[image: image1]Crebanine induces ROS-dependent apoptosis in human hepatocellular carcinoma cells via the AKT/FoxO3a signaling pathway

		ORIGINAL RESEARCH
published: 16 February 2023
doi: 10.3389/fphar.2023.1069093


[image: image2]
Crebanine induces ROS-dependent apoptosis in human hepatocellular carcinoma cells via the AKT/FoxO3a signaling pathway
Jiajie Tan1, Yuling Xiang1, Yuanguo Xiong1, Yaoyuan Zhang2, Boyang Qiao2 and Hong Zhang1*
Department of Pharmacy, Renmin Hospital of Wuhan University, Wuhan, Hubei, China
School of Pharmaceutical Sciences, Wuhan University, Wuhan, Hubei, China
Edited by:
Runzhi Zhu, Zhejiang University, China
Reviewed by:
Jinming Zhang, Chengdu University of Traditional Chinese Medicine, China
Priyankar Sanphui, Sree Chaitanya College, Habra, India
* Correspondence: Hong Zhang, 1324409465@qq.com
Specialty section: This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology
Received: 13 October 2022
Accepted: 07 February 2023
Published: 16 February 2023
Citation: Tan J, Xiang Y, Xiong Y, Zhang Y, Qiao B and Zhang H (2023) Crebanine induces ROS-dependent apoptosis in human hepatocellular carcinoma cells via the AKT/FoxO3a signaling pathway. Front. Pharmacol. 14:1069093. doi: 10.3389/fphar.2023.1069093

Background: Hepatocellular carcinoma (HCC), as an aggressive cancer with a high mortality rate, needs high-efficiency and low-toxicity drug therapy. Natural products have great potential as candidate lead compounds for the development of new HCC drugs. Crebanine is an isoquinoline alkaloid derived from Stephania with various potential pharmacological effects such as anti-cancer. However, the molecular mechanism underlying crebanine-induced liver cancer cells apoptosis has not been reported. Here, we investigated the effect of crebanine on HCC and identified a potential mechanism of action.
Methods: In this paper, we intend to detect the toxic effects of crebanine on hepatocellular carcinoma HepG2 cells through a series of in vitro experiments, including detecting the effects of crebanine on the proliferation of HepG2 cells using the CCK8 method and plate cloning assay, observing the growth status and morphological changes of crebanine on HepG2 cells by inverted microscopy; and using the Transwell method to determine the the effect of crebanine on the migration and invasion ability of HepG2 cells; using Hoechst 33258 assay to stain cancer cells, thus observing the effect of crebanine on the morphology of HepG2 apoptotic cells, and detecting the apoptotic state and level of HepG2 cells by flow cytometry; using ROS kit and JC-1 assay kit to detect the changes of reactive oxygen species and mitochondrial membrane potential of HepG2 The immunofluorescence assay was taken to verify whether crebanine had an effect on the expression of p-FoxO3a in cancer cells; the Wetern blot assay was also used to examine the effect of crebanine on proteins related to the mitochondrial apoptotic pathway and its effect on the regulation of the relative protein expression of AKT/FoxO3a axis; after this, NAC and AKT inhibitor LY294002 were used to cells were pretreated with NAC and AKT inhibitor LY294002, respectively, in order to further validate the inhibitory effect of crebanine.
Results: It was shown that crebanine effectively inhibited the growth and capacity of HepG2 cells migration and invasion in a dose-dependent manner. Furthermore, the effect of crebanine on the morphology of HepG2 cells was observed through microscopy. Meanwhile, crebanine induced apoptosis by causing reactive oxygen species (ROS) burst and mitochondrial membrane potential (MMP) disrupt. We found that crebanine could down-regulate Bcl-2 and up-regulate Bax, cleaved-PARP, cleaved-caspase-3 and cleaved-caspase-9, but these effects were overturned by ROS inhibitor N-acetylcysteine (NAC). Crebanine also down-regulated p-AKT and p-FoxO3a, and the PI3K inhibitor LY294002 significantly enhances this effect. We also found that the expression of AKT/FoxO3a signaling pathway was ROS-dependent. As shown by Western blots, NAC could partially attenuate the inhibitory effect of crebanine on AKT and FoxO3a phosphorylation.
Conclusion: Based on our results, our results suggest that crebanine, as a compound with potential anticancer activity, has significant cytotoxic effects on hepatocellular carcinoma,and it likely induces apoptosis via ROS in the mitochondrial pathway and simultaneously affects the biological function of HCC via the ROS-AKT-FoxO3a signaling axis.
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INTRODUCTION
In the world, hepatocellular carcinoma (HCC) is one of the most common malignancies (Sung et al., 2021). Despite the fact that there has been some advancement in the therapy of liver cancer lately, radiofrequency ablation, liver transplantation, and other methods still has many limitations and side effects (Kudo, 2020). Although many other active treatments are available and many new chemotherapy drugs have been developed, the marketed drugs are associated with increased patient mortality due to long courses of treatment, complex compatibility, multiple drug interactions, and high toxicity (Sonbol et al., 2020). Therefore, current treatments for liver cancer still have safety and efficacy limitations. In the past few decades, accumulating evidence has suggested the therapeutic potential of traditional Chinese medicine and natural products as safer alternatives for the treatment of liver cancer (Ma et al., 2019; Xiang et al., 2019). Many active ingredients extracted from traditional Chinese medicine can reduce adverse reactions or drug toxicity caused by surgical treatment and drug therapy, showing unique therapeutic effects as primary treatment and as adjuvant therapy (Luo et al., 2019). These natural active ingredients not only relieve patients’ cancer symptoms, but also improve their quality of life and long-term survival (Wang et al., 2012).
Crebanine, as an monomeric compound, has potential pharmacological effects on arrhythmia, Alzheimer disease, and tumors. Studies have also found multiple therapeutic targets of crebanine (Makarasen et al., 2011; Rojsanga et al., 2012; Yang et al., 2013; Xiao-Shan et al., 2014; Wang et al., 2016). Regarding the oncogenic effects of crebanine, According to earlier research, crebanine inhibited the invasion and migration of TNF-α-stimulated A549 cells and decreased the expression of multiple invasion and migration-related factors such as MMP9, uPA, uPAR, and ICAM1 (Yodkeeree et al., 2014). In addition, Wongsirisin et al. found that crebanine acting on HL-60 cells mediated cell cycle arrest in G0/G1 phase and downregulated cycle-related proteins cyclins A and cyclins D. It also induced apoptosis-related proteins such as PARP, caspase-3, caspase-9, and caspase-8 by inducing cyclins A and cyclins D expression, regulating apoptosis through endogenous and exogenous pathways (Wongsirisin et al., 2012). However, so far, no study has investigated the therapeutic effect of crebanine on HCC cells.
Research has shown that an overabundance of reactive oxygen species (ROS) in cancer cells can cause the production of excessive intracellular free radicals as well as dysfunction of the antioxidant system. This inhibits cell proliferation, induces DNA damage, autophagy, and disrupts intracellular mitochondrial homeostasis (Idelchik et al., 2017; Moloney and Cotter, 2018). The mitochondrial dysfunction causes abnormal expression of anti-apoptotic or pro-apoptotic genes such as Bax, Bim, Bak, Bcl-2 and PARP and stimulates caspase cascade reaction, which ultimately results in apoptosis (Chiu et al., 2020). Apoptosis is the most common way of death of cancer cells after abnormal attack, and among the exogenous and endogenous apoptosis pathways, apoptosis induced by mitochondrial pathway is the most important one (Wang L. et al., 2017).
One of the most important pathways in cancer signaling cascades is the PI3K/Akt pathway. It has been shown to perform a different function in cell proliferation, differentiation, metabolism, and invasion and apoptosis (Liang et al., 2020; Habrowska-Górczyńska et al., 2021). The PI3K/Akt pathway is regulated by upstream targets such as PTEN and it influences the expression of downstream targets such as GSK3-β, FoxO3a, β-catenin, p21, p27, and Mdm2 (Fresno et al., 2004; Nogueira et al., 2008; Patra et al., 2021). Among them, FoxO3a is a member of the Forkhead box O family of transcription factors, which is often stimulated by PI3K/Akt signaling. When in an excited state, FoxO3a controls the regulation of several genes related to cancer, cellular senescence, differentiation, metabolism, and redox dynamic balance (Koundouros and Poulogiannis, 2018; Li et al., 2018).
In this study, we hypothesized that crebanine not only inhibits the proliferation, migration, and invasion of hepatocellular carcinoma, but it can also induce apoptosis through the mitochondrial pathway by activating ROS. Our experimental results confirmed this hypothesis. Notably, we also found for the first time that crebanine-mediated ROS generation is involved in the inhibition of PI3K/AKT/FoxO3a signaling pathway in HCC.
MATERIALS AND METHODS
Chemicals and materials
Crebanine with purity above 97% was provided by Chengdu pureChem-standard Corp. (Chengdu, China); Fetal bovine serum (FBS) and dulbecco’s modified Eagle’s medium (DMEM) were obtained from Gibco (Thermo Fisher Scientific, Inc. United States); LY294002 (PI3K Inhibitor) was purchased from MedChemExpress (NJ, United States); N-acetylcysteine (NAC) was obtained from Sigma Chemical (St. Louis, MO, United States); Hoechst 32258 was obtained from Wuhan Servicebio Biotechnology Co., Ltd. (Wuhan, China); CCK-8 kit was purchased from Biosharp (Anhui, China); the ROS assay kit and JC-1 kit were obtained from Beyotime Biotechnology (Shanghai, China); Superoxide Dismutase (SOD) assay kit、Malondialdehyde (MDA) assay kit、Glutathione Peroxidase (GSH-PX) assay kit were purchased from Nanjing Jiancheng bioengineering research institute (Nanjing, China); Annexin V/PI apoptosis detection kit was obtained from BD Biosciences (NY, United States); the monoclonal antibody against Bax, caspase-3, Bcl-2, AKT, p-AKT, FoxO3a, β-actin and horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Cell Signaling Technology (CST, United States); the monoclonal antibody against caspase-9, p-FoxO3a (Ser253) were obtained from Proteintech (Rosmont, IL, United States).
Cell culture
The Shanghai Institute of Biochemistry and Cell Biology (Chinese Academy of Sciences, Shanghai, China) provided HepG2 cells. Growth of the cells was carried out in DMEM containing 10% FBS, 1% penicillin-streptomycin (100 U/mL penicillin and 100 U/mL streptomycin), and 37°C in humidified 5% CO2 incubator (Thermo Forma Electron Co, Marietta, OH, United States). Cells were subcultured with fresh media at a frequency of 1:4 every two to 3 days.
Cell viability assay
Briefly, about 1 × 104 cells/wells were plated into 96-well plates and exposed to crebanine (35, 70, 105, 140, 175, and 280 µM) for 24, 48, 72 h in a 37°C incubator. The cells were cultured in 10 µl of CCK-8 solution for 1 h. Optical density was determined using a microplate reader at a wavelength of 490 nm after incubation. The IC50 values were determined by plotting linear regression curves.
Colony formation assay
About 4 × 103 cells/well were seeded in 6-well plate overnight. Cells were exposed to crebanine treatment (0, 35, 70, 105, 140, 175, and 280 µM) for 24 h, and then the cells were grown for 14 days with the media being switched out every 3 days. On the 14th day, cells were fixed with 4% paraformaldehyde for 15 min and then stained with crystal violet dye for 25 min. Then, phosphate-buffered saline (PBS) was used to gently wash each well before allowing it to air dry. Colony numbers were then calculated using Image J software (National Institutes of Health, United States).
Morphological assessment assay
HepG2 cells were seeded into 6-well plates at a density of 6 × 105/well. After overnight incubation, cells were treated with crebanine for 24 h. Then, changes in cell morphology were imaged under an inverted phase-contrast microscope (Olympus, Hamburg, Germany).
Cell migration and invasion assays
Using 24-well transwell chambers with or without 50 µL of matrigel, cell migration and invasive ability were assessed based on the number of cells passing through the chambers. HepG2 cells were trypsinized after crebanine treatment, and about 5 × 104 cells/well were placed in the upper chamber of the transwell and 0.5 mL of complete medium in the lower chamber before being placed in a 37°C incubator. After 24 h, to remove upper chamber cells, gently wash the chamber twice with PBS using a sterile cotton swab. After that, the cells were fixed with paraformaldehyde, stained with 0.1% crystal violet dye for 20 min, and examined with an inverted phase contrast microscope.
Hoechst 33258 staining
Application of hoechst 33258 staining to observe the morphology of apoptosis. Briefly, 1 × 105 cells per well were cultured in 6-well plates and then treated with different concentrations of crebanine for 24 h. Subsequently, cells were washed three times with PBS at room temperature, and being fixed with 4% paraformaldehyde for 20 min and stained with 5 μg/mL hoechst 33258 for 30 min. Morphological changes of apoptotic cells were photographed using an inverted phase-contrast microscope.
Apoptosis detection
Annexin V- FITC/PI staining kit was used to measure apoptotic cells in this experiment. In 6-well plates, about 6 × 105 cells/well were planted and incubated overnight, followed by a 24 h crebanine treatment. Subsequently, the cells were collected by centrifugation, gently washed twice with PBS, and stained with annexin V-FITC/PI for 25 min. Subsequently, the frequency of apoptotic cells was determined using a flow cytometer (CytoFLEX, Backman Counter, CA, United States) under the manufacturer’s instructions.
Determination of cellular ROS
A fluorescent probe DCFH-DA was used in fluorescence microscopy and flow cytometry to measure changes in intracellular ROS level. About 6 × 105 cells/well were seeded in 6-well plate overnight and then treated with crebanine for 24 h. Subsequently, the cells were collected by centrifugation, suspended in PBS, and loaded with 20 µM DCFH-DA at 37°C for 30 min. Following fluorochrome incubation, cells were washed twice with PBS and analyzed immediately with a flow cytometer using a FL-1 filter with an excitation wavelength of 480 nm.
Oxidative stress-related molecular assays
Superoxide dismutase (SOD), glutathione (GSH-PX) and malondialdehyde (MDA) assay kits were used to detect intracellular levels of SOD, GSH-PX and MDA, respectively. In 6-well plates, about 6 × 105 cells/well were planted and incubated overnight, followed by a 24 h crebanine treatment, then washed twice with ice-cold PBS and the supernatant was collected by centrifugation for 4 min, then the kit instructions were followed and finally detected on a microplate reader.
Assessment of mitochondrial membrane potential
JC-1 assay kit was used to detect variation in mitochondrial membrane potential (MMP). A 6-well plate was seeded with about 5 × 105 cells/well, and it was left incubating overnight. The cells were then exposed to crebanine at various doses for 24 h. Following that, cells were obtained by centrifugation, suspended in PBS, and dyed with JC-1 for 20 min at 37°C in accordance with the manufacturer’s instructions. The cells were then collected and given two rinses in JC-1 staining buffer (1×). A flow cytometer was used to immediately analyze stained cells.
Immunofluorescence
Cells in 6-well plate were washed 3 times with PBS and fixed with 4% paraformaldehyde for 25 min; then, samples were treated in 0.2% Triton X-100 for 15 min and closed with PBS containing 2% BSA for 30 min at room temperature. After that, cells were incubated with primary antibody overnight at 4°C, followed by incubation with FITC-coupled secondary antibody for 2 h at room temperature. Cells were washed three times with PBS and fixed with PBS containing DAPI for 15 min. Cells were visualized under a fluorescent microscope.
Western blot
In 6-well plates, about 6 × 106 cells were cultivated per well, and they were incubated at 37°C overnight. Crebanine was applied to the cells for 24 h. The cells were then homogenized and dissolved in RIPA buffer in the presence of a protease inhibitor to extract cell proteins. Protein concentrations were measured using the BCA protein determination kit. Samples were separated on 10%–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by electro-transfer onto PVDF membranes. The primary antibodies of caspase-3 (1:1000), caspase-9 (1:1000), PARP (1:1000), AKT (1:2000), p-AKT (1:1500), FoxO3a (1:1000), p-FoxO3a (Ser253) (1:1000), and β-actin (1:4000)—were then incubated on the PVDF membranes for at least an overnight period at 4°C. Following three 10-min TBST washes, the membranes were incubated for 2 h at room temperature with diluted horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000). The membranes were detected using the Odyssey Dual Color Infrared Laser Imaging System (LI-COR, United States) after three TBST washes lasting 10 min each. The outcomes were quantified with Image J software.
Statistical analysis
Data from at least three independent experiments are presented as the mean ± SD. All data were analyzed by the SPSS 17.0 software, Changes over time and differences between treatment and control groups were analyzed using a one-way analysis of variance (ANOVA) followed by the Tukey’s multiple comparison post-hoc test. If the p-value was less than 0.05, the difference was considered statistically significant.
RESULTS
Crebanine suppresses cell growth in HepG2 cells
Our study investigated the cytotoxicity of crebanine on HepG2 cells by treating them with varying concentrations (0, 35, 70, 105, 140, 175, and 280 µM) over 24–72 h. We analyzed the cytotoxicity of crebanine using CCK-8 assays. As shown in Figure 1B, HepG2 cells treated with crebanine showed a sharp decline in viability in a dose- and time-dependent manner compared with the control group. In addition, the IC50 value at 24, 48, and 72 h for cytotoxicity on HepG2 cells was 111.77 ± 5.40 µM, 65.07 ± 0.35 µM, 23.68 ± 2.04 µM respectively. These values showed that HepG2 cells were sensitive to crebanine treatment. Therefore, we chose 35, 105, and 175 µM of crebanine as the experimental group in our subsequent experiments. To determine population dependence and long-term proliferation capacity, cells were incubated with crebanine at concentrations of 35, 105, and 175 µM for 14 days before colony formation. In Figures 1C,D, crebanine significantly reduced HepG2 cells’ ability to form clones, indicating that it inhibited cancer cell proliferation over time and dose-dependently. Subsequently, the impact of crebanine on cell growth was then assessed by examining morphological alterations in HepG2 cells with an inverted microscope. As shown in Figure 1E, crebanine induced significant morphological changes in cancer cells. In the treatment groups, cell bodies generally became smaller and rounder than those of the control group; additionally, significant cellular debris appeared in the culture media, and cell count dropped. From these results, we can konw that crebanine inhibited both proliferation and death of cells.
[image: Figure 1]FIGURE 1 | Crebanine promotes growth inhibition in HepG2 cells. (A) Structure of crebanine. (B) Cell viability of HepG2 cells after crebanine treatment for 24–72 h was detected by CCK8 assay (n = 6 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control). (C) Colony formation assay of HepG2 cells treated with indicated concentrations of crebanine for 24 h (n = 3 for each group). (D) Quantitative analysis of colony formation assay (n = 4 for each group, one-way ANOVA with Dunnett post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control). (E) Morphology of HepG2 cells following treatment with indicated concentrations of crebanine (n = 3 for each group). All data are expressed as mean ± SD.
Crebanine blocking migration and invasion in HepG2 cells
We used transwell assays to examine crebanine’s impact on HepG2 cells’ capacity for invasion and migration. The findings of treating the cells for 24 h with various doses of crebanine showed that it considerably reduced the ability of HepG2 cells to invade and migrate, and higher crebanine concentrations had stronger inhibitory effects (Figures 2A,B). This finding suggested that crebanine suppressed the migration and invasion of HepG2 cells.
[image: Figure 2]FIGURE 2 | Crebanine inhibits HepG2 cells migration, invasion and promotes apoptosis. HepG2 cells were incubated with crebanine for 24 h; cell migration (A) and invasion (B) were analyzed using the transwell assays (n = 3 for each group). (C) Apoptotic morphological changes were evaluated by fluorescent microscopy using Hoechst 33258 staining (n = 3 for each group). (D) HepG2 cells treated with crebanine were stained with Annexin V-FITC/PI and analyzed by flow cytometry (n = 3 for each group).
Crebanine induces apoptosis through activates ROS in HepG2 cells
To determine whether crebanine’s cytotoxicity is due to apoptotic events, we first used Hoechst 33258 to observe nuclear morphological changes during apoptosis. As shown in Figure 2C, cancer cells in the control group were in a good condition-only slightly stained, whereas HepG2 cells in the crebanine-treated group showed a rapid decrease in viability, obvious cell shrinkage, chromatin concentration, and appearance of both fluorescent nuclear and apoptotic fragments. In other words, crebanine causes apoptosis in a dose-dependent way. In addition, we used the flow cytometry to identify a specific apoptosis rate. As can be seen in Figure 2D, crebanine treatment considerably increased the apoptosis rate of cancer cells compared to the control group, with the maximum apoptosis rate of 43.5% occurring in cells that received the highest dose of crebanine. This result further demonstrated the pro-apoptotic effect of crebanine.
In addition, to understand whether crebanine-induced apoptosis was due to excessive production of ROS in HepG2 cells, we detected intracellular ROS production using 2′,7′-dichlorodiacetate fluorescein (DCFH-DA) staining after drug administration. Based on the experimental results in Figures 3A,B, crebanine caused an increase in the level of ROS in hepatocellular carcinoma cells. In addition, SOD, GSH, and MDA changed with the level of oxidative stress, therefore, detecting their fluctuations was beneficial for us to better determine the effect of kebanine on cancer cells. According to the experimental results as shown in Figure 3C, we found that as the concentration of crebanine administration increased, while stimulating the production of ROS, the production of MDA also gradually increased, while SOD and GSH decreased accordingly, and they, as important compounds for maintaining the intracellular redox state, also proved the burst of oxidative stress caused by crebanine from the side.
[image: Figure 3]FIGURE 3 | Crebanine induces apoptosis in HepG2 cells is depending on ROS activation. Flow cytometry analysis were performed to determine the intracellular ROS levels in HepG2 cells with (A) or without (D) 4 mM NAC treatment for 1 h prior to treatment with 105 µM crebanine for 24 h (n = 3 for each group). (B) and (E) Mean fluorescence intensity of ROS (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control). (C) Changes in SOD, MDA and GSH-PX after oxidative stress caused by CR (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control). All data are expressed as mean ± SD.
Additionally, using the ROS inhibitor NAC substantially reduced the impact of increasing ROS production (4 mM) (Figures 3D,E), Also, the results of Figure 4A suggest that NAC as an anti-oxidative stress compound can modify the effects of SOD, MDA, and GSH on redox status to some extent. Also, the ability of crebanine to induce apoptosis in cancer cells was significantly reduced when we pretreated hepatocellular carcinoma cells with NAC (Figure 4B), confirming that crebanine could induce apoptosis by activating oxidative stress.
[image: Figure 4]FIGURE 4 | Crebanine induces apoptosis in HepG2 cells via the mitochondrial apoptotic pathway. (A) Pre-treatment with NAC before giving CN and re-detection of SOD, MDA and GSH-PX changes afterwards (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control). (B) After NAC pretreatment was carried out for 1 h, cells were treated with indicated concentrations of crebanine for 24 h, effect of crebanine on HepG2 cells death as assessed by Annexin V/PI staining (n = 3 for each group). All data are expressed as mean ± SD.
Crebanine indues mitochondrial pathways-related apoptosis through ROS upregulation
It has been reported that elevated ROS levels can induce apoptosis through a series of downstream pathways. Mitochondrial dysfunction is one of the major effects of ROS production, which first leads to a decrease in membrane potential, and then induces abnormal expression of apoptosis-related proteins such as PARP, Caspase-3, Caspase-9, Bax, Bcl-2 (Plackova et al., 2016). Therefore, to assess whether crebanine caused mitochondrial alterations in hepatocellular carcinoma cells, we examined the mitochondrial membrane potential. After administration of crebanine at different concentrations, flow cytometry results for this detection are shown in Figures 5A,B, the mitochondrial membrane potential of HepG2 cells treated with crebanine decreased in a concentration-dependent manner, suggesting the involvement of mitochondrial apoptosis pathway in crebanine-induced apoptosis. Western blot results in Figure 5C and the protein relative expression in Figure 5D showed that the levels of Bax, cleaved-PARP, cleaved-caspase-3 and cleaved-caspase-9 were significantly increased after crebanine treatment, whereas the expression level of Bcl-2 was decreased.
[image: Figure 5]FIGURE 5 | Crebanine induces apoptosis in HepG2 cells via the mitochondrial apoptotic pathway. (A) JC-1 staining and flow cytometry were performed to evaluate the effect of crebanine on mitochondrial membrane potential (Δψm) in HepG2 cells (n = 3 for each group). (B) The JC-1 red/green rate for HepG2 cells (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, ***p < 0.001 vs. control). (C, D) HepG2 cells were treated with various concentrations of crebanine for 24 h, western blot was used to determined the expressions of cleaved PARP, caspase-3, -9, Bcl-2 and Bax (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control). All data are expressed as mean ± SD.
Furthermore, to verify whether mitochondrial disorders were due to oxidative stress, we examined mitochondrial membrane potential and the corresponding changes in the expression of these mitochondrial apoptosis-related protein markers after pretreatment with NAC. The results in Figures 6A,B show that NAC delayed the decay of mitochondrial membrane potential and also down-regulated cleaved PARP, cleaved caspase-9, cleaved caspase-3 and Bax, and up-regulated Bcl-2; as seen in Figures 6C,D. These findings provide strong evidence that while inducing ROS, crebanine also triggers mitochondrial dysfunction, further causing cell damage and death.
[image: Figure 6]FIGURE 6 | Effects of antioxidant NAC on mitochondria and mitochondria-associated proteins in crebanine-treated HepG2 cells. (A) and (B) HepG2 cells were pretreated with or without NAC for 1 h before exposure to crebanine, JC-1 staining and flow cytometry were performed to evaluate the effect of crebanine on mitochondrial membrane potential (Δψm) (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, ***p < 0.001 vs. Control, ###p < 0.001 vs. only crebanine treated groups). (C) and (D) HepG2 cells were pre-treated with NAC, then treated with crebanine for 24 h. Cleaved PARP, caspase-3, -9, Bcl-2 and Bax levels were determined by Western blotting (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. vs. only crebanine treated groups). (E, F) Western blot was used to measure the level of signaling pathway proteins (AKT, p-Akt, FoxO3a, p-FoxO3a (Ser253)) (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, **p < 0.01, ***p < 0.001 vs. control). All data are expressed as mean ± SD.
Crebanine inhibited the activation of PI3K/AKT/FoxO3a pathway in HepG2 cells
The PI3K/AKT signaling pathway plays a crucial role in the biological functions of growth, proliferation, apoptosis, autophagy, drug resistance, and angiogenesis in various diseases. AKT is a core regulator in the PI3K/AKT signaling pathway, when activated, AKT up-regulates various effector molecules, particularly its downstream target FoxO3a, to promote tumor development. Therefore, in this study, to mechanistically explore the anti-tumor toxicity of crebanine, the effect of crebanine on PI3K/AKT/FoxO3a pathway was examined.
The PI3K/AKT signaling pathway plays a crucial role in the biological functions of growth, proliferation, apoptosis, autophagy, drug resistance, and angiogenesis in various diseases. AKT is a core regulator in the PI3K/AKT signaling pathway, when activated, AKT up-regulates various effector molecules, particularly its downstream target FoxO3a, to promote tumor development. Therefore, in this study, to mechanistically explore the anti-tumor toxicity of crebanine, the effect of crebanine on PI3K/AKT/FoxO3a pathway was examined. As shown in Figure 6E, the expression level of AKT remained unchanged after crebanine treatment, whereas that of p-AKT decreased in a dose-dependent way. Although its downstream target FoxO3a was similarly unchanged, AKT inactivation directly down-regulated phosphorylated FoxO3a (Figure 7F).
[image: Figure 7]FIGURE 7 | Crebanine induced apoptosis of HepG2 cells through ROS accumulation to regulate the Akt/FoxO3a pathway. (A) and (B) Cells were pretreated with NAC and then incubated with crebanine for 24 h. Western blot measured the protein levels of AKT, p-Akt, FoxO3a, p-FoxO3a (Ser253) (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, **p < 0.01, ***p < 0.001 vs. Control; ###p < 0.001 vs. only crebanine treated groups). (C) and (D) Crebanine was applied in combination with the AKT inhibitor LY294002 to the HepG2 cells to identify the AKT, p-Akt, FoxO3a, p-FoxO3a (Ser253) expression through western blot (n = 3 for each group, one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05 vs. only LY294002 treated groups). All data are expressed as mean ± SD.
We also pretreated HepG2 cells with NAC for 1 h to examine the impact of ROS generation on the AKT/FoxO3a signaling pathway. The results in Figures 7A,B showed that NAC partially reversed the previous trend of crebanine-induced downregulation of p-AKT and p-FoxO3a (Ser253), whereas AKT and FoxO3a were not significantly changed. This led us to hypothesize that the inhibition of the PI3K/AKT/FoxO3a pathway by crebanine was at least in part caused by the buildup of ROS. In addition, we used immunofluorescence experiments to localize p-FoxO3a (Ser253), and the experimental results shown in Figure 8A showed that p-FoxO3a (Ser253) was indeed more concentrated in the cytoplasm in the control group without the administration of crebanine, and the gradual decrease of p-FoxO3a (Ser253) was indeed inhibited under the conditions of NAC administration, which fully supported our above conclusion.
[image: Figure 8]FIGURE 8 | Distribution of p-FoxO3a in HepG2 cells after crebanine action on cells. (A) Cells need to be pretreated with NAC before administration of crebanine as a way to monitor changes in p-FoxO3a expression in cells (n = 3 for each group). (B) After LY294002 pretreatment of cells, the distribution of p-FoxO3a was detected again (n = 3 for each group).
Besides, LY294002 is a common PI3K/AKT signaling inhibitor. A significant inhibition of AKT and FoxO3a phosphorylation after treatment with a combination of 35 mM LY294002 and crebanine was observed (Figures 6C,D), Similarly, the results of immunofluorescence experiments shown in Figure 8B also suggest that our LY294002 has a significant role in promoting the inhibition of p-FoxO3a (Ser253) cytoplasmic transfer by crebanine, further verifying the relationship between PI3K/AKT/FoxO3a pathway and crebanine-induced cytotoxicity. In conclusion, these results suggested that crebanine-induced cytotoxicity on HepG2 cells could occur through the PI3k/AKT/FoxO3a signaling pathway.
DISCUSSION
Liver cancer is a highly malignant disease. A history of chronic hepatitis B and C infection, drinking alcohol for a long time, and eating moldy foods are all associated with a high risk of liver cancer (Craig et al., 2020). In addition, as a solid tumor, liver cancer can only be diagnosed at an advanced stage because of its rapid process and high rate of spread. At this stage, most common treatments are no longer effective and more intensive treatments are required. At this point, most common treatments cannot produce the original curative effect, and therefore, patients require more careful and meticulous treatment. At present, effective drug therapies for HCC are limited, and the existing drugs induce various adverse outcomes during treatment (Jensen et al., 2017; Khemlina et al., 2017).
Studies have found that traditional Chinese medicine not only prolong the survival time of patients with hepatocellular carcinoma, but can also improve the prognosis of such patients (Qi et al., 2015; Gao et al., 2016). In recent decades, herbal medicine has received widespread attention as safer and effective alternatives to conventional drugs. As the FDA’s management of research and development of proprietary Chinese medicines becomes increasingly mature, more herbal medicines have been selected for clinical trials (You et al., 2022). With advances in herbal medicine research, our understanding of herbal drugs is likely to grow, contributing to global acceptance and recognition of Chinese herbal medicine as is a valuable source of lead compounds for development of new drugs (Wang et al., 2022). Herbal medicines may not be developed into different pharmaceutical dosage forms for the treatment of various diseases, but their bioactive derivatives can also be used as candidates for the discovery of new drugs (Liu C. et al., 2019).
Crebanine used in this study was extracted from plants of genus Stephania. Crebanine is one of the most abundant aporphine compounds in these herbs (Le et al., 2017). So far, results of preliminary exploration of the properties and structure of crebanine have been reported, including its various activities and medicinal properties of crebanine preparation (Da et al., 2009; Wang et al., 2016). Previous studies have found that crebanine has a certain inhibitory activity against cancer, but these results are inconclusive. In contrast, we discovered that crebanine dramatically reduces the growth of cancer cells, and for the first time, systematically proved that crebanine is a highly active compound with anticancer activity based on its effects on cell morphology, colony formation, migration, invasion, and apoptosis.
Under normal conditions, maintaining a moderate level of ROS in the body is essential for redox homeostasis and normal cell function. However, excessive activation of ROS can overdraw the antioxidant scavenging capacity of the cell itself and initiate the process of abnormal cell death (Zhou et al., 2019; Chen et al., 2020). The most common mechanism of abnormal cell death is occurs in two main ways: death receptor pathway (external) and mitochondrial-mediated pathway (internal) (Liu J. S et al., 2019). In our study, crebanine significantly promoted apoptosis by up-regulating Bax and down-regulating Bcl-2; meanwhile, increasing the shear levels of PARP, caspase-3 and caspase-9 and reducing the mitochondrial membrane potential. This suggests that the apoptosis of hepatoma cells induced by crebanine exposure is mediated by induction of mitochondrial dysfunction. In addition, we also observed, for the first time, that crebanine significantly promoted the production of ROS. Moreover, the accumulation of ROS not only caused apoptosis, but it also directly induced mitochondrial cascade reaction. After treatment with antioxidant NAC, cell death was reversed, part of the mitochondrial membrane potential returned to normal, and down-regulated apoptosis-related proteins Bax, cleaved-caspase-3, cleaved-caspase-9 and cleaved-PARP, and inhibited Bcl2. This finding suggests that crebanine induces oxidative stress and causes mitochondrial dysfunction, which in turn initiates mitochondrial pathway-mediated apoptosis.
We also investigated the connection between crebanine and the PI3K/AKT/FoxO3a signal pathway to better understand the mechanism of crebanine’s anti-tumor toxicity. Our results confirmed that AKT/FoxO3a signal was regulated by crebanine, and the degree of down-regulation of phosphorylated AKT increased with the increase of drug concentration, which decreased phosphorylated FoxO3a expression. This negative change was slowed down after administration of NAC. Figure 7A shows that NAC simultaneously blocked the down-regulation of p-AKT and p-FoxO3a (Ser253) by crebanine; and immunofluorescence experiments also detected aberrant expression of p-FoxO3a due to the presence of crebanine, with pretreatment with NAC leading to a backregulation of p-FoxO3a (Ser253) expression and the opposite outcome occurring with LY294002. These evidences suggest that crebanine-induced ROS and PI3K/AKT/FoxO3a signaling pathways may be related.
It is worth noting that the ROS burst can activate multiple signaling pathways, including the PI3K/AKT pathway, which has been previously demonstrated (Sharma et al., 2011). PI3K/AKT signal has different functions at different stages of carcinogenesis and in the activation and expression of different downstream targets, with PI3K as the key element upstream of this pathway and AKT signal site as the center of the whole cascade reaction (Liu et al., 2009; Das et al., 2016; Yang et al., 2019; Tewari et al., 2022). In the regulation of apoptosis, the main function of AKT is to phosphorylate and inhibit the pro-apoptotic components of the inherent mechanism of cell death in the cytoplasm (Liu et al., 2006; Lin et al., 2021). FoxO3a is one of the key targets of AKT with a significant impact on various signal molecules (Greer and Brunet, 2005; Calnan and Brunet, 2008). Previous studies have found that activation of the PI3K signal cascade in tumor cells causes activated AKT phosphorylation regulators, which make FoxO3a, to interact with 14-3-3 proteins and are transferred to the cytoplasm where they are unable to exert transcriptional activity. Thus, P13K, AKT, and FoxO3a cooperatively regulate the expression of pro-apoptotic genes, cell cycle regulatory genes, and genes controlling cell dynamic balance (Brunet et al., 1999). This indicates that activated AKT not only negatively regulates transcription and triggers FoxO3a phosphorylation and promotes its transportation from the nucleus to the cytoplasm, but it also promotes FoxO3a-mediated gene expression at its downstream targets, affecting cell proliferation, apoptosis, inflammation, oxidative stress, and other activities (Huang and Tindall, 2007; Mogi et al., 2008; Hagenbuchner and Ausserlechner, 2013; Wang X. et al., 2017).
In summary, we have explored several effects of crebanin on liver cancer. Although we have not carefully studied the relevant mechanism of crebanine inhibition of cell proliferation, migration, and invasion, preliminary experimental results suggest that crebanine has a significant inhibitory function on the occurrence and development of liver cancer. In addition, we thoroughly examined its mode of action on cancer cell apoptosis and discovered that crebanine may controls the transmission of the PI3K/AKT/FoxO3a signal axis to initiate ROS-mediated apoptosis (Figure 9). These findings suggest that crebanine represent a novel therapeutic target for the treatment of cancer.
[image: Figure 9]FIGURE 9 | Schematic diagram of the potential signaling pathway triggering apoptosis by crebanine in HepG2 cells. Crebanine treatment triggered the activation of mitochondrial ROS, which caused apoptosis while suppressing the activation of AKT/FoxO3a signaling pathway, further accelerating the death of HepG2 cells.
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