cell cycles according to the manufacturer’s instructions. The cell cycle was detected by flow cytometry.

Wound healing assay

When AGS cells were cultured to exponentially increase, “wounds” were introduced by scratching the cells with a 200 μL pipette tip, and the culture medium containing Sch B was replaced to treat the cells. The changes in the cells at different time points were observed under an inverted microscope (Mshot, China).

Western blot analysis

Proteins were resolved on a 10–12% SDS-PAGE gel, electrotransferred to nitrocellulose membranes (Pall Co., Hauppauge, USA), and blocked in 5% skim milk (Becton Dickinson, NJ, USA). Then membranes were incubated overnight at 4°C with primary antibody (Santa Cruz Biotechnology, Inc., Dallas, USA), and then incubated for 2–4 h with goat anti-mouse IgG or goat anti-rabbit IgG secondary antibody (ZSGB Bio, Inc., Beijing, China). Proteins were detected by enhanced chemiluminescence (Pierce, Thermo Fisher Scientific), and the Amersham Imager 600 (GE, Fairfield, USA) was used to capture the chemiluminescence images. For inhibitor-treated cell samples, at 30 min before Sch B treatment, AGS cells were pretreated with 10 µM MAPK inhibitors (p38 inhibitor, SB203580; JNK inhibitor SP600125; ERK inhibitor FR180204) (MedChem Express, USA), and then the protein was detected.

Statistical analyses

The bar charts were made using Excel software and analyzed by SPSS 22.0. The results are expressed as the mean ± standard deviation, and the differences between groups were analyzed by the t-test. P < 0.05 was considered statistically significant.

Results

IC50 of Sch B in human GC cells lines

As shown in Fig. 1A, 12 kinds of GC cells were treated with different concentrations of DDP and Sch B for 24 h. Sch B showed excellent inhibition of the cell viability of 12 kinds of GC cells, with an IC50 of 53.7 μM for the most sensitive AGS cells, which was significantly stronger than the effect of the DDP group (Table 1). However, compared with DDP, cell viability was not significantly inhibited in the four normal cells after Sch B treatment (Fig. 1B).
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Figure 1: Sch B inhibited the proliferation of GC cells but did not affect the growth of normal cells. (A) The proliferation curve of GC cells after Sch B and DDP treatment. (B) The proliferation curve of normal cells after Sch B and DDP treatment. Representative data from at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Sch B induces apoptosis in AGS cells

Taking the gastric cancer AGS cells that were most sensitive to Sch B as an example, compared with the 0 h control, the apoptotic fluorescence intensity of AGS cells treated with Sch B for 24 h was significantly enhanced, and the apoptotic number of AGS cells was significantly increased (Figs. 2A and 2B). The mitochondrial membrane potential red/green fluorescence ratio ranged from 2.85 to 0.99, i.e., the level of mitochondrial membrane potential decreased continuously (Fig. 2C). After Sch B treatment for 24 h, the expression levels of the pro-apoptotic proteins Bad, cleaved(cle)-caspase-3, cleaved(cle)-PARP, and cytochrome C significantly increased. The expression levels of the anti-apoptotic proteins Bcl-2 and pro-caspase-3 significantly reduced (Fig. 2D). It was thus proven that Sch B induced apoptosis of gastric cancer AGS cells by damaging mitochondria.
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Figure 2: Sch B induces AGS cells apoptosis in a concentration-dependent manner. (A) Hoechst 33342/PI (blue and red fluorescence) was used to observe the apoptotic morphology of AGS cells (magnification: 400×). (B) Annexin V-FITC/PI (green and red fluorescence) was used to determine the number of early and late apoptotic cells by flow cytometry. (C) JC-1 was analyzed to determine the mitochondrial membrane potential by flow cytometry. (D) Sch B promoted the apoptosis of AGS cells in GC was detected by Western blotting. Representative images from at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Sch B effects on the MAPK/STAT3/NF-κB signaling pathways in AGS cells

After treatment with Sch B for 24 h, the expression levels of p-ERK, p-STAT3, and NF-κB significantly decreased. Compared with the control group, Sch B significantly increased the expression levels of p-JNK and p-p38 in AGS cells (Fig. 3A). After pretreatment with FR180204 (ERK inhibitor), SB203580 (P38 inhibitor), and SP600125 (JNK inhibitor), the expression of p-ERK significantly increased, while the expression of p-p38 and p-JNK significantly decreased. In addition, the expression of p-STAT3 and cle-caspase-3 increased and decreased in the Sch B+ERK/p38/JNK inhibitor group compared with the Sch B alone treatment group. However, the expression of cle-caspase-3 in the Sch B+p38 inhibitor group increased (Figs. 3B–3D).
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Figure 3: Sch B affected the expression of MAPK/STAT3/NF-κB pathway proteins and induced the early apoptosis of AGS cells. (A) Western blotting of ERK, p38, JNK, STAT3, NF-κB, with α-tubulin as the internal control. (B–D) Detection of the effects of Sch B on MAPK and STAT3 protein expression after pretreatment of AGS cells with FR180204/SB203580/SP600125. Representative data from at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Sch B affects ROS levels and MAPK/STAT3/NF-κB expression in human AGS cells

After treatment with Sch B for 24 h, the percent of ROS accumulation in AGS cells ranged from 39.25% to 67.81% (considered the middle of the abscissa of the experimental results as the boundary, and set different colors to make the experimental results more intuitive), while the percentage of cells that underwent apoptosis in the Sch B group was 27.89%. The percent of apoptotic cells in the Sch B+NAC group was 8.74% (Figs. 4A and 4B). Higher p-ERK, p-STAT3, and NF-κB expression in the Sch B+NAC groups was detected compared with that in the Sch B group in AGS cells, while lower p-p38, p-JNK, cle-caspase-3, and cle-PARP expression levels were detected (Fig. 4C).
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Figure 4: Effects of Sch B on AGS cell apoptosis after an increase in ROS level. (A) DCFH-DA was analyzed to determine the ROS content by flow cytometry. (B) Annexin V-FITC/PI was used to determine the number of early and late apoptotic cells by flow cytometry after NAC pretreatment. (C) The effects of Sch B on the proteins of mediated signaling pathways in GC cells were detected by Western blotting after NAC pretreatment, with α-tubulin as the internal control. Representative data from at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Sch B arrest AGS cell cycle in G0/G1

After treatment with Sch B for 24 h, the number of AGS cells in the G0/G1 phase increased by 59.65% and that in the G2/M phase decreased by 22.18% compared with the control group at 0 h (Fig. 5A). Higher p21 and p27 expression was observed, whereas lower CDK2, CDK4, CDK6, cyclin D1, and cyclin E expression levels in the 24 h Sch B group compared with the 0 h group in AGS cells were found (Fig. 5B).
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Figure 5: Effects of Sch B on the cell cycle and cycle-related protein expression. (A) PI was analyzed to determine the DNA content by flow cytometry. (B) Sch B effects on CDK2/4/6, cyclin D1/E, and p21/27 expression were detected by Western blotting, with α-tubulin as the internal control. Representative data from at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Sch B inhibits AGS cell migration, in which ROS plays an important role

After treatment with Sch B for 24 h, the migration area of AGS cells was inhibited compared with the control at 0 h (Fig. 6A). The expression levels of β-catenin and SNAI1 (cancer metastasis inducible factor) in AGS cells in the 24 h Sch B group decreased, and the expression level of E-cadherin increased (Fig. 6C). After NAC treatment, cell migration area and related migration protein levels were significantly reversed (Figs. 6B and 6D).
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Figure 6: Effects of Sch B on cell migration and the expression of E-cadherin, SNAI1, and β-catenin migration proteins. (A) The phenomenon of migrating cells was observed by a cell scratch experiment. (magnification: 400×) (B) The migration of AGS cells was observed after adding the scavenger NAC. (magnification: 400×) (C) The migration protein of Sch B mediated E-cadherin, SNAI1, and β-catenin. (D) After NAC pretreatment, the migration proteins were detected by Western blotting, with α-tubulin as the internal control. Representative data from at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Discussion

One of the biggest challenges for researchers is treating cancer (Zaromytidou, 2021). Traditional treatment options such as chemotherapy, radiation, surgery, and combination therapy have been widely accepted to treat cancer. While chemotherapy remains an effective cancer treatment, it is overwhelmingly associated with severe side effects, and cancers can evolve to resist chemotherapy and radiation (Baskar et al., 2012). Therefore, finding new therapeutic methods is necessary to accurately treat tumors and prevent tumor metastasis (Zhang et al., 2021). Therefore, to overcome the major obstacles of traditional cancer treatment, researchers are looking for effective treatments such as alternative and complementary therapies (Yaghoubi et al., 2022).

Sch B is a lignan extracted from Schisandrae. Sch B can inhibit the proliferation and invasion of human lung adenocarcinoma A549 cells and glioma cells (Zhuang et al., 2019). It can effectively reduce the activation of inflammatory signaling pathways including the NF-κB and MAPK (ERK/p38/JNK) pathways (Ran et al., 2018). Many studies have verified that Sch B has protective effects on inflammatory bowel disease and acute lung injury. The MTT assay was used to detect the toxicity of Sch B in HCCLM3 hepatocellular carcinoma cells. The results showed that low concentrations (<20 μmol/L) had no significant effects on the viability of HCCLM3 cells. A high concentration (>20 μmol/L) of Sch B significantly reduced cell viability (Chen et al., 2021). However, Sch B has a variety of potential cell-protective activities against normal renal proximal convoluted tubule HK-2 cells (Liu et al., 2018). Similarly, in our study, a high concentration of Sch B had good inhibitory effects on GC cell proliferation, and the inhibitory effect was significantly better than that of the DDP group. In addition, Sch B had no significant toxic effects on normal cells (Fig. 1).

Sch B showed strong anti-tumor activity by inducing cholangiocarcinoma (CCA) apoptosis, which may be a promising drug for treating CCA. Annexin V/PI double staining showed that Sch B induced apoptosis of intrahepatic CCA cells. Rhodamine 123 staining showed a dose-dependent decrease of mitochondrial membrane potential with Sch B treatment (Yang et al., 2016). In addition, Sch B induces apoptosis by upregulating B-cell lymphoma 2-associated X protein, cleaved caspase-3/9, cleaved PARP, and downregulating Bcl-2, cyclin D1, and CDK4 (Lv et al., 2015). Sch B significantly inhibited the growth of xenograft tumor HCCC-9810 in nude mice (Yang et al., 2016). In this study, we also observed that the number of AGS cells apoptosis significantly increased and obvious apoptotic morphology appeared after Sch B treatment. The level of apoptotic proteins also changed at the molecular level. The above experiments indicated that Sch B could induce the apoptosis of AGS cells, and its molecular mechanism was similar to that described in previous works (Fig. 2).

The various biochemical pathways comprise a series of different proteins that exert different physiological and biochemical functions; when apoptosis occurs, the pathway relays signals (Deel et al., 2015). Sch B has certain effects on the activation of three members of the MAPK family during SiO1-induced lung tissue injury, and the intervention of Sch B at the initial stage of silicon infection can inhibit the activation of NF-κB (Li et al., 2010). In addition, Sch B has protective effects on the oxidative stress injury of H9c2 cells by activating the JAK2/STAT3 signaling pathway (Wang and Huang, 2020). Similarly, our study showed that Sch B could regulate the expression levels of the ERK, p38, JNK, STAT3, and NF-κB pathways. In addition, the addition of ERK (FR180204), p38 (SB203580), and JNK (SP600125) inhibitors suggests that ERK/p38/JNK is upstream of the STAT3 pathway. These results suggest that Sch B may promote AGS cell apoptosis by regulating the MAPK/STAT3/NF-κB signaling pathways (Fig. 3).

Tumor cells have higher ROS levels and are more sensitive to ROS, leading to a state of oxidative stress in tumor cells (Benhar et al., 2002). In recent years, continuous exploration and research on ROS have found that higher ROS content can accelerate the death of tumor cells, which provides a clinical basis for the treatment of cancer with gemcitabine and arsenic trioxide, and other pro-oxidation chemotherapy drugs (Jia et al., 2020). Previous studies have suggested that Sch B may induce the apoptosis of MDA-MB-231 cells by increasing ROS and stimulating the expression of endoplasmic reticulum stress-related proteins CCAAT-enhancer-binding protein homologous protein, G protein-coupled receptor 78, and p-eukaryotic initiation factor 2 alpha (Dai et al., 2018). In this study, Sch B increased ROS levels with increasing doses. After adding NAC, the number of apoptotic AGS cells was significantly lower than that in the Sch B alone group. In addition, NAC also decreased the Sch B-mediated increase in MAPK/STAT3/NF-κB protein expression. The results showed that Sch B could accumulate the ROS-mediated MAPK/STAT3/NF-κB signaling pathway and promote mitochondria-dependent apoptosis (Fig. 4).

The precise control of the cell cycle has a major influence on the differentiation, development, heredity, and survival activities of the organism. Dysregulation of the cell cycle is a hallmark of tumor cells. Previous studies have shown that Sch B can inhibit the proliferation and abnormal mitosis of human gastric cancer SCG-7901 cells, which may be caused by the downregulation of cyclin D1 mRNA expression (Liu et al., 2007). In this study, we used flow cytometry and Western blotting to show that that Sch B arrested the AGS cell cycle in the G0/G1 phase (Fig. 5). In various cancer types, the epithelial-mesenchymal transformation is a necessary step for tumor metastasis (Ribatti et al., 2020). The mechanism of existing anti-tumor metastasis drugs is mostly to kill tumor cells, which also causes harm to normal cells and causes painful side effects (Fontebasso and Dubinett, 2015). In vivo studies have shown that surgical treatment of early, middle, and advanced breast cancer combined with Sch B can reduce the number of breast cancer metastases and prolong the survival time of breast cancer-bearing mice (Liu et al., 2012). In this study, Sch B inhibited the migration of AGS cells. Moreover, the active oxygen scavenger NAC blocked Sch B-mediation inhibition of cell migration. The results showed that Sch B upregulated ROS and inhibited cell migration (Fig. 6).

Conclusion

In conclusion, Sch B has good killing effects on GC cells, possibly by upregulating intracellular ROS, activating the MAPK/STAT3/NF-κB signaling pathway, arresting the cell cycle, inhibiting cell migration, and inducing mitochondria-dependent apoptosis (Fig. 7).

[image: images]

Figure 7: Schematic diagram of the molecular mechanism of Sch B-induced apoptosis, migration, and cycle of GC cells.
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TABLE 1

Concentrations ICs5, value of DDP and Sch B in Twelve GC cell

lines
Number Cell name DDP (uM) Sch B (uM)
1 AGS 99.83 £ 142 53.74 £ 1.42
2 KATO-3 >100 74.14 =+ 1.31
3 MKN-28 >100 80.23 £ 1.11
4 MKN-45 98.79 £ 1.83 80.40 = 1.52
5 NCI-N87 >100 79.43 = 1.38
6 SNU-5 96.38 =+ 1.24 78.34 = 2.04
7 SNU-216 95.35 £ 1.52 79.34 £ 1.24
8 SNU-484 9542 £ 2.01 78.24 £ 1.63
9 SNU-668 99.82 £ 1.16 82.33 £ 1.64
10 YCC-1 99.35 £ 1.27 83.65 £ 1.56
11 YCC-6 98.45 £ 1.86 84.64 £ 2.01
12 YCC-16 9553 £+ 1.74 80.84 £ 1.76
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